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Abstract

MRI is a powerful modality to detect neuroanatomical differences that result from mutations and 

treatments. Knowing which genes drive these differences is important in understanding etiology, 

but candidate genes are often difficult to identify. We tested whether spatial gene expression data 

from the Allen Brain Institute can be used to inform us about genes that cause neuroanatomical 
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differences. For many single-gene-mutation mouse models, we found that affected neuroanatomy 

was not strongly associated with the spatial expression of the altered gene and there are specific 

caveats for each model. However, among models with significant neuroanatomical differences 

from their wildtype controls, the mutated genes had preferential spatial expression in affected 

neuroanatomy. In mice exposed to environmental enrichment, candidate genes could be identified 

by a genome-wide search for genes with preferential spatial expression in the altered 

neuroanatomical regions. These candidates have functions related to learning and plasticity. We 

demonstrate that spatial gene expression of single-genes is a poor predictor of altered 

neuroanatomy, but altered neuroanatomy can identify candidate genes responsible for 

neuroanatomical phenotypes.

1. Introduction

Neuroanatomical studies have revealed the remarkable organization of the brain and its 

relationship to both normal and pathological behaviour. For example, several studies have 

revealed changes in the sizes of structures in the autistic (Amaral et al., 2008) and 

Alzheimer’s (Bobinski et al., 1999; Bottino et al., 2002; Braak et al., 1993; Jack et al., 1992; 

Möller et al., 2016) brain, white-matter architecture changes in humans learning to juggle 

(Scholz et al., 2009), and cortical changes in musicians versus nonmusicians (Gaser and 

Schlaug, 2003). Studies in mouse models benefit from greater control of genetic and 

environmental influences and have demonstrated that although neuroanatomy is, to a certain 

extent, linked to genes (Ellegood et al., 2015), there is also a strong influence of 

environmental factors as well. Environmental influences of maze training (Lerch et al., 

2011b), environmental enrichment (Scholz et al., 2015), and voluntary exercise (Cahill et al., 

2015) have been shown to induce MRI-detectable neuroanatomical changes specific to the 

type of learning.

MRI-based neuroanatomical studies probe anatomy differences at the mesoscale (1 mm in 

humans, 50 μm in rodents). In rodents, these phenotypes have been studied using post-

mortem histology to determine their cellular underpinnings, such as changes in neuronal 

number (Kempermann et al., 1997) and remodelling of processes like dendritic spines 

(Keifer et al., 2015). However, the gene expression changes driving these phenotypes 

remains hidden. For example, mice housed in enriched environments undergo gene 

expression changes after just a few hours of exploration (Rampon et al., 2000). It is strongly 

suspected that these early gene expression changes drive the neuroanatomical differences 

seen with MRI (Scholz et al., 2015) and similar mechanisms are responsible for human 

learning during novel experiences. It is unknown to what extent affected neuroanatomy can 

inform us about the important genes involved or, conversely, be predicted from known gene 

mutations. If there is a relationship between affected neuroanatomy and spatial gene 

expression, we could use affected neuroanatomy to inform selection of candidate genes that 

might be associated with the neuroanatomical phenotypes.

We investigated the statistical relationship between affected neuroanatomy and spatial gene 

expression. Extensive neuroanatomical data has previously been collected using MRI and 

published in literature. In particular, Ellegood et al. (2015) published data on the 
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neuroanatomy of several single-gene-mutation mouse models of autism. Genome-wide 

spatial gene expression data in the mouse brain, obtained using in situ hybridization (ISH), 

can be freely downloaded from the Allen Brain Institute (Lein et al., 2007). The gene 

expression data has already been registered to a reference Nissl stain atlas (Dong, 2008). We 

registered the Nissl stain atlas to the Dorr et al. (2008) MR atlas. This allows us to transform 

any regions of interest (ROI) in neuroanatomical phenotype data—registered to the MR atlas

—to gene expression data—registered to the Allen nissl-stain atlas.

We hypothesized that regions of affected neuroanatomy have preferential spatial expression 

of the causative gene. We tested this hypothesis using 20 single-gene-mutation mouse 

models published in existing literature. Since we know which gene causes the affected 

neuroanatomy in each mouse model, we can test whether affected neuroanatomy has 

preferential spatial expression of the altered gene in wildtype. We found that there is an 

association between the spatial expression of the mutated gene and affected neuroanatomy 

for 65% of the 20 mouse models analyzed. This relationship is stronger in models where 

both gene expression is high and affected neuroanatomy is statistically significant. 

Furthermore, we also found that neuroanatomical differences—that result from exposure to 

environmental enrichment—have preferential expression of several genes involved with 

learning and plasticity.

2. Methods

2.1. Registration of Nissl and MR atlases

The first step to relate the Allen Gene Expression data to MRI neuroanatomy data is to 

register the Allen Reference Atlas (Dong, 2008) and the MRI reference atlas (Dorr et al., 

2008). Gene expression data is resampled to an isotropic resolution of 200 μm and registered 

to the nissl-stained coronal cross-sections that define the Allen Reference Atlas. Due to the 

differences in intensity and intensity profiles of neuroanatomical structures in MRI and 

nissl-stain atlases, a registration using cross-correlation and mutual information would be 

unsuccessful. Instead, we first created pseudo-atlases by identifying common labels in both 

atlases and giving them the same intensity values (Details in Supplementary 8.3). The two 

pseudo-atlasses were non-linearly registered using the mni_autoreg tools (Collins et al., 

1994, 1995). This created a transform that allowed us to map MRI phenotype data to the 

Allen Brain Reference Atlas and the results are shown in Fig. 1. We assessed registration 

accuracy using the Kappa metric (Chakravarty et al., 2008) and found all the pseudo-atlas 

structures registered well (Details in Supplementary 8.3).

2.2. Sample preparation and statistics

The spatial gene expression data generated by the Allen Brain Institute were collected from 

8-week-old C57BL/6J mice (Lein et al., 2007). Neuroanatomy data were collected from 

mice perfused as adults and most control mice were part of a background C57BL/6J strain or 

a C57BL/6J-129 cross (details listed in Supplementary Table S1).

The neuroanatomical phenotyping data analyzed in this paper used a consistent protocol for 

brain specimen preparation (Cahill et al., 2012), image acquisition (Nieman et al., 2005), 
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and analysis (Lerch et al., 2011b). Brains were imaged using a 7-Tesla MRI scanner 

previously described in literature (Nieman et al., 2005, 2006). The majority of mouse 

models were investigated using a custom 16-coil solenoid array built for acquiring 

anatomical images in parallel of 16 samples in one overnight session at 3D isotropic 

resolution of 56 μm (Lerch et al., 2011a). Some of the models were imaged using a 32 μm 

resolution sequence (scanning 3 samples in parallel) and these images were resampled to 56 

μm prior to registration. Details regarding strain and age can be found in Supplementary 8.1. 

Since only male mice have gene expression data from the Allen Brain Institute, we excluded 

female mice from the neuroanatomy analysis. The only exception was the Nf1(+/) mouse 

model where male and female data were pooled togetherþto achieve a sufficient sample size.

To identify regions with altered neuroanatomy, deformation-based morphometry was used. 

This technique has been described in several publications (Lerch et al., 2011b; Ellegood et 

al., 2013; Scholz et al., 2015; Cahill et al., 2015) and utilizes the mni_autoreg tools (Collins 

et al., 1994, 1995) and ANTS (Avants et al., 2010). Briefly, for each mouse model, the MRI 

images of the mutated mice and wildtype controls were registered together and resulting 

transforms were used to resample the images to a consensus average. The logarithmic 

jacobian determinants of the inverse transformations were then computed for statistical 

analysis. If a neuroanatomical region in a given subject was larger than the population mean, 

the log determinant in the region is positive and a negative log determinant implies the 

region was smaller than the population mean.

The registration was blind to details regarding treatment or genotype of the mice. Using the 

RMINC package (https://github.com/Mouse-Imaging-Centre/RMINC) in the R environment 

(R Core Team, 2016), the effects of genotype or treatment were determined by using either a 

Cohen’s d measure (Equation (1)) (Zakzanis, 2001) or linear model at each voxel 

(depending on the statistic chosen by the original studies). The result was a map of statistical 

significance that could then be overlaid onto the average to highlight regions with 

neuroanatomical volume differences. Additionally, Supplementary Table S2 details several R 

packages used in our analysis.

d = μ1 − μ0
n1 + n0 − 2
n1σ1

2 + n0σ0
2 (1)

where ni, μi, σi2 are the number; mean; variance of values in sample i and i = 0 corresponds 

to the reference control sample

2.3. Preferential gene expression

To facilitate comparison across studies, we measured effect sizes using the Cohen’s d 
statistic (Zakzanis, 2001) (Equation (1)) as it is independent of sample size. We studied 

neuroanatomical changes in the 1000 voxels (~2% of the total brain) with the highest 

absolute Cohen’s d values. This was done to ensure a constant ROI volume for all the MRI-

based neuroanatomical datasets analyzed. We varied the threshold to included the top 500 

and the top 1500 voxels to ensure results were not dependent on the threshold used. Gene 

spatial expressions were downloaded from the Allen Brain Institute in raw format. We chose 
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to work in ABI’s units of gene expression energy; which is the intensity of the ISH image 

integrated over an isotropic 200 μm voxel. Preferential spatial expression is quantified by a 

fold-change measure—mean gene expression energy in the ROI divided by the mean gene 

expression energy in the brain. A fold change above 1 indicates the gene is preferentially 

expressed in the ROI. The functions we used to read and analyze Allen Brain Institute gene 

expression data with MRI neuroanatomical phenotype have been made available online 

(https://github.com/DJFernandes/ABIgeneRMINC/).

We estimated strength of association between gene expression and neuroanatomy in three 

ways. First was a measure of voxel-wise significance by performing 1000 iterations of 

permutation testing. In each permutation, the genotype-wildtype labels were shuffled; then 

the neuroanatomical statistics and fold change recomputed. The ROI when computing the 

fold-change in each permutation still consisted of the top 1000 voxels with the highest 

absolute Cohen’s d values. The estimated p-value for preferential spatial expression is the 

fraction of permutations with higher fold-change values. Second was a measure of structure-

wise significance. For each of the 649 annotated structures in the Allen Brain Atlas, we 

computed the Cohen’s d effect size of volume differences and mean gene expression energy, 

and tested their association using a linear model. An advantage of this measure was that we 

could visually observe different behaviours of regions with volume increases and decreases.

Third measure of association was based on volume overlap between regions with high gene 

expression and altered neuroanatomy. All brain voxels were classified as either altered or 

unaltered neuroanatomy—1000 voxels with highest absolute Cohen’s d were classified as 

altered with the remaining classified as unaltered. All brain voxels were also classified as 

either expressing or not expressing the gene—voxels with gene expression above the mean 

expression in the brain were classified as expressing. Based on these two classifications, we 

calculated four quantities: Positive Predictive Value (PPV) is the fraction of altered 

neuroanatomy with gene expression, True Positive Rate (TPR) is the fraction of expressing 

voxels with altered neuroanatomy, False Positive Rate (FPR) is the fraction of non-

expressing voxels with altered neuroanatomy, False Ommision Rate (FOR) is the fraction of 

unaltered neuroanatomy with gene expression. To ensure observations regarding these 

quantities were not due to the thresholds set for classification, we selected two sets of 

thresholds; both using the standard optimization procedure of maximizing Youden’s Index 

(J) (Le, 2006; Youden, 1950). One set of thresholds maximize J = TPR–FPR and TPR 

calculated at these threshold is the Optimized-TPR. This represents the ‘best-case’ 

probability for predicting altered neuroanatomy from high gene expression. Similarly, the 

other set of thresholds maximize J = PPV–FOR, and the PPV calculated at these threshold is 

the Optimized-PPV; representing the ‘best-case’ probability of predicting high gene 

expression from altered neuroanatomy.

3. Results

3.1. Neuroanatomical differences reflects some gene expression changes

Our goal was to use preferential expression as an omnibus statistic to investigate the 

relationship between gene expression and neuroanatomy. We analyzed 20 single-gene-

mutant mouse models in this study and tested whether the spatial expression of the mutated 
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gene could predict affected neuroanatomy. Fig. 2 and Table 1 show that 65% of these models 

had preferential expression of the mutated gene in regions with high effect sizes. However, 

Fig. 2 also indicates how preferential expression was influenced by the gene expression 

energy and statistical significance of affected neuroanatomy. Points in the upper left 

quadrant of Fig. 2 represent models with statistically significant neuroanatomy (<10% FDR) 

and high gene expression (energy>10). 8/9 of these models showed preferential expression 

of the altered gene. Gtf2i Dp is the one model in this quadrant which doesn’t show 

preferential expression. However, this might just be an effect of the consistent thresholds 

used for all the models. With optimized thresholds, >80% significant neuroanatomy has an 

overlap with Gtf2i gene-expressing regions. It is worth noting that gene expression data was 

collected from C57BL/6J mice but not all the neuroanatomy data was collected from mouse 

models with C57BL/6J background strain. However, we did not find any relationship 

between gene preferential expression and the background strain of the mouse model.

Many of the remaining mouse models (7/11) did not show preferential expression. Mouse 

models located in the Fig. 2 upper-right quadrant—such as Fmr1 KO, Slc6a4 KI, Slc6a4 
KO, Shank3 Het, and Shank3 KO—have neuroanatomical effect sizes with low significance 

(>10% FDR). Thus, the lack of preferential expression in these mouse models may be driven 

by noise in neuroanatomy data. Conversely, Itgβ3 KO and Mecp2-308 mouse models (Fig. 2 

lower-left quadrant) have significant neuroanatomical effect sizes, but Itgbβ3 and Mecp2 
have low gene expression signal (energy<10) in the brain, therefore these results could be 

susceptible to noise from ISH.

Despite most models showing preferential expression of the altered gene in neuroanatomical 

differences, moderate PPV (Table 1) indicates, on average, only 38% of regions with 

significant neuroanatomy have high gene expression. For many models, this can be 

improved upon by optimizing thresholds (median +27%). We also found that Optimized-

PPV is generally higher than Optimized-TPR (median +6%)—implying that significant 

neuroanatomy predicts high gene expression better than high gene expression predicts 

significant neuroanatomy. To understand the properties of the preferential expression 

statistic better, we studied each mouse model in more detail. Presented below are mouse 

models with mutations in En2, Nrxn1, and Itsn1 genes—with the remaining models detailed 

in Supplementary 8.5.

3.2. Engrailed2

MRI neuroanatomical phenotyping on 11 Homeobox Transcription Factor Engrailed2 

knockout (En2 KO) mice (Brielmaier et al., 2012; Genestine et al., 2015) and 9 wildtypes 

revealed large volume reductions in the cerebellum (Ellegood et al., 2013) as seen in Fig. 

3A. Fig. 3B shows the gene expression of En2 downloaded from the Allen Brain institute 

(Experiment ID: 74988733), which is preferentially expressed in the cerebellum. Thus, 

neuroanatomical changes have a high preferential expression of En2. The mean expression 

energy of En2 in the brain is 0.3 and the mean expression in the ROI is 1.60 resulting in a 

foldchange of 5.01. Permutation testing showed high significance (p-value<0.001) and PPV 

showed >90% of regions with significant neuroanatomy have high gene expression. To 

check the dependence on statistic and threshold, we varied the threshold across a large 
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range, and also performed the analysis using FDR instead of Cohen’s d. Supplementary Fig. 

S4 shows the choice of statistic did not make a difference and the more stringent the 

threshold criteria, the greater the preferential spatial expression measured. It is also worth 

noting that the more stringent the criteria, the smaller the ROI and the more variable the 

preferential spatial expression calculated.

3.3. Neurexin1

Gene expression of Neurexin1 (Nrxn1) in the brain downloaded from the Allen Brain 

Institute is shown in Fig. 4C. There are two experiments conducted by the Allen Brain 

Institute looking at Nrxn1 gene expression in the whole mouse brain: Experiment ID 

70301083 and 75988632. Since Experiment ID 70301083 was missing data in only 3.2% of 

the brain (by volume) compared to 10.4% in Experiment ID 75988632, we chose to examine 

Experiment ID 70301083 for our analysis (see Supplementary Fig. S5).

Fig. 4 shows the neuroanatomical changes in 13 mice with only one functioning copy of 

Nrxn1α (Het; Figure 4A) and 9 mice with no functioning copy of Nrxn1α (KO; Fig. 4B), 

compared to 10 wildtype controls (Ellegood et al., 2015). Both mutants showed growth in 

similar regions of the thalamus, cortex, cerebellum and pons, though the changes in the KO 

are more pronounced. The ROI defined by the top 1000 voxels with largest Cohen’s d 
magnitudes showed preferential expression for Nrxn1 with a fold change of 1.01 and 1.06 

(Het and KO respectively). However, neither fold change was significant (p-values 0.45 and 

0.26, Het and KO respectively), and PPV showed moderate overlap between gene expression 

regions and significant neuroanatomy (~50% for both models). Similar results were seen 

when we expanded and contracted the ROI to include the top 1500 and 500 voxels with 

largest Cohen’s d magnitudes, and when FDR statistic was used (summarized in 

Supplementary Fig. S6). We also saw that effect sizes are more pronounced in the KO than 

the Het and, preferential expression is higher in the KO ROI than the Het ROI. This 

indicates that the more significant the neuroanatomical data, the more likely there is 

preferential spatial expression of the altered gene.

Using the Allen Brain Institute’s structure annotations, we computed the dependence of 

structure volume on Nrxn1α gene dosage. For example, in Fig. 4E (inset), we computed the 

volumes of the Para-ventricular Nucleus of the Thalamus (PVT) and found a strong negative 

association with gene dosage (t-statistic:−4.64). We also computed the mean Nrxn1 

expression in the PVT (mean energy: 17.6). We repeated these procedures for all the other 

annotated structures. In Fig. 4E, the t- statistic from the dosage-volume relationship is 

plotted against the mean expression energy in that structure. We saw that structures whose 

volumes shrink with dosage of Nrxn1α preferentially express Nrxn1 (red line:p-value<8e-4). 

Intriguingly, we noticed that negative dosage sensitivity (red line) has a stronger association 

than positive sensitivity (blue), indicating that positive and negative volume changes are 

influenced by different mechanisms.

We also wanted to explore whether our analysis could capture gene-network effects. 

NRXN1 and NLGN3 are connected across the synaptic cleft (Ichtchenko et al., 1996), and 

mutations in human Nrxn1, and Nlgn3 are associated with ASD (Jamain et al., 2003; Zahir 

et al., 2008). Since structures whose volumes shrink with Nrxn1α dosage preferentially 
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express Nrxn1, we tested whether these structures also preferentially express Nlgn3. Fig. 4D 

shows spatial gene expression of Nlgn3 and we found negative dosage sensitivity is weakly 

associated with Nlgn3 gene expression (Fig. 4F, p-value = 0.095).

3.4. Intersectin

Mammals have two Intersectin genes: Itsn1 and Itsn2 (Sengar et al., 2013). Intersectin 

proteins are implicated in a variety of neuronal processes such as: endo- and exocytosis, 

dendritic spine maturation, neurite extension, and actin remodeling, axonal growth at the 

cortical midline, and spatial learning (Sengar et al., 2013). Fig. 5A illustrates the 

neuroanatomical differences between 7 mice homozygous for non-functional ITSN1 (Itsn1 
GT) and 8 wildtype controls (Sengar et al., 2013). Large volume reductions can be seen in 

large white matter tracts, such as anterior commissure, the corpus callosum, and cerebral 

peduncle, suggesting a disorder of connectivity associated with non-functional ITSN1 

(Sengar et al., 2013). Appropriately, ITSN1 mutants had impaired learning and memory 

(Sengar et al., 2013).

Fig. 5B also shows the expression of the Itsn1 gene downloaded from the Allen Brain 

Institute (Experiment ID: 1365). It is apparent that there is little preferential expression of 

Itsn1 in the neuroanatomical volume differences. Gene expression in the ROI defined by the 

top 1000 voxels with the highest Cohen’s |d| is 1.02 times greater than the mean expression 

in the brain. Reducing and expanding the ROI by 500 voxels yielded similar results.

We noticed that the low preferential expression is due to volume reductions in large white 

matter tracts, which don’t have high Itsn1 gene expression energy. However, we also noticed 

that neuroanatomical regions that are larger in Itsn1 GT do have preferential expression of 

Itsn1. To test this, we computed the anatomical volume of the 649 structures annotated in the 

Allen Brain Atlas and, then computed the Cohen’s |d| for each structure. In Fig. 5C, we 

plotted the structure’s d value against the mean Itsn1 gene expression energy in that 

structure, and found a difference in behaviour of positive and negative volume changes in 

Itsn1 GT mice. Structures with volume reductions do not have preferential expression of 

Itsn1, but structures with volume increases do have preferential expression of Itsn1 (p-

value<0.002). We suspect then that positive and negative volume changes in mouse brains 

with non-functioning ITSN1 have different biological determinants. A possible explanation 

is that volume expansions are due to the localized disruption of ITSN1 protein function, 

whereas the volume contractions are due to improper connectivity and independent of local 

ITSN1 protein function.

Itsn2 gene had stronger preferential expression in the altered neuroanatomic of Itsn2 KO 

mice (see Supplementary Fig. S7). However, neuroanatomical differences in Itsn2 KO were 

much less than Itsn1 GT, and the max gene expression energy of Itsn2 (from Allen 

Experiment ID: 69873714) was much less than Itsn1 (22.0 vs 10.1). Thus, we are not as 

confident about the significant trends as they might be driven by variable probe affinity and 

noisy neuroanatomical data.
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3.5. Genome-wide gene preferential spatial expression reveals important ontology

For 13 of the 20 single-gene-mutant mouse models analyzed, there was preferential 

expression of the causative gene in regions with affected neuroanatomy. There is, however, 

extensive neuroanatomical phenotype data for mouse models where the causative genes are 

unknown. In such models, we investigated whether candidate genes associated with the 

neuroanatomical phenotypes could be identified on the basis of high preferential expression 

in affected neuroanatomy. We applied this methodology to data from mice exposed to 

environmental enrichment and assessed what the candidate genes identified tell us about the 

biological processes involved.

We downloaded all the gene expression data available from the Allen Brain Institute as of 

Feb 23, 2015. We also obtained published data on neuroanatomical volume differences 

between 14 C57BL/6J mice raised in enriched environments and 14 C57BL/6J mice raised 

in standard laboratory housing (Scholz et al., 2015). Mice in enriched environments have 

larger regions in the hippocampus, motor cortex, and cerebellum; as illustrated in Fig. 6A. 

We thresholded this map to an absolute t-statistic value of 2, then computed the preferential 

expression for every ISH experiment in the Allen Brain Institute. Since most gene 

expression data only spans one hemisphere (for example: Nlgn3 Expression shown in Fig. 

4D), we filled in the opposite hemisphere by reflecting the expression data across the sagittal 

midplane. Although gene expression in the mouse brain is not entirely symmetric, we think 

it is a suitable approximation given that we are conducting an exploratory analysis. 

Additionally, we also ignored 187 ISH experiments which contained data in less than 50% 

of the brain after sagittal reflection. The candidate list of genes are those with the highest 

preferential expression.

We noticed that several genes associated with learning are preferentially expressed in the 

ROI, for example: Nrp1 (Fig. 6B) is associated with axon guidance (Suto et al., 2005), Bdnf 
(Fig. 6C) is associated with memory (Monteggia et al., 2004), and Pcp2 (Fig. 6D) is 

associated with cerebellar plasticity (Kloth et al., 2015). A full list of candidate genes can be 

found in Appendix Table 1. To assess what the identified genes do, we conducted a Gene 

Ontology (GO) enrichment analysis (Carlson, 2016b,a) of the top 1000 genes with the 

highest preferential expression (background gene set being all the genes in the Allen Brain 

Atlas). It revealed an enrichment of GO terms related to axon and dendritic processes, ion 

channel activity, neuron differentiation, and many other processes (Appendix Table 2) 

important for learning and plasticity. Thus, the candidate genes identified likely reflect 

underlying genetic influences as they are both spatially associated with neuroanatomical 

differences and functionally associated with known behavioural phenotypes.

4. Discussion

Extensive literature has shown how mutations in the mouse genome or treatments, such as 

environmental enrichment and exercise, cause MRI-detectable volume differences in regions 

of the brain. Our goal was to identify a candidate list of genes that would allow us to make 

inferences about the genes, pathways, and processes that drive these neuroanatomical 

differences. We hypothesized that altered neuroanatomy tends to have preferential spatial 

expression of the causative genes. If the hypothesis is true, then we can identify candidate 
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genes by performing a genome-wide search for genes with preferential spatial expression in 

altered neuroanatomy.

Preferential expression is quantified by fold-change, which measures a gene’s expression in 

a region relative to its mean expression in the brain. A direct consequence and shortcoming 

of this property is that a fold-change measure would not show preferential expression of 

genes with ubiquitous expression in the brain—so called ‘housekeeping’ genes as they are 

required for the basal function of nearly all cells. However, normalizing to the mean 

expression is important to allow comparisons across genes as gene experiments could be 

influenced by independent factors such as probe affinity.

To test the hypothesis, we obtained published data on MRI neuroanatomy of mouse models 

with single-gene changes. For 13 of the 20 mouse models, this hypothesis holds as 

neuroanatomical differences in these mice have preferential spatial expression of the altered 

gene. The lack of consistent association between known gene expression changes and 

structural MRI measures were also observed in mice prenatally exposed to maternal 

infection by Richetto et al. (2016). In these mice, several genes associated with myelination 

were differentially expressed in medial prefrontal cortex and nucleus accumbens, and this 

agrees with immunohistochemistry analysis. However, there was no consistent association 

between gene differential expression and tissue properties measured with MRI, such as 

volume, relaxation times, and molecular water fraction. Due to the poor accuracy of our 

hypothesis, it is important to consider several aspects of the data before attempting to use 

preferntial expression as a means to identify genetic determinants of neuroanatomical 

phenotype.

Two factors that are particularly important are the statistical significance of neuroanatomy 

data and strength of gene expression signal. In mouse models where the hypothesis does not 

hold, neuroanatomical differences have little significance or the ISH gene expression signal 

is low. This points to two key shortcomings of existing data. Firstly, deformation-based 

morphometry may not be sensitive enough to capture subtle differences in neuroanatomy 

(van Eede et al., 2013). Secondly, while extensive quality control steps were taken by the 

Allen Brain Institute for their ISH gene expression studies, there are often several regions of 

the brain missing gene expression data. Gene expression data for most genes are typically 

only measured in one mouse. In the small subset of genes where two or more replicates exist 

(~4000 gene), correlation between replicates can be poor (Bohland et al., 2010). 

Furthermore, gene expression energy may not be appropriate measure of gene expression. 

For example, Mecp2 expression energy is among the lowest of the genes we analyzed. 

However, Mecp2 has a high abundance in neurons—expressed to near histone-octamer 

levels (Skene et al., 2010). This discrepancy might be due to the affinity of the probe used to 

the mRNA transcript. In our analysis, the inherent variability of ISH probe affinity and gene 

expression were somewhat mitigated by normalizing expression energy to the mean 

expression in the brain. However, these factors may still influence the preferential expression 

fold-change we measured. 8 of the 9 models with high gene expression and significant 

neuroanatomy had significant preferential expression of the altered gene. It is also worth 

noting that although we did not observe an association between a mouse model’s 
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background strain and preferential spatial expression, differences in strain may play a role in 

the association of the mutated gene’s spatial expression and altered neuroanatomy.

By estimating p-values from permutations, we found only mouse models with mutations in 

En2, Nlgn3, and Ar have significant preferential expression. Low significance values could 

be due to altered neuroanatomy being influenced by factors other than local gene expression

—such as gene expression in connecting structures, gene expression during development, 

and processes involved in compensatory mechanisms. In some cases, such as Cntnap2 
mutations in humans, spatial gene expression could be related to the functional connectivity 

of a region (Scott-Van Zeeland et al., 2010), perhaps without grossly affecting 

neuroanatomy. In mouse models where preferential expression is not significant, we 

performed a structure-wise analysis and found that there is a significant association between 

structure volume differences and gene expression. Associations usually exists in one 

direction—ie. regions that are larger in mutants have preferential expression of the altered 

gene but not regions that are smaller (ex. Itsn1), or vise versa (ex. Nrxn1α). This indicates 

that positive and negative volume differences are influenced by different mechanisms.

We also observed that significant neuroanatomy predicts regions with high gene expression 

better that high gene expression predicts significant neuroanatomy. Even at optimum 

thresholds, there are regions with high gene expression where neuroanatomical differences 

are not prevalent. Though not explored in our analysis, this might help identify brain regions 

where the effects of the mutated gene are compensated by other genes. We instead focused 

on the more robust relationship of significant neuroanatomy predicting high gene 

expression. We could extend this relationship beyond the single-gene-mutations mouse 

models and study general mouse models where the genetic mechanisms are unknown.

By performing a genome-wide search to find which genes have preferential spatial 

expression in altered neuroanatomy, we can identify candidate genes that are associated with 

neuroanatomical differences. This is especially useful in mouse experiments where genetic 

mechanisms underlying the response to treatment are not well understood. A candidate list 

of genes can help formulate new hypothesis and further analysis. To illustrate, we obtained 

published data on neuroanatomical differences in mice raised in enriched environments 

compared to those raised in standard lab cages. We then found all genes in the Allen Brain 

Atlas that have a preferential expression in regions with neuroanatomical differences. Gene 

Ontology Enrichment analysis revealed the top 1000 genes with the greatest preferential 

expression are significantly involved with biological processes underlying learning and 

plasticity. Thus, the candidate list of genes reflect both the known behavioural and 

neuroanatomical differences in mice exposed to environmental enrichment.

5. Conclusion

By registering the MRI mouse brain atlas and Allen Nissl Reference Atlas, we were able to 

find genes preferentially expressed in neuroanatomical regions of interest. Affected 

neuroanatomy in mouse models with single-gene mutations are weakly biased towards 

regions where the mutated gene is expressed. This association is more pronounced when 

gene expression is high and neuroanatomical differences are significant. Looking at mouse 
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models individually, we found that volume increases and decreases have different 

associations with gene expression—thereby suggesting different biological processes 

underlying these phenotypes. Given volume differences of regions in the mouse brain after 

treatments like environmental enrichment, we could determine a candidate list of genes that 

could be associated with these neuroanatomical changes and are consistent with known 

molecular and behavioural phenotypes. Thus, this work can help identify potential genes that 

underlie neuroanatomical changes due to treatment and genotype effects.
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Fig. 1. 
The MRI reference atlas was registered to the Allen Reference Atlas. The grid lines show 

the volumetric changes cause by the non-linear registration and are spaced 500 μm apart in 

the MRI Reference Space. Registration was sufficiently accurate to study Allen gene 

expression data, which has an isotropic resolution of 200 μm.
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Fig. 2. 
Preferential spatial expression of mutated genes in affected neuroanatomy of single-gene 

mutant mouse models. Each point represents a different mouse model. Circular points 

indicates whether gene is preferentially expressed in altered neuroanatomy (1000 voxels 

with highest magnitude effect sizes) and triangular points indicate lack of preferential 

expression. Point colour indicates the probability altered neuroanatomy predicts high gene 

expression at optimal thresholds (Optimized PPV). Red/Blue colours indicate PPV values 

over/under arbitrarily selected 0.5. The minimum FDR is plotted on the x-axis; the more 

significant the altered neuroanatomy, the lower the minimum FDR. Vertical dashed line 

indicates 10% FDR threshold for significant effects. The maximum gene expression energy 

is plotted on the y-axis; the greater the ISH signal, the higher the maximum gene expression 

energy. Horizontal dashed line indicates arbitrary threshold for low gene expression energy. 

65% of mouse models have preferential spatial expression of the mutated gene. Furthermore, 

preferential expression is found in 8 of 9 mouse models with significantly altered 

neuroanatomy and high gene expression energy.
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Fig. 3. 
A Altered neuroanatomy in En2 KO mice (n = 11) compared to wildtype controls (n = 9), 

highlighting the top 1000 voxels with the largest Cohen’s |d|. Negative (blue) voxels indicate 

regions have smaller volumes than controls. B En2 gene expression from the Allen Brain 

Atlas, with the mean gene expression energy as the threshold. The altered neuroanatomy has 

a preferential spatial expression of the En2 gene.
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Fig. 4. 
Neuroanatomical changes in mice with A one functioning copy of Nrxn1α (Het; n = 13) and 

B no functioning copies (KO; n = 9) compared to wildtype controls (n = 10). 

Neuroanatomical images are thresholded to include top 1000 voxels with highest Cohen’s |d| 

in Het. Gene expression of C Nrxn1 (Experiment ID: 70301083) and D Nlgn3 (Experiment 

ID: 70300559), thresholded to their mean expression in the brain. E Sensitivity of structure 

volume to Nrxn1α dosage versus Nrxn1 expression. Horizontal line is the average 

expression energy in structures. Regions with high gene expression are more likely to be 

bigger in mice with less Nrxn1α, as shown by the red line (p-value<8e-4). For example, 

PVT (E inset) has high Nrxn1 gene expression (mean energy 17.6) and is sensitive to 

Nrxn1α dosage (t-stat: −4.64). E Structures with high Nlgn3 expression also show similar, 

but weaker, dosage dependence (p-value = 0.095).
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Fig. 5. 
A Neuroanatomical changes in mice with a Itsn1 gene trap (Itsn1 GT) representing a 

complete loss-of-function mutant (n = 7) compared to wildtype controls (n = 8). B Gene 

expression of Itsn1 downloaded from the Allen Brain Institute (Experiment ID: 1365). There 

are large volume decreases in white matter, which do not have high gene expression. C 

Plotting the effect size of structure volumes against gene expression reveals volume 

increases are associated with gene expression (red line; p-value<0.002) but not volume 

decreases (blue line).
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Fig. 6. 
A Mice raised in enriched environments (n = 14) have larger regions in the hippocampus, 

motor cortex, and cerebellum compared to mice raised in normal lab cages (n = 14). We 

found many genes that are preferentially expressed in these regions and a GO enrichment 

analysis revealed genes are associated with learning. For example: B Nrp1 (fold change 

1.36) is highly expressed in the hippocampus and is associated with axon guidance, C Bdnf 
(fold change 1.22) is expressed throughout the cerebral cortex and is associated with 

memory, and D Pcp2 (fold change 1.14) is highly expressed in the cerebellum and is 

associated with cerebellar plasticity.
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