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Societal Impact Summary

Anxiety disorders and major depressive disorder are highly prevalent — esti-
mated to affect a third and a quarter, respectively, of developed economy inhabi-
tants at some point in their lives. In addition to being common, anxiety and depres-
sion are especially pernicious to society because of the debilitating impact they can
have on an individual’s quality of life, the strongest example being that the majority
of suicide victims had depression. Yet, the causes and treatment of both disorders
are poorly understood: Despite being heritable, few genes are convincingly linked
to either disease; and up to two months are required to assess the effectiveness of
pharmacological treatments, which only work half the time.

My research for this dissertation was carried out to better understand the genetic
factors that cause anxiety and depression. To achieve this, a selection of recently-
developed statistical techniques from genome research were applied to an animal
model of these disorders, namely the wide range of fear-related behaviours exhib-
ited by nearly two thousand genetically diverse mice. These analyses reveal partic-
ular candidate risk factors for fear-related behaviours: particular variations in ge-
netic sequences as well as the interaction of genetic sequences with characteristics
of the animals (such as their sex) and environmental features (such as the time of
year). Additionally, I examined whether there are large-scale networks of hundreds
of genes that act in concert to influence behaviour, and I applied a novel statistical
technique to identify specific biological pathways by which genes might exert their
effects on fear-related behaviours.

Understanding the molecular underpinnings of anxiety and depression could
lead to the identification of therapeutic drug targets, while recognition of the as-
pects of an individual’s environment that interact with genetics to cause the disor-
ders can inform preventative measures. In the case of anxiety and depression, this
translates to improved quality of life for those afflicted.
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Abstract

Anxiety and depression are highly prevalent diseases with common heritable el-
ements, but the particular genetic mechanisms and biological pathways underlying
them are poorly understood. Part of the challenge in understanding the genetic ba-
sis of these disorders is that they are polygenic and often context-dependent. In my
thesis, I apply a series of modern statistical tools to ascertain some of the myriad ge-
netic and environmental factors that underlie fear-related behaviours in nearly two
thousand heterogenous stock mice, which serve as animal models of anxiety and
depression.

Using a Bayesian method called Sparse Partitioning and a frequentist method
called Bagphenotype, I identify gene-by-sex interactions that contribute to variation
in fear-related behaviours, such as those displayed in the elevated plus maze and the
open field test, although I demonstrate that the contributions are generally small.
Also using Bagphenotype, I identify hundreds of gene-by-environment interactions
related to these traits. The interacting environmental covariates are diverse; ranging
from experimenter to season of the year.

With gene expression data from a brain structure associated with anxiety called
the hippocampus, I generate modules of co-expressed genes and map them to the
genome. Two of these modules were enriched for key nervous system components
— one for dendritic spines, another for oligodendrocyte markers — but I was unable
to find significant correlations between them and fear-related behaviours. Finally, I
employed another Bayesian technique, Sparse Instrumental Variables, which takes
advantage of conditional probabilities to identify hippocampus genes whose ex-
pression appears not just to be associated with variation in fear-related behaviours,
but cause variation in those phenotypes.
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OUND

Finding genes for complex traits remains a challenge for biomedical research, and this is
particularly true for behavioural disorders. In this thesis, I consider some new approaches
to this old problem. It has become clear that the complexity of genetic architecture —i.e.,
the large number of contributing loci, the small contribution of each locus and the preva-
lence of context-dependent effects — frustrates many attempts to uncover the molecular
underpinnings of psychiatric illness.

One hope is that the accumulation of data from multiple sources, from the level of the
gene, through expression and epigenetic measures to detailed characterisation of pheno-
types, will make it possible to construct models that explain disease. In the simplest ex-
ample, it has been argued that incorporating expression data into genetic mapping exper-
iments will substantially increase the chances of finding the relevant gene. A more com-
plex approach is to consider the disease arising from, or being a reflection of, a network of
correlated molecular phenotypes, such as variation in transcript abundance. A third ap-
proach is to consider the influence of genetic factors not alone, but as factors interacting
with environmental covariates. My aim in this thesis is to explore the applicability of these
ideas to identifying the molecular causes of anxiety, as modelled in mice.

The fundamental theme my thesis explores is how genetic variation, particu-
larly sequence variation, impacts behaviour, as exemplified by anxiety-related be-
haviours in mice. The first section of this introductory chapter discusses the most
straightforward mechanism of this relationship, where individual genes have a ma-
jor impact on behaviour via direct molecular pathways. I describe evidence that
this relatively simple model is only known to occur in a handful of circumstances,
largely in invertebrates. In the second section, I expand my discussion to mam-

mal behaviours, including ones relevant to psychiatry, for which single gene models
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have been ineffective and which may be influenced by a combination of myriad

genes, networks of biological molecules, and interactions with the environment.

1.1 MONOGENIC INFLUENCES ON BEHAVIOUR

The simplest mechanism by which genetic variants could impact behaviour is by a
variant, say a sequence variant, within or near a single gene altering the structure of
a protein or affecting transcription rates. There are indeed a few examples of such

monogenically-determined behavioural phenotypes.

Of the widely-studied laboratory animals, the least neurologically complex is the
flatworm Caenorhabditis elegans: It has a humble 302 neurons, and all their connec-
tions are known (Watts and Strogatz, 1998). In the early '70s, Sydney Brenner em-
ployed mutant strains of C. elegans to infer that 77 of the 95 genes he identified in the
worm affect their behaviour (Brenner, 1998). Since Brenner’s seminal paper, whole-
genome sequencing has revealed the more than nineteen thousand protein-coding
genes of his worm (C. elegans Sequencing Consortium, 1998) and some particular

monogenic behaviours have been well-characterised.

As described by de Bono and Bargmann (1998), some wild strains of C. elegans
aggregate when exposed to bacterial food while other strains disperse from each
other. Whether the worm is an aggregating- or solitary-style feeder is attributable
to a single nucleotide polymorphism (SNP) in the npr-1 gene that codes for the re-
ceptor protein NPR-1. This SNP causes variation in the 215th amino acid of NPR-1,
encoding it as either phenylalanine or valine in the aggregating or dispersing strains,
respectively. It appears that this amino acid variation may impart its effects on C. el-
egans behaviour by affecting the connectivity of the sensory neurons to a particular

neural circuit (Macosko et al., 2009).

In addition to feeding style, a number of aspects of male C. elegans mating be-
haviour have been shown to be affected by particular genetic sequence variations.
There are two C. elegans sexes, male and hermaphrodite. The former display five
defined steps of mating behaviour when they come into physical contact with the
latter, the process culminating in sperm transfer enabled by the male’s spicules
(tail structures) being inserted into the vulva of the hermaphrodite (Liu and Stern-

berg, 1995). Mutations in several genes associated with synthesis or processing of

Genes Contributing to Variation in Fear-Related Behaviour 2
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the neurotransmitter serotonin (e.g., cat-1, Duerr et al., 1999; cat-4, bas-1, Nass
and Blakely, 2003) reduce the male’s tail curling, thereby reducing mating ability.
These genetic effects can be attributed to the observation that exogenous serotonin
causes tail curling in males, mimicking the male-only serotonergic motor neurons
that transmit signals to particular tail muscles also found only in males (Loer and
Kenyon, 1993).

Asin C. elegans, the larvae of the fruit fly Drosophila melanogaster have variable
feeding behaviour attributable to a particular SNP. “Rover” larvae tend to migrate
short distances between food sources while “sitter” larvae tend to remain at one,
and this naturally-occurring behavioural variation can largely be attributed to the
gene dg2 (Osborne et al., 1997; Fitzpatrick et al., 2007). Swapping the variant of
this kinase encoding gene via genetic engineering results in the behaviour swapping
as well, and this behaviour is not simply a function of locomotor ability: When no
food is available, the larvae display no significant variation in locomotion. Relevant
to much of my thesis, particularly the chapter on interactions of genetics with an
organism’s environment (Chapter 3), is that fly larva foraging behaviour is context-

dependent: both rovers and sitters behave like sitters following food deprivation.

Also like C. elegans, there is a well-studied gene for Drosophila mating be-
haviour: fru is a necessary gene for male sexual behaviour that regulates several
aspects of courting (Ito et al., 1996; Ryner et al., 1996). Wild-type male flies court
females through a series of behaviours including using their legs to tap her, vibrat-
ing their wings to perform a “song”, and bending their abdomen to copulate. This
fixed series of activities can be modulated at any one of the stages in particular ways
by mutations to particular sites of fru. For example, some mutations prevent the
ability to perform the wing-vibration serenade but these mutants nevertheless have
otherwise normal wing function and they fly and move equivalently to wild type
Drosophila (Villella et al., 1996).

Even in the more neurologically-complex vertebrates, there are some instances
of behaviours being largely influenced by single genes, such as nest provisioning
in parrots (Dilger, 2010) and whether voles are monogamous or polygamous (Lim
et al.,, 2004). In mice, almost twenty years of gene targeting and genetic manipula-
tion have provided many examples of observing behavioural alteration associated
with mutations. These range from a long tradition of work on learning and memory

paradigms, relating genetically-mediated alterations in neurotransmission in the
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hippocampus to spatial memory (Zhao et al., 1999; Guzowski et al., 2001), to the
more recent discovery that male mating, intermale aggression, maternal behaviour,
and female sexual receptivity can be specifically altered through alteration of genes
with sexually dimorphic expression patterns in particular structures of the brain:

the hypothalamus and medial amygdala (Xu et al., 2012).

Genetic targeting has undoubtedly transformed our understanding of the
molecular bases of many complex behaviours and begun to give insights into the
neuronal circuitry that drives behaviour (e.g., Anderson, 2012). However there re-
main relatively few examples in any mammal of naturally occurring mutations that
act on behaviour in highly penetrant Mendelian fashion. A few examples do exist,
such as the discovery in the 1990s that a mutation in the monoamine oxidase A gene
is associated with aggression (Brunner et al., 1993), and the type of nest built by mice
(Dawson et al., 1988), but the failure of mutagenesis programmes in the mouse to
identify such mutations indicates that, for at least some behaviours, genetic under-
pinnings are always complex. Indeed, assessing the effect size of engineered knock-
outs demonstrates that the average contribution to variation in behaviour is about
15% (Flint and Mott, 2008).

1.2 POLYGENIC INFLUENCES ON BEHAVIOUR

Genetic effects on behaviour, particularly in mammals, act primarily in a complex
fashion. The genetic architecture of behaviour can be simply described as involving
multiple genes of small effect each acting in concert with each other and the envi-
ronment to produce phenotypic variation. In this respect, the genetic architecture
of behaviour is in many ways identical to the genetic architecture of other complex
traits, including classic quantitative phenotypes such as height and weight, with the
difference that large effect Mendelian mutations are rarely, if ever, found. I sum-

marise next what is known about the genetic architecture of behaviour in mice.

The results on which this summary is based are derived from mapping quantita-
tive trait loci (QTL) in inbred strain crosses and in experiments using quasi-outbred
populations. A description of these experimental designs is given later in Chapter 2,
although a detailed understanding of them is not germane to an appreciation of the

experimental results, atleast in so far as they relate to genetic architecture. However,
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an understanding of genetic architecture is critical for designing experiments that
aim to find the genes involved in behaviour. This can be appreciated by considering
two extreme situations. In one, the genetic basis of behaviour is entirely Mendelian:
that is to say, due to large effect mutations. In this case, gene identification using
classic recombination mapping would be sufficient. In the second case, the genetic
basis of behaviour is entirely polygenic, due to the conjoint effect of tens of thou-
sands of loci, whose action depends on the environmental and genetic context. In
this case, the problem of gene identification will be almost intractable with current

resources and approaches.

There are three relevant features of the genetic architecture of behaviour in mice.
The first, the lack of Mendelian effects, was mentioned above, at the end of §1.1.
The effect sizes of engineered inactivating mutations, including mutations aggres-
sively induced by ENU (N-ethyl- N-nitrosourea), are typically about 15%. Second,
naturally-occurring segregating variants have much smaller effects. In a study of
two thousand quasi-outbred mice (Valdar et al., 2006b), with very few exceptions,
the majority of QTL explain less than 3% of the variation. It should be noted that
this effect is substantially larger than the average effects found in completely out-
bred populations like our own, but this does not reflect any differences between
species in the biology of behaviour: Effect sizes (as measured as percentage of to-
tal variation attributable to a genetic locus) are relative measures, dependent on
the population in which they are measured. The quasi-outbred population used for
this mapping experiment has reduced genetic diversity compared to fully outbred

populations.

A simple way to illustrate these effect size differences is to consider a population
in which just one variant is segregating. In this case, all of the genetic variation is
attributable to a single locus, i.e., the effect size is 100%, assuming there is no envi-
ronmental contribution. If nine more variants are introduced into the population
then, assuming that all ten equally influence the phenotype, the individual contri-
bution (the effect size) will drop to 10%. Inbred strain crosses have even less genetic
variation than the quasi-outbred population, so here the effect sizes are relatively
larger, but still small: an average QTL effect size is about 5% (Flint and Mott, 2001).
Importantly, there is a linear relationship between the heritability (the total genetic
variance) of the phenotype and the number of loci. The implication of this find-
ing is that highly heritable phenotypes just have more QTL, rather than that highly
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heritable phenotypes are evidence for the presence of large effect QTL.

The third feature of the genetic architecture of behaviour is that context-
dependent effects are common (Valdar et al., 2006a). I will illustrate this concept
with an example from a test of mouse behaviour, the elevated plus maze (EPM),
which consists of four arms arranged in the shape of a cross. Two arms are open
(i.e., they have no walls and are thus anxiogenic), while the other two arms are en-
closed (therefore less anxiety provoking). The test is administered by placing the
mouse into the centre of the apparatus, and observing the choices it makes. The
number of entries an animal makes into the open arms of an elevated plus maze is

used as an index of fear.

When a large number of animals are processed there may be many researchers
involved in the experiment, and therefore one question we can ask is whether the
results depend on who carries out the experiment. Figure 1.1 shows that there is in-
deed an effect. Some experimenters appear to frighten the animal more than others
(or more accurately, when some of them test the animal it is less likely to venture
out on to the open arms of the elevated plus maze). The effect of the experimenter

is relatively small, however; accounting for about 5% of the variation.

Consider next the effect of the genotype. Figure 1.2 shows a locus in the genome
with three genotypes: AA, AT and TT. There is no significant difference in the means
associated with each genotype (the phenotype levels lie on a horizontal line in the
figure), indicating that the genotype has no effect on the behaviour. However, if
we divide up the data as in Figure 1.3 so that we show genotypes for those animals
tested by each experimenter, then a very different picture emerges. For example,
we can see that Experimenters 4 and 10 elicit large genetic effects but Experimenter
2 none at all. Note also that the direction of effect differs: At the hands of Experi-
menter 5 and 10, animals with one genotype become more anxious, while they ap-
pear less anxious at the hands of Experimenter 4. This is an example of another
context-dependent genetic effect (like the food deprivation-dependent fly larva for-
aging behaviour described in §1.1): In this instance, the effect attributable to a geno-

type depends on who carried out the experiment.

Similar context-dependent effects are found for other phenotypes. In general,
the contribution to the total phenotypic variation is large, typically much larger that

of the main effect, as is shown in the example [ have given here (Valdar et al., 2006a).
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Figure 1.1: A box-and-whisker plot of the time mice spend in the open arms of
the “elevated plus maze”, a behavioural measure of anxiety in mice (more detail in
§2.2.1.6). Some of the variation in the phenotype is explained by the experimenter
that handled the mouse prior to testing. “Stuart”, in particular, appears to induce
anxiety in mice, as they spend less time in the open arms of the maze if they are
handled by him prior to testing. More than 1800 heterogenous stock mice (see §2.1)
were tested and the data were normalised by taking their square root (transforma-
tions of phenotypic data are discussed later in §2.2).

The small size of the effects, together with their context-dependency, are indications

of the challenge facing attempts to identify quantitative trait genes in the mouse.

1.3 ANXIETY AND DEPRESSION

In this section I describe the features of anxiety disorders in humans and the rele-
vant animal models, whose use is a key part of my thesis work. My concern here
is to explain how the animal tests are thought to reflect the same neurobiological

processes that occur in anxiety in our own species.

Anxiety disorders are highly prevalent, estimated to affect a third of developed
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Figure 1.2: A box-and-whisker plot of the time mice spend in the open arms of the
elevated plus maze, as in Figure 1.1, but in this instance the data are factored by
genotype (rs3700012 on chromosome 12 at 56.8 Mbp as per Meyer et al., 2013) and
we observe no genotype-dependent difference in the behaviour measure.

economy inhabitants at some point in their lives (Kessler et al., 2005). In addition
to being common, anxiety is especially pernicious to society because of the debili-
tating impact they can have on an individual’s quality of life (MoScicki, 2001). The
causes of anxiety disorders are poorly understood and their treatment largely symp-
tomatic. Up to two months are required to assess the effectiveness of pharmacolog-

ical treatments, which only work half the time (Whooley and Simon, 2000).

Experiments using animal models suggest that several separate, but interact-
ing, neural systems are involved in fear- and anxiety-related behaviours, and that
these different systems are associated primarily with different aspects of these be-
haviours. The brain structure called the amygdala, for example, appears to be crit-
ical to the acquisition and storage of memories of fear conditioning, as well as to

the fear response (Kapp et al., 1992; Fanselow and LeDoux, 1999; Maren, 2001; Med-
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Figure 1.3: A box-and-whisker plot of the time mice spend in the open arms of the
elevated plus maze, as in Figures 1.1 and 1.2, but now allowing for visualisation of
the interaction of two factors: genotype and experimenter. Examining the data in
this manner demonstrates that some genetic effects may manifest themselves un-
der particular environmental conditions, such as being handled by an aggressive
experimenter prior to being tested.

ina et al., 2002). In contrast to the association of the amygdala with fearful stimuli,
another component of the vertebrate brain, the hippocampus, appears to be spe-
cialised for processing anxiogenic stimuli (Phillips and LeDoux, 1992; Richmond
et al., 1999). More specifically, the ventral hippocampus seems to be crucial to
animal models of anxiety-related behaviours, e.g., those displayed in the elevated
plus maze (Kjelstrup et al., 2002; Bannerman et al., 2004; McHugh et al., 2004). This
functional double dissociation in rodents (of the amygdalar role in fear and the hip-
pocampal role in anxiety) is consistent with both the results of imaging studies on
primates (Strange et al., 1999; Strange and Dolan, 2001) and Jeffrey Gray’s theory of
a behavioural inhibition system (Gray, 1990).

Rodent tests of anxiety-like behaviour fall into two groups. One group consists
of tests in which the animal is given access to an anxiogenic situation (e.g., a novel
object, an open fear-inducing space) and allowed to make a choice. Typically, these
induce “approach-avoidance conflicts”, the indecision we assume the mice expe-

rience when considering the benefits of approaching the novel object or situation

Genes Contributing to Variation in Fear-Related Behaviour 9



Jon Krohn 1.3. Anxiety and depression

(e.g., there may be food in a novel environment) versus the potential risks (the same
environment may make them more vulnerable to predation).

The oldest of these anxiogenic tests is the open field test (OFT), devised by Calvin
Hall in the 1930s. The simple idea here is that mice, as natural prey, will avoid an
exposed open area. They will prefer to remain still, at the edge of the area. So time
spent moving or total distance travelled, as well as time spent in the centre of the
area (the most exposed region of the OFT) are indices of fear-related behaviour. One
confound of the OFT is that any animal that is hyperactive will appear to be non-
anxious (or, conversely, a hypoactive mouse will appear anxious). The test does
not effectively deal with the consequences of high levels of endogenous locomotor
activity, regardless of the animal’s emotional state. It is possible, however, to use
the OFT to take an independent measure of emotionality, the number of faecal boli
produced, which is under separate neural control from motor activity. In fact, Hall
developed the OFT on the basis of its face similarity to situations in which combat

veterans defecated; due to intense fear under artillery bombardment (Hall, 1934).

In contrast to the OFT, the elevated plus maze (EPM, introduced above) allows
for some control of the total activity of an animal, since there is a non-frightening re-
gion (the closed arms). By taking the ratio of time spent in the open arms, compared
to time spent in the closed arms, it is possible to control for endogenous locomotor
activity — though most investigators will want to test more specifically for activity
using, for example, a measure of activity in a non-threatening home cage. Another
test, the dark-light box again offers a choice between a threatening region (well lit,
exposed) and arelatively safe, dark enclosure. As in the EPM, measures of fear in the
dark-light box are related to the number of entries and time spent in the anxiogenic
regions. The last commonly used approach-avoidance task to assess fear-related
behaviour is the presentation of a new food. An animal is typically food deprived
overnight and then presented with a foodstuff that it has not previously encoun-
tered. The measure taken here is the time taken to try the novel food: an anxious

animal will take longer to try the food than a less anxious animal.

All of the above tests receive some validation as tests of anxiety in that the be-
haviours can be changed in a predictable fashion after the administration of anx-
iolytic drugs. Thus benzodiazepines — the class of drug that includes Valium and
Librium commonly prescribed anxiolytics — increase the time spent in the open

arms of the EPM, the distance travelled in the OFT, the number of entries into the
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light area of the dark-light box and reduce time to first trying a novel food. In ad-
dition, as alluded to earlier, these tests have been validated by lesion experiments
implicating the involvement of the hippocampus and amygdala (data summarised
in Gray and McNaughton, 2007).

The second group of tests that model anxiety-like behaviour in rodents are those
involving fear-conditioning. In a fear-conditioning test, an animal is presented with
a neutral stimulus (such as a tone or light) which is associated with a fear induc-
ing stimulus (a footshock). After training, the animal is presented with the neutral
stimulus and the amount of freezing induced is recorded. Conditioning to both the
stimulus and the context in which the stimulus was presented (the training box) oc-
cur, and are due to overlapping but not independent neural systems, acting in the
ventral hippocampus and amygdala. While fear-conditioning provides a measure
of control over the phenotype that is not available with the ethological approach-
avoidance tests described above, it is again not only a measure of anxiety (the an-
imal has to learn to associate tone and footshock so that variation in memory and

learning will appear as variation in emotional reactivity).

One approach that gets closer to being a purely psychological measure of
anxiety is fear-potentiated startle (FPS). Here an animal is again subject to fear-
conditioning, but this time, before the fear conditioning training, a measure is taken
of the animal’s response to a frightening stimulus, such as a loud noise. The ro-
dent is placed in an accelerometer, exposed to a 100dB sound, and the amount of
movement induced is taken as a measure of the startle response. After undergoing
fear-conditioning training, the animal is placed back into the accelerometer, given
the cue (which is now associated with an unpleasant footshock) and its response
again measured to exposure to the 100dB sound. The increase in startle is taken
to be a measure of the animal’s expectation of a unpleasant event, or more simply,
its anxiety. Fear-potentiated startle has been used in rats to delineate a fear-related
neuronal pathway (Davis et al., 1993), but it has proved extremely difficult to apply
in mice. For reasons that are not clear, robust fear-potentiated startle has been very
hard to induce in mice. Therefore, for practical reasons, conditioned tests of anxiety

in mice are limited to fear-conditioning.

Given that anxiety-related behaviour consistently involves the same neural sys-
tem across different tests, it might be possible to identify predictive genes that are

common to several of those behaviours. Indeed, previous genetic studies of anxiety-
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related behaviours have identified genetic loci that individually predict a range of
the behaviours (Turri et al., 2001a,b; Fernandez-Teruel et al., 2002; Turri et al., 2004;
Henderson et al., 2004). These findings in rodents could assist the understanding of
anxiety and depression in humans because of the phenotypes the genetic variants
predict, similarities between the behavioural effects of allelic differences and anxi-
olytic pharmaceuticals, as well as coincidences in the direction of allelic effects and

genetic location (Fullerton, 2005).

1.4 GENETIC ANALYSIS OF ANXIETY IN MICE

Animals show individual variation in behaviour on the fear-related tests described
above, differences that we know have in part a genetic basis. We know this from
the analysis of mouse inbred strains that has been systematically carried out at the
Jackson Laboratory mouse facility. A large database of phenotypes that differ among
inbred strains has been set up (Bogue et al., 2007), and that catalogue contains many
examples of behaviour, including the conditioned and unconditioned tests of anx-
iety just described in §1.3. Systematic collection of data for 178 strains has yielded
over two thousand different measurements. The fact that differences are found be-
tween inbred strains is evidence of a genetic component. The problem is how to

identify the molecular differences that are responsible.

1.4.1 Inbred strain crosses

Differences between inbred strains provide a justification for using inbred strains as
a starting point for genetic mapping experiments: genetic loci must exist that con-
tribute to phenotypic variation and their identification is a root into the biological
characterisation of the phenotype. While most often founder strains will be chosen
because they differ in the trait of interest, the phenotype of the progeny cannot be
predicted from the phenotypes of the founders: New associations of alleles in the
progeny are likely to increase the variance. Investigators starting an experiment us-
ing inbred strains often overlook this important point. It can be appreciated in the

following way.

As pointed out above, the genetic basis of behavioural variation is due to the ef-
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fect of many loci. Imagine that we score a fear-related behaviour on a quantitative
scale so that the phenotype of an inbred strain can be considered as the result of
summing the effects of all loci. At some loci, the alleles increase the score. At other
loci alleles, decrease the score. Two inbred strains may obtain the same overall score
from very different combinations of alleles. If these two strains are crossed, alleles at
these loci will segregate, giving rise to a broad range of phenotypes in the offspring.
Some offspring will by chance garner many increasing alleles, others decreasing al-
leles, so that the extent of variation in the phenotype of the offspring will exceed
that found in the two inbred progenitor strains. Thus there may be strains that have
identical phentoypic scores but whose progeny are both less, and more, anxious,

due to the possession of differing combinations of alleles.

A cross between inbred strains is a common method for identifying the genetic
loci contributing to genetic variation in mice. To start with, the cross generates ge-
netically identical offspring, with one chromosome from one strain and one from
the other (this is the F1 generation). For genetic mapping, these animals can either
be intercrossed, to generate an F2, or backcrossed to one or other of the founders
(BC). Genetic mapping using inbred strain crosses proceeds by determining where
in the genome genetic variation is associated with phenotypic variation. This is
done by genotyping a set of markers across the genome and identifying where there

is a significant association between phenotypic and genetic variation.

Suppose that the two progenitor strains are called A and B. Using these names to
refer to the progenitor genomes, then each position in the genomes of the F2 must
be one of three genotypes: AA, AB, or BB. It follows that any variant contributing to
phenotypic variation (a causal variant) must also be constrained to be one of these
three genotypes. This means that genotyping markers at a sufficient density will
capture the effect of the causal variant. Each chromosome undergoes only a few
recombinations in each generation and the consequent relatively high level of link-
age disequilibrium means that a few hundred markers are sufficient to accurately
recreate the mosaic structure of each F2 genome. By contrast, in an outbred human
population, there may be many alleles at a locus, there is no constraint on the re-
lationship between causal and other variants, and linkage disequilibrium extends
often over a few kilobases, requiring the use of hundreds of thousands of markers to

test association between phenotypic and genetic variation.
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1.4.2 Recombinant inbred strains

Each animal in a cross between two inbred strains is unique. It must be genotyped
and it can only be used for a limited number of phenotypes. By inbreeding the F1 or
F2 generation it is possible to overcome these limitations and produce a set of ani-
mals that need to be genotyped just once, and which can be phenotyped endlessly.
These are recombinant inbred strains (RIs). It takes about twenty generations to
inbreed mice, an expensive and long undertaking, which until recently limited the
number of available Rls.

Mapping in Rls is carried out by comparing the phenotypes of all the strains and
finding genomic regions associated with phenotypic variation in a way very similar
to mapping in F2 crosses. When RI panels are descended from two inbred strains,
their genomes are random mosaics of these founder haplotypes. An established RI
panel needs to be genotyped only once, using markers to distinguish between the

founder strains.

Mapping in an RI looks for an association between the strain distribution pat-
tern (SDP) of genotypes and phenotypes. Suppose we have an RI of eight strains
descended from two progenitors called A and B. At a given marker, the pattern of
genotypes across the panel is the SDP. We could genotype a marker across the strains
and obtain the genotypes AA, BB, AA, AA, BB, BB, BB and BB. We simplify by refer-
ring to the homozygous genotypes ‘AA’ and ‘BB’ as ‘A’ and ‘B’. The SDP at the marker
is thus ABAABBBB, meaning that the 1st, 3rd and 4th strains descend from strain A
and the remainder from strain B (at least at this marker; we expect to find different
SDPs at other markers). To map a QTL, RI animals across the panel are phenotyped
and the values are correlated with the SDPs at each marker to identify markers with
statistically significant associations (Wu et al., 2004). Mapping resolution depends

on the size of the panel, but is roughly equivalent to that of an intercross.

Phenotyping different animals that have the same genotype allows repeated
measurement of the same trait, minimising experimental variation and increased
statistical power to identify QTL. Phenotyping in different laboratories is even pos-
sible, increasing the chances to accumulate phenotypic data for the mapping popu-
lation, which then allows a systems genetics approach (see for example the wealth of
data available for the mouse BxD RI panel in GeneNetwork; Wu et al., 2004). Finally,

multiple environments can be tested to investigate context-dependent genetic ef-
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fects, i.e., gene-by-environment interactions.

Limited genetic variation segregates in biparental recombinant inbred lines. A
panel of mouse recombinant inbred lines derived from eight inbred strains was cre-
ated by a collaborative effort: the Collaborative Cross (CC; The Complex Trait Con-
sortium: Churchill et al., 2004). The aim of the consortium is to breed about half a
thousand lines, which will be made available to the public. With an eye to maximis-
ing genotypic and thus phenotypic variation, the founder strains of the CC include

three wild-derived strains representing the three Mus musculus subspecies.

A particularity of mapping in the CC results from using more than two progeni-
tor inbred strains. Markers used for genotyping are usually SNPs and so have fewer
alleles (two) than the number of haplotypes segregating in the cross (eight). Conse-
quently, the alleles of a marker do not unambiguously identify the underlying strain
haplotype. This means that QTL can be missed by single marker association analy-
sis thatignores strain haplotypes. A solution to this problem is to reconstruct haplo-
types in the mapping population based on the genotypes of the animals and those of
the progenitors, and test for association between phenotypic variation and the pro-
genitor haplotypes. The eight founder strains of the CC have now been sequenced
at high coverage, allowing imputation of the segregating sequence variants in the

CC lines and the search for causative variants.

1.4.3 Mapping using outbreds

Mapping using inbred crosses and using RIs provides limited mapping resolution.
In inbred strains, typically the mapping resolution is more than ten megabases
(Mb). On average a megabase contains about ten genes, so an F2 intercross is not
going to deliver gene-level mapping resolution. Mapping with the genetically com-

plex CC, with its large number of RIs, improves resolution but not to gene level.

To meet this challenge a number of investigators have turned to using outbred
stocks, in which animals are allowed to accumulate large numbers of recombinan-
tions over time. Continued intercrossing reduces the size of the unrecombined seg-
ments in the population. For instance, rather than mapping in an F2, map in an
F10. Darvasi and Soller (1995) showed that doing so would increase mapping reso-

lution fivefold in mice. The benefits from using further generations of intercrossing
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decrease exponentially.

Heterogeneous stock (HS) mice are outbred populations derived from inbred
strains. The extant HS mice descend from eight “founder” inbred strains. The old-
est is an eight-way cross of C57BL/6, BALB/c, RIII, AKR/J, DBA/2, I, A/J and C3H
inbred mouse strains (McClearn et al., 1970). The more recent HS descends from
A/J, AKR/], BALBc/J, CBA/J, C3H/HeJ, C57BL/6], DBA/2J and LP/] (Demarest et al.,
2001). The strain origins are important since they are used in mapping. For this rea-
son, the second HS is preferred since not all the progenitor strains of the first HS are
still available. Small effect QTL have been mapped to subcentimorgan resolution

using HS mice, demonstrating this mapping strategy’s potential.

A complication of using HS animals is that they are not equally unrelated. The
breeding structure that maintains the populations (typically about 40 mating pairs)
inevitably introduces a degree of population structure. This means that the degree
of genetic correlation between any two positions on the genome is not constant: it
will be closer in some pairs of animals than others. To see the problem, suppose
that we have a set of animals some of which are full siblings, some of which are un-
related. The full siblings share on average half their genetic material so that mark-
ers on different chromosomes will be correlated. When we compare phenotypes
to genotypes, if there are causal variants on a chromosome, they could be falsely

detected by markers on other chromosomes.

Such structured populations, like the HS, are harder to work with because geno-
type correlation causes (1) false positive loci in linkage disequilibrium with a causal
variant (“ghost QTLs”); and (2) missed loci, because two genuine but correlated QTL
could result in one going undetected. There are two statistical methods that can
control for this problem. The most popular class of methods, which originated with
the work of Henderson in the 1950s in animal breeding, uses mixed models (Hen-
derson, 1953). Because they account for different degrees of relatedness between
individuals, mixed models can be used to account for structure in populations that
would otherwise be difficult to analyse, and moreover they allow one to combine

several mapping populations with different degrees of relationship.

The second class of methods involve resample model averaging (RMA), also
known as bootstrap aggregation. In this approach, the individuals are resampled,

and a multiple QTL model is generated additively. The procedure is repeated, re-
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sampling the data each time, and the proportion of models that contain a QTL
measures the support for that QTL. Although this works quite well, it is necessary
to calibrate the threshold for establishing significance by simulations (in contrast,
mixed model approaches use classical frequentist criteria to determine significance
thresholds).

Successful mapping in an HS poses two demands: first, the analytical method
has to take into account population structure. Second, since HS are derived from
more than two progenitor strains, phenotypic variation needs to be mapped to the
progenitor haplotypes. If this is not done, then association may be missed when
a typed variant is not in phase with a progenitor QTL. Thus, in HS analyses, the

method of detection is haplotypic association.

1.4.4 Gene identification

Refining from QTL to individual gene identification remains challenging in any
organism. In mice, the host of genetic engineering tools allow experimental ap-
proaches impossible in some organisms but mouse genetics still nevertheless suf-
fers from a lack of resources for high resolution (gene-level) mapping. This is the
main reason why there are still relatively few examples where mapping has led to

the unambiguous identification of a genetic variant that influences behaviour.

One approach to the problem of gene identification has been to turn to gene ex-
pression data as a key resource. Gene expression profiling is not by itself a method
for QTL detection, but when combined with genetic mapping data, can help iden-
tify candidates. Suppose that we have mapped a locus in a cross between two inbred
strains. Finding genes that are differentially expressed between the two progenitor
strains will identify genes for further consideration (possibly considerably reducing
the number of candidates). One of the first indications of the power of this strategy
was expression profiling to identify CD36 gene as a quantitative trait gene (QTG) af-
fecting insulin fatty acid metabolism (Aitman et al., 1999). Gene expression profiling
has been used now in a large number of cases, for example pointing to lipoxygenase
(Alox15) as a QTG for bone mass (Klein et al., 2004), and complement factor 5 as
involved in susceptibility to a model of asthma (Karp et al., 2000).

Nevertheless, despite these findings, there are a number of reasons why the ap-
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proach might not work. First, some variants may alter protein structure. Conse-
quently there may be no effect on expression levels (in other words, differential
gene expression is not a necessary marker of QTL action). Second, expression dif-
ferences may be restricted to certain tissues, or developmental stages. For example,
expression of 5HT1a receptors in the forebrain is required to modulate anxiety dur-
ing embryonic and foetal life, but it is not required for that task in adult animals
(Bonnin et al., 2006). Third, the QTL may have an effect on expression which is hid-
den through the effect of redundant, compensatory mechanisms. Fourth, physical
coincidence of gene expression and QTL mapping data does not guarantee that the

two are causally related.

One method that has been proposed to deal with the fourth limitation is the ap-
plication of causality modelling. By simultaneously considering several categories
of variables that are correlated with each other (e.g., a SNP g, the expression of a
gene x, and a quantitative trait y) and then conditioning the correlation between
a pair of these variables (e.g., x and y) upon the correlation of another pair (e.g., g
and x, where we know one of these, g, could not reasonably be systematically in-
fluenced by the other variables in the system), we can in some instances infer the
causal direction of the relationship between x and y.

The most popular of the causality modelling methods in gene expression re-
search is “likelihood-based causality model selection” (LCMS Schadt et al., 2005;
Chen et al.,, 2008). Among other issues detailed later, LCMS does not adequately
account for the third limitation, namely the influence of other variables in the bi-
ological system under observation upon x and/or y. In this thesis, I introduce a
novel causality modelling technique that addresses the shortcomings of LCMS. By
successfully applying the method to known causal systems, I provide evidence that
it is a valid computational technique. Subsequently, I present my findings from us-
ing the technique to search for genes that are causal for anxiety-related behaviours

in mice.

1.5 DISSERTATION OVERVIEW

My work makes extensive use of a large HS experiment in which 100 phenotypes

were mapped in nearly two thousand mice. I adapted an RMA technique to iden-
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tify regions of the genome that interact with environmental covariates to influence
variation in the anxiety-related phenotypes of the Oxford HS mice, i.e., to produce
context-dependent effects. I similarly employed this RMA technique to identify
gene-by-sex interactions, which I compare with gene-by-sex interactions obtained
using a purpose-developed Bayesian technique, Sparse Partitioning. These interac-

tion effects are covered in Chapter 3.

In addition to looking for interactions, I took advantage of hippocampus gene
expression data obtained from the HS mice by meticulously preprocessing the data
(Chapter 2) and then identifying networks of co-expressed genes and associating
these networks with the mouse genome and anxiety-related phenome (Chapter 4).
Finally, I used a novel Bayesian computational technique to identify genes whose
expression appears to cause variation in fear-related phenotypes, as distinguished
from simply being associated with those phenotypes (Chapter 5).
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GENERAL METHODOLOGY

This chapter summarises the Heterogeneous Stock mouse project carried out in Oxford,
including particulars of the animals, phenotyping, study design, genotyping, and gene ex-
pression assays. Any data processing in this chapter — notably the preprocessing of gene
expression data in §2.6 — is my work, but I did not personally run the experiments from
which the data were derived.

2.1 ANIMALS

As detailed in Solberg et al. (2006), Original Northport Heterogeneous Stock mice
were obtained from Robert Hitzemann of the Oregon Health Sciences Unit (Port-
land, Oregon). At the time the animals arrived, they had passed 50 generations of
pseudorandom breeding (Demarest et al., 2001). The ancestors of the Heteroge-
neous Stock mice (i.e., prior to pseudorandom breeding) were eight inbred strains of
Mus musculus: A/J, AKR/J, BALBc/J, CBA/J, C3H/He], C57BL/6], DBA/2], and LP/]
(Demarest et al., 2001). The animals were bred for phenotyping in a colony estab-
lished at the University of Oxford. Animals were housed at a maximum of six per
cage (mean of four) and maintained on a 12:12 light:dark cycle with ad libitum ac-

cess to food and water.

As listed in Figure 2.1, depending on the phenotype, data from up to 1929 HS

mice were available. For most results chapters in this thesis, mice could be included
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if they had genetic marker and phenotypic data (¢, = 1618.9 + 88.4, range = 427
to 1929). However, for Chapters 4 and 5, hippocampus gene expression data were
required in addition to genetic marker and phenotypic data, resulting in smaller
sample sizes (1, = 386.5+95.9, range = 113 to 457). Approximately half the mice
were male for all phenotypes except the stress steroid experiment (females were not
phenotyped for this trait because of the high variance in their blood corticosterone

readings attributable to their oestrus cycle).

2.2 PHENOTYPES

Following a published protocol (Solberg et al., 2006), the phenotypes were all as-
sessed quantitatively by automated machines in order to minimise variance at-
tributable to employing multiple experimenters. The phenotypes were selected to
assess genetic influences on mouse models of anxiety, diabetes, asthma, and obe-
sity, as well as measures of biochemistry, haematology, and immunology. Figure
2.11is alist of the 67 phenotype measures, and includes the transformations used to
normalise each distribution of phenotype data to Gaussian. The Box-Cox procedure
from the MASS add-on package (Venables and Ripley, 2002) for R (Team, 2010) was

followed to guide the selection of a given transformation.

A brief description of each of the tests used to collect phenotypic data is pro-
vided here. Although phenotypes associated with anxiety-related behaviours (i.e.,
§2.2.1) are the focus of this thesis, it was fairly straightforward in the chapter focused
on gene-by-sex interactions (i.e., Chapter 3) to extend analysis to additional pheno-
types (§2.2.2). In that chapter, Oxford HS mouse phenotypes largely irrelevant to
a doctorate in neuroscience are nevertheless reported and sometimes provide in-
sight into the genetic basis of fear-related behaviours via contrasts in their patterns.
Additionally, since the molecular bases of some non-behavioural phenotypes are
better understood, in some instances (e.g., §5.1.3), they are used to demonstrate

the efficacy of an analytical technique.

2.2.1 Phenotypes relevant to anxiety-related behaviour
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Relevant Transform
tissue Experiment Phenotype measure to Gaussian Ngy Naxy
Total beam breaks due to ambulation x2

Time freezing during cue (sec)

Time freezing after cue (sec) X 1518 347
[ Fecalbolicount X 1504 341

Hippocampus  Elevated plus maze Closed-arm distance (cm) X 1850 439
PP pus  Fevatedplusmaze Open-arm distance (cm) 2o 1882 445

Fear-potentiated startle Startle response x/3 1642 385

Faecal steroid Corticosterone (ng/50 mg of faeces) logiox 1090 268
K167 KI-67 antigen X 715 451

Fecal boli count X 1925 457

Open field test Time spent in centre rank of x 1929 457

Total activity (cm) X 1924 455

Stress steroid Corticosterone after fearful cue (ng/mL) x 437 113

Body weight (g) X173 1873 258

Animal size Body length (cm) X 1885 251

Body mass index X 1869 247

Albumin (g/L) X 1735 247

Alkaline phosphatase (units/L) x/? 1752 243

Alanine transaminase (units/L) logio(x + 3) 1651 230

Aspartate transaminase (units/L) x1? 1690 233

Calcium (mM) X 1740 245

Chloride (mM) X 1791 248

Biochemistry Creatinine (mg/dL) rank of x 1929 258

High-density lipoproteins (mM) X 1653 227

Liver Low-density lipoproteins (mM) logiox 1701 231

Phosphorous (mM) logio(x + 1) 1536 209

Total protein (g/L) x? 1629 227

Triglycerides (mM) logiox 1503 205

Urea (mM) logio(x + 1) 1732 245

Area Under Curve - Glucose (mg/dL) X 1771 237

Area Under Curve - Insulin (ng/mL) x? 1379 182

Glucose at 0 min (mg/dL) x1/2 1849 248

IPGTT Glucose at 75 min (mg/dL) x'? 1784 240

Insulin at 0 min (ng/mL) logiox 1447 192

Insulin at 75 min (ng/mL) x3 1382 185

K (glucose slope) X 868 107
_Earpunch . Mean area of hole in ear (mm?)____________. X 1823 258 .

Full blood count Basophil count rank of x 1929 258

Hematocrit (%) x? 1583 214

Hemoglobin (g/dl) x3 1580 214

Lymphocytes (1000/mm?) x12 1554 211

Mean cellular hemoglobin (g/dL) X 1581 214

Mean cellular volume (um?) X 1585 214

Mean platelet volume (um?) rank of x 1929 258

Monocyte count rank of x 1929 258

Neutrophil count rank of x 1929 258

Plateletcrit (%) x1/2 1552 209

Platelets (units/microL) X 1574 212

RBC count (1000000/mm?) X 1580 213
Lna WBC count (1000/mm®) logio(x + 1) 1563 214

9 Immunology B220+ cells (%) x1/2 1516 196

CD3+ cells in lymphocytes (%) x? 1515 196

CD4+ cells in CD3 cells (%) x? 1514 196

CD4+ cell intensity x? 1513 196

CD4+ count X 1269 168

CD8+ cells in CD3 cells (%) X3 1512 196

CD8+ cell intensity X 1509 195

CD8+ count X 1267 168
o CD4+:CD8+ratio X 1510 195

Plethysmography PenH: a bronchoconstriction indicator x3 1622 228

Respiratory rate (baseline) X 1812 254

Respiratory rate (metacholine) logiox 1627 226

Tidal volume (baseline) (mL) x'/? 1801 254

Tidal volume (metacholine) (mL) x'3 1630 229

Figure 2.1: This table lists the number of Oxford HS mice by phenotype. Phenotypes
are subset into the experiments they were obtained from (described in §2.2) and
the most relevant tissue (of the three tissues gene expression data were available
from). ng, is the number of mice for most chapters of this thesis, where only genetic
marker (g) and phenotypic data (y) were required. ngy is the number of mice that,
in addition to g and y, also had gene expression data (x) from the relevant tissue.
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2.2.1.1 Adrenal weight

At ten weeks old, mice were euthanised and their adrenal glands removed. The
mean weight of both glands is a physiological phenotype that is relevant to anxiety
because the stress response is regulated by the hypothalamic-pituitary-adrenal axis,
stress has been shown to increase adrenal gland size in mice (Kioukia-Fougia et al.,
2002), and adrenal gland hypertrophy has been observed in patients with chronic

major depression (Nemeroff et al., 1992).

2.2.1.2 Activity in new home cage

Individual mice were placed in a clean novel cage with their old bedding and their
unconditioned anxiety was measured by a movement-sensitive infrared photobeam
system manufactured by San Diego Instruments (San Diego, CA). The paradigm is
that mice that move less in a foreign environment are more anxious (Tang et al.,
2002). The test was run for 30 minutes and the total number of photobeam breaks
over that period, as well as the number of breaks in the first five and final five min-
utes, were used as phenotypic measures. Photobeams were 1.5 cm above the cage

floor, spaced 5.5 cm apart.

2.2.1.3 Burrowed pellet weight

In this test, mice are presented with a 20 cm-long plastic pipe of 68 mm diame-
ter that lies horizontally, is filled with 200 grams of food pellets, and is accessible
from one end. As natural burrowers, mice spontaneously remove the pellets from
the pipe, a behaviour considered to be an “activity of daily living” (Deacon, 2009).
Given this spontaneity and the utility of burrowing behaviour to mice in the wild
(it facilitates the discovery of food and shelter), it has been suggested that reduced
pellet removal may be analogous to the breakdown in human activities of daily liv-
ing observed in neurodegenerative diseases such as Alzheimer’s (Deacon, 2012).
Alzheimer’s disease is itself comorbid with anxiety and depression in the majority
of patients (Teri et al., 1999; Ferretti et al., 2001).
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2.2.1.4 Context freezing

Mice were individually placed in an experimental chamber where, over a twelve
minute period, they were exposed to three loud and timed-at-random 29.5 second
long tones that were each followed immediately by a 0.5 second footshock. Four
hours later, the mouse was returned to the context and, without administering any
tones or footshocks, the amount of time they spent freezing over a five minute pe-
riod was measured by a Videotrack system (vNT4.0, an automated tracking system
from Viewpoint in Champagne Au Mont D’Or, France). The longer a mouse freezes

for, the more anxious it theoretically is (Owen et al., 1997).

2.2.1.5 Cue freezing

The day after the context freezing test (§2.2.1.4), individual mice were placed in an
open field (an empty circular arena with 60 cm diameter). Over a five minute period,
the same tone that they heard during the context freezing test (i.e., a tone associated
with footshock) was presented twice for thirty seconds each. As with context freez-
ing, the time spent freezing was measured with Videotrack and freezing duration is

presumed to correlate positively with anxiety (Valentinuzzi et al., 1998).

2.2.1.6 Elevated plus maze

In this paradigm, individual mice were placed in the centre of an arena shaped like
a plus sign that is elevated 73 cm from the ground by a stand. Two of the 30 cm
long arms of the arena were enclosed by 21 cm high walls, and the other two 30 cm
long arms were framed by only 0.5 cm high walls. The four arms were connected
by a junction. Over a five minute test period, the more time a mouse spends in
the open arms relative to the closed arms appears to correlate with lower anxiety
in the mouse, with administration of anxiolytic pharmaceuticals reducing time in
the open arms and anxiogenic administration increasing it (Lister, 1987). Distance

travelled and time spent in the arms were measured by Videotrack. See Figure 2.2.
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(@ (b)

Figure 2.2: In the elevated plus maze, a mouse is free to move throughout the open
arms (shown vertically in these figures) and the closed arms (shown horizontally) of
the surface, which is elevated 73 cm from the ground by a stand. Videotrack cameras
were employed to track mouse movement throughout the test. It appears that the
mouse in Figure (a) was less anxious than the mouse in Figure (b) as the former
travelled some distance in the open arms while the latter did not.

2.2.1.7 Faecal steroid

The concentration of corticosterone in mouse faeces — a non-invasive physiologi-
cal measure of anxiety (Fuss et al., 2010) — was measured using a published proto-
col (Touma et al., 2003).

2.2.1.8 Ki-67 antigen

Ki-67 protein is an antigen whose expression is a reliable marker of cell proliferation
(Scholzen and Gerdes, 2000). Thus, Ki-67 expression in the hippocampus of a ma-
ture mouse represents adult neurogenesis, a phenomenon that has been associated
with psychiatric disease such as schizophrenia in humans (Reif et al., 2006) and, as
is highly relevant to this thesis, anxiety behaviour in mice (Fuss et al., 2010). Hip-
pocampal Ki-67 expression was assessed in the Heterogeneous Stock mice following
the protocol described in Huang et al. (2010).
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Figure 2.3: In the open field test, a mouse can ambulate freely anywhere in the open
field. Although there is no physical barrier or indication of the centre in the actual
field, the inner 20 cm of the 60 cm field are demarcated in these Videotrack images
for reference. The mouse in Figure (a) appears to be less anxious relative to the
mouse in Figure (b) because the first engaged in considerable locomotor activity
during the five minute test while the second was essentially stationary.

2.2.1.9 Open field test

Individual mice were placed in a brightly lit white circular arena that was 60 cm
in diameter. The innermost 20 cm of the arena were designated as the inner area.
Over a five minute period, Videotrack was used to measure total activity, distance
travelled in the inner and outer areas, and time spent in the inner and outer ar-
eas. The behavioural paradigm is that mice, natural prey, should be fearful in this
brightly lit, open field. The more active mice — particularly if they are active in the
inner area away from the relative security of the field walls — are theoretically less

anxious than their peers (Hall, 1934). See Figure 2.3.

2.2.1.10 Startle response

On the first day of this three day test, an accelerometer was used to measure the
startle response when a mouse was exposed to ten presentations of a 30 second,
70 decibel tone ending with a 50 millisecond, 100 decibel noise burst. These were

followed by ten presentations of the noise burst alone. On day two, the mice were
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conditioned to fear the tone by pairing it, over ten 30 second trials, with painful
footshock. On day three, the mice were put through the same procedure as on the
first day. When this paradigm is applied to rats, their startle response is potentiated
by the fear conditioning, but no significant potentiation was observed with the HS
mice. It is assumed nevertheless that greater startle responses — whether on day

one or three — tend to be displayed by more anxious mice (Davis et al., 1993).

2.2.1.11 Stress Steroid

Within a minute of fear conditioning (see §2.2.1.5), a cut to the tail was used to ex-
tract a blood sample. Corticosterone levels in this sample were assayed, providing a

physiological marker of the mouse’s stress response.

2.2.2 Additional phenotypes

As with the behavioural traits just described in §2.2.1, detailed protocols for these
additional phenotypes — included in the analyses in Chapter 3 and §5.1.3 — were
published previously (Solberg et al., 2006).

2.2.2.1 Biochemistry

Mice were euthanised by phenobarbitone injection preceded by cardiac puncture.
Blood samples from the cardiac puncture were assessed in an automated clinical
chemistry analyser. In vitro haemolysis ruined the majority of potassium samples,
excluding that phenotype measure from analysis (erythrocytes contain high con-
centrations of potassium relative to blood plasma, so their lysis eliminates the ac-

curate estimation of blood plasma potassium levels).

2.2.2.2 Ear punch

Using an ear punch (from Fisher Scientific), cartilage in the centre of both ears was
perforated to create a two millimetre diameter hole. I report the mean size of the

holes after two weeks. This provides an indication of a mouse’s wound healing abil-

ity.
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2.2.2.3 Full blood count

An automated haematology analyser (Coulter counter) examined the blood sam-
ple obtained from cardiac puncture that was also used for measuring biochemistry
(§2.2.2.1).

2.2.2.4 Immunology

A small sample of blood was stained, washed, lysed and treated with monoclonal

antibodies to permit white blood cell counting.

2.2.2.5 Intraperitoneal glucose tolerance test (IPGTT)

As an animal model of diabetes, glucose was injected intraperitoneally into mice,
and blood samples were collected at intervals to assess both tolerance to glucose
and stimulation of insulin secretion (Andrikopoulos et al., 2008). As shown in Fig-
ure 2.4, invasive procedures such as IPGTT and plethysmography (outlined next in

§2.2.2.6) were carried out after behavioural phenotyping.

2.2.2.6 Plethysmography

Mice were injected intraperitoneally with ovalbumin once a week for two weeks, in-
ducing an allergic sensitivity to ovalbumin. A week after the second injection, mice
were exposed to aerosolized ovalbumin for five minutes a day over three consec-
utive days. On the fourth consecutive day, mice were placed in a plethysmograph
chamber and a number of breathing measures were acquired. This procedure pro-

vides an animal model of asthma (Hamelmann et al., 1997).

2.3 STUDY DESIGN

The HS mice (§2.1) were put through a battery of the tests just described (§2.2). Any
particular phenotype test was carried out only once for each animal and the test was

carried out on approximately the same day after each animal’s birth (Figure 2.4). At
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Phenotype test Mean animal age (days)
Immunology 42
Open field test 45
Elevated plus maze 46
Activity in new home cage 48
Context freezing 55
Cue freezing 56
Plethysmography 63
Faecal Steroid 63
Intraperitoneal glucose tolerance test 68
Animal size 68
Full blood count 71
Adrenal gland weight 71
Biochemistry 71

Figure 2.4: Mean animal age for each experiment

death, body weight was recorded and organs relevant to phenotypic measures (e.g.,
adrenal gland) and gene expression data (i.e., hippocampus, liver, lung; see §2.5)
were removed. Six experimenters phenotyped about 95% of the mice. An additional

six experimenters phenotyped the remaining 5%.

2.4 GENOTYPING

From across the mouse genome, 13459 single nucleotide polymorphisms (SNPs)
were genotyped per animal by Illumina (San Diego, California) using their BeadAr-
ray platform. Where possible, SNPs were selected that were polymorphic in at least
some of the eight inbred HS founder strains. The mean inter-SNP interval is 167
kilobases (kb) with 99% of intervals under 500 kb and 81% below 250 kb. Genotype
calls were made at a rate of 99.86% with 99.98% estimated accuracy. As published
(Shifman et al., 2006), a total of 1940 HS mice (§2.1), including 1000 males, were
genotyped.
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2.5 RNA TRANSCRIPT COLLECTION

This paragraph is a summary of previously published work (Huang et al., 2009).
From the pool of 1940 Oxford HS mice, the most unrelated animals (based on
genome-wide genotyping of 13.5k SNPs using Illumina’s BeadArray platform; Val-
dar et al., 2006b) were assayed for gene expression in three tissues, the liver (n =273
with 139 males), lung (n=258; 131 male) and hippocampus (n = 468; 252 male). The
tissues were frozen in liquid nitrogen and homogenised. RNA was extracted from
the tissue and mRNA was amplified. Labelled mRNA was hybridised to the Illumina
Mouse WG-6 vl BeadArray platform, which contains 47429 unique RNA probe se-

quences.

2.6 GENE EXPRESSION DATA PREPROCESSING

The gene expression data, as originally preprocessed in the Oxford HS mouse
project (Huang et al., 2009), had critical shortcomings. The strongest example is
that I determined that in this original preprocessing, RNA transcripts that map to
the same gene were only highly correlated (i.e., r = .8) five percent of the time in
the Huang et al. preprocessed data, while this figure is a dramatically higher 82% in
the raw, un-preprocessed data — much closer to what one would expect given that
these same gene transcripts are tightly related biologically. A large proportion of this
discrepancy can be explained by transcripts being highly correlated in the raw data
in general, but Figure 2.5 illustrates that in the raw data transcripts from the same
gene are more highly correlated than random pairs of transcripts. Figure 2.5 also il-
lustrates how the originally preprocessing by Huang and colleagues eliminated this

biological signal from the data.

2.6.1 Extracting raw data from images

To extract data from the images produced by the BeadArray platform (§2.5), I
imported the images into the Gene Expression module (V 1.6.0) of the Illumina
GenomeStudio (V 2010.1) without invoking any data adjustment procedures. To
facilitate preprocessing, I further imported these data to R (Team, 2010) using the

Bioconductor (Gentleman et al., 2004) package lumi (Du et al., 2008). A cluster den-
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Figure 2.5: Both of these plots are of the cumulative distributions of the correlation
between pairs of gene expression probes, with the correlation r along the x-axis.
The purple distribution used the correlation between random pairings of probes
while the blue distribution only used pairs of probes that map to the same gene.
The larger the area between the two distributions, the greater the presumed biolog-
ical relevance of the data because we expect probes from the same gene to be highly
correlated. Plot (a) uses raw hippocampus data while plot (b) uses the hippocam-
pus data as processed by Huang and colleagues (2009). Although probes from the
raw data are highly correlated in general, they contain the biological signal that was
comprehensively eliminated by preprocessing.

drogram (Figure 2.6) comparing the relatedness of all 468 unprocessed hippocam-
pus gene expression arrays allowed clear identification of four extremely outlying

hippocampus arrays, which I excluded from further analysis.

2.6.2 Subtracting background intensity

I employed lumi to estimate each gene expression array’s background intensity by
calculating the mean intensity of about two thousand control probes that are scat-
tered over the [llumina chips. This background noise level was subtracted from each
array individually, bringing all of the arrays to approximately the same intensity. To
see the effectiveness of this background adjustment technique, compare Figures 2.7
and 2.8.
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Figure 2.6: This cluster dendrogram enables identification of four gene expression
arrays (the five at the top of the diagram) that are clearly outlying samples based on
their relatedness to the other 468 hippocampus arrays. In the interest of readability,
only the top half of the dendrogram is shown.
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Figure 2.7: Distribution of the intensity of each of the unprocessed gene expression
arrays obtained from the hippocampus. The x axis represents probe intensity while
each array is represented by a uniquely-coloured histogram. Compare with Figure
2.8 to visualise the intensity normalising impact of background noise subtraction
on the data. The image has been truncated at the right-hand side for clarity.

2.6.3 Standardisation

To standardise both the variance and mean of the gene expression probes across
all remaining animals, I applied lumi’s variance stabilising transformation and ro-
bust spline normalisation, respectively, to the data. Following these adjustments,
the distributions of gene expression probe intensity were similar across all arrays,
as illustrated by Figure 2.9. Following these adjustments, the tenth-most outlying
array in the raw data (Figure 2.6), became an extreme outlier (Figure 2.10) and so
was removed from further preprocessing. Following this, another extreme outlier

emerged and so was itself removed (Figure 2.11).
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A087306338 =
Aos7282795
Avs7286850

Figure 2.8: Distribution of the intensity of the hippocampus gene expression arrays
after background noise subtraction. Compared with Figure 2.7, the data now have
relatively the same mean intensity. The image has been truncated at both sides for
clarity.

2.6.4 Probe selection

I used a series of filters to eliminate unreliable or unnecessary probes, which could
act as confounders or noise, respectively, in the data. First, following the pipeline
developed by Barbosa-Morais and colleagues (2010), I removed probes that were
not rated as “perfect” or “good” matches to the genome. Perfect probes were those
for which all fifty of its constituent nucleotides matched its target genomic se-
quence, while good probes had 48 or 49 matching nucleotides. Probes with 47 or
fewer matching nucleotides were discarded, as they were likely to have less than
half the signal strength of perfect matches (He et al., 2005).

Second, I eliminated probes that mapped to more than one genomic location
according to BLAST queries (Altschul et al., 1997) because any of these probes are

ambiguous and therefore potential confounding variables.
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o

Figure 2.9: Distribution of gene expression data after variance stabilising transfor-
mation and robust spline normalisation. The distributions of probe intensity are
very similar across all arrays relative to the previous stage of preprocessing (Figure
2.7). The image is truncated on the right.

Intensity

Third, I excluded probes that included a SNP as these are prone to erroneously
producing eQTL. This effect is straightforward: If a probe maps perfectly to the wild
type variant of a SNP, it will only map to 49 nucleotides in the mutant. Thus, the
probe will bind more readily to the wild type mRNA than it will to mutant mRNA,
creating the appearance of a cis-eQTL that is in reality a technical issue.

Finally, I only retained probes that were expressed in at least 5% of the animals
at a 0.95 detection level (as per GenomeStudio). As illustrated in Figure 2.12, a large
proportion of probes met this criterion (42% to be precise). I decided upon this 5%
threshold because I endeavoured to eliminate the peak at the left of the histogram,

which includes the probes expressed in none or very few of the 468 animals.
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Figure 2.10: Cluster dendrogram of gene expression arrays after normalisation. The
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Figure 2.11: A further extreme outlying array, representing A063260315, emerged
as a result of normalising and standardising procedures, and so was removed from

further preprocessing.
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Following the application of these four filters, 10704 liver, 12857 lung and 12113

hippocampus probes remained from the original 47k sets.

It might have been ideal to also remove probes located within regions of small
structural abnormalities on the microarrays, but Illumina software does not allow
for this and I was unable to find a third-party package for doing so. The lack of
availability of such a tool may have been unnecessary given the repeated number of
probes (mean n = 20) that are spread at random over the wells of a given Illumina
microarray. This is an advantage of Illumina gene expression microarrays over al-

ternative platforms such as Affymetrix.

2.6.5 Controlling for batch effects

Gene expression data were assayed over several months because of the sheer num-
ber of animals involved and because assays that turned out poorly on a macro level
(i.e., those with artefacts visible to the naked eye) were re-run. Given the large num-
ber of assays taken at different time points, batch effects were present in the data,

as illustrated in Figure 2.13a.

I used an empirical Bayes method called ComBat (Johnson et al., 2001) to control
for the batch effects. Other tools for adjusting microarray expression data required
relatively large batch sizes of 25 or more, while ComBat allowed me to use indi-
vidual Illumina chips as batches (each chip contains only six arrays). Figure 2.13b

illustrates the data after batch effects were controlled for.

2.6.6 Quality control

At each stage of gene expression data preprocessing, I ensured the quality of the
data by examining a series of plots: a density plot of the intensity of each animal’s
gene expression probes (as in Figure 2.9); a density plot of the variance of the in-
tensity of each animal’s probes; a cluster dendrogram comparing the relatedness of
the data from animal to animal (as in Figure 2.11); and a boxplot of the intensity
of each animal’s probes (as in Figure 2.14). This quality control informed my de-
cision making at several stages of preprocessing. For example, this allowed me to

be reassured in selecting variance stabilising transformation and robust spline nor-
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Figure 2.12: This histogram illustrates the number of animals that have significant
levels of a hippocampus gene expression probe, i.e., where the detection level is
greater than 0.95 for that probe. There are two peaks. The left-hand peak corre-
sponds to probes that were expressed in zero or very few animals, while the right-
hand peak corresponds to probes that were expressed in all or nearly all of the 468
mice. To eliminate data that primarily provide noise, I elected to retain only probes
expressed in more than 5% of animals, i.e., in atleast 24 of them. 42% of probes were
above this threshold and thus retained.
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Figure 2.13: Both plots show the first two principal components of the hippocampus
gene expression data, with each point corresponding to an animal. Plot (a) uses data
prior to controlling for batch, while plot (b) uses data after. Clusters of data points
associated with batch effects are visible in plot (a) but do not feature prominently in
plot (b).

malisation to standardise the mean and variance of the probe data (§2.6.3) instead
of a simpler method such as quantile normalisation that would have been a safer,

more traditional option, but also would have discarded more of the data’s structure.

Additionally, upon completion of preprocessing, I performed two additional
checks of data quality. Recall from Figure 2.5 that the original, published (Huang
et al., 2009) preprocessing of these gene expresion data removed a large propor-
tion of the biological relevance of the data by removing the correlation between
probes that map to the same gene. Production of a similar cumulative distribution
to those shown in Figure 2.5 using my preprocessed gene expression data illustrates
that biological information in the data, exemplified by same-gene correlations, was
retained. See Figure 2.15. In addition to a cumulative distribution function, I eval-
uated my final preprocessing by ensuring the strong presence of cis-eQTL in the
data — an evaluation that has been referred to as a “bronze standard” for ensuring
gene expression data quality (Listgarten et al., 2010). A clear cis-eQTL diagonal was

indeed present in the final preprocessing; see Figure 2.16.
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Figure 2.14: This is a sample boxplot of hippocampus gene expression data, with
intensity on the y axis (in arbitrary units) and individual animals represented by
categorical variables upon the x axis. The particular data shown here had passed the
background subtraction phase (§2.6.2), but had not yet been standardised (§2.6.3).

2.6.7 Gene expression data from the liver and lung

Although not the primary focus of this dissertation, I preprocessed gene expression
data from the liver and the lung tissues following the same procedure that I just
outlined for the hippocampal data. These come in handy on a few occasions, e.g.,
for validating a novel statistical technique in §5.1.3.1 and §5.1.3.2. Figures 2.17 and
2.18 show the final cumulative distribution functions and first chromosome eQTL

plot for the liver data, while Figures 2.19 and 2.20 show the same plots for the lung.

2.6.8 The effect of sex

The gene expression data preprocessed by the method just described are analysed
in two results chapters: one on causal pathways (Chapter 5) and another on net-
works of gene expression data (Chapter 4). In the pathways chapter, sex is explicitly
accounted for as a covariate in all models. In the networks chapter, I either work

with data from a single sex or I use linear regression to remove the effect of sex.

As is clear from Figure 2.21a, sex is a highly significant predictor of the second
principal component (PC) of the gene expression data obtained from the liver, -
logP > 16. Looking at the first twenty PCs of the hippocampus data and Bonferroni-

correcting for multiple comparisons, the tenth PCis the first that is significantly pre-
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Figure 2.15: Similar to Figure 2.5b, this is a cumulative distribution of the hippocam-
pus gene expression data, where the thin curve represents the correlation between
random pairs of gene expression probes while the thicker curve represents the cor-
relation between pairs of probes that map to the same gene. The present plot uses
my preprocessing of the data instead of the preprocessing as originally published
(Huang et al., 2009) and plotted in Figure 2.5b. In my version, the large area between
the two curves suggests that the biological relevance of the data, lost by Huang and
colleagues, has been retained, even improved, relative to the raw data (Figure 2.5b).
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Figure 2.16: This is a plot of the hippocampus eQTL on the first chromosome of
the HS mice, using my final preprocessing of the gene expression data. Only eQTL
with a -logP > 4 are shown. The “warmer” the colour of the eQTL, the stronger the
association between a given SNP (x axis, in Mbp from zero to 197) and gene ex-
pression probe (y axis, also in Mbp from zero to 197), with red representing eQTL
with -logP > 14. SNPs and probes are arranged in ascending order of their location
in the genome, so the clear diagonal line represents the overwhelming presence of

cis-eQTL in the data.
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Figure 2.17: Cumulative distribution of correlation of same-gene pairs in final pre-
processing of liver data, illustrating the retention of biologically meaningful infor-
mation. Equivalent to Figure 2.15, except for the tissue type.
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Figure 2.18: Cis-eQTL diagonal in final preprocessing of liver data, equivalent to
Figure 2.16 except for the tissue type. The relatively low quantity of eQTL relative to
Figure 2.16 likely reflects the sample sizes available; n = 468 for the hippocampus
data, while n = 258 for the liver. Refer to Figure 2.16 for a detailed explanation of this
plot format.
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Figure 2.19: Cumulative distribution of correlation of same-gene pairs in final pre-
processing of lung data, illustrating the retention of biologically meaningful infor-
mation. Equivalent to Figures 2.15 and 2.17, except for the tissue type.
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Figure 2.20: Cis-eQTL diagonal in final preprocessing of lung data, equivalent to

Figures 2.16 and 2.18 except for the tissue type.
explanation of this plot format.

Refer to Figure 2.16 for a detailed

dicted by sex (-logP = 4) though the fifteenth PC is much more strongly predicted by

sex, at -logP = 13. Like the hippocampus data, sex does not appear to be as impor-

tant in the structure of the gene expression data

from the lung: The seventh PC is

the first significantly predicted by sex with p =.001.
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Figure 2.21: In both plots, females are represented by red points and males by black.
Plot (a) is of gene expression data from the liver, while plot (b) is from the hippocam-
pus. Clearly, sex is a significant predictor of the second principal component (the y
axis) of the liver data, -logP > 16. On the other hand, sex is not significantly associ-
ated with either axis in the plot of hippocampus data — indeed, the tenth PC is the
highest-ranked PC that is significantly predicted by sex in those data.
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HAPTER

GENETIC INTERACTIONS

Genome-wide association studies (GWAS) typically seek only main effects of genetic vari-
ation on phenotypes. While this methodology has succeeded in identifying quantitative
trait loci (QTL) in countless experiments, these main effect QTL are rarely sufficient to ex-
plain the majority of the heritability of a given trait (McCarthy et al., 2008; Manolio et al.,
2009). Some of this missing heritability may be accounted for by the interaction of ge-
netics with other factors such as sex and aspects of the organism’s environment. In this
chapter, I apply recently-developed analytical techniques to the identification of locations
of the mouse genome that contribute to variation in anxiety-related behaviours via their
interaction with sex and environmental factors.

There are two reasons for being interested in interactions of genetics with other
factors, such as sex and aspects of the animal’s environment. First, some main ef-
fect QTL might not be detected without taking interactions into account. Lander
and colleagues (Zuk et al., 2012) have recently suggested that missing heritability in
human GWAS is not due to the failure to detect sequence variants that contribute to
phenotypic variation, but is hidden within unacknowledged interactions. Second,
identifying QTL involved in interactions might be important for understanding spe-
cific mechanisms, such as the biology of sex differences. It is possible that sex or
environmental effects are manifest in a subset of the main effect QTL, but it is also
possible that they represent a completely different set of loci whose biological func-

tion is restricted to the context-specific specific features of the phenotype.
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3.1 GENE-BY-SEX INTERACTIONS

Some of the heritability missing from the generally main effect QTL-focused GWAS
(McCarthy et al., 2008; Manolio et al., 2009) may be accounted for by gene-by-sex
(GxS) interaction QTL, which are genetic contributions to phenotypic variation that
manifest themselves differently depending on the organism’s sex. In contrast to sex
as a main effect, which may induce sex-based dimorphism via broadly acting mech-
anisms like sex hormones, GxS interactions are associated with a specific locus of
the genome and can account for phenotypic variance left unaccounted for by main
effects alone. Observations from several species suggest that sex-specific genetic ar-
chitecture (Ober et al., 2008) plays a key role in the sex-based dimorphism of many
traits, from sensory bristle number in Drosophila (Dilda and MacKay, 2002) to alco-
hol preference in mice (Melo et al., 1996; Peirce et al., 1998) to hypertension in rats
(Mattson et al., 2007) and humans (Seda et al., 2008) to major depressive disorder in
humans (Kendler et al., 2006).

Using crosses between inbred mouse lines, GxS interaction QTL have previously
been identified for body weight (Brockmann et al., 1998, 2004), fat deposition (Tay-
lor et al., 1999), immunity and mean platelet volume (Valdar et al., 2006b), autoim-
munity (Wanstrat and Wakeland, 2001), hypertension (Herrera et al., 2005), and can-
cer (Fijneman et al., 1996; van Wezel et al., 1999). However, the poor mapping res-
olution inherent in designs that use inbred lines, and the relatively small number
of phenotypes examined, leaves open the question of the extent to which GxS QTL
contribute to phenotypic variation. Specifically, it is not clear to what extent GxS
and main effect loci coincide, nor whether the contribution of GxS varies among

phenotypes.

We set out to answer these questions using more than 60 phenotypes mapped
at high resolution in heterogeneous stock (HS) mice. As detailed in §2.1, the HS
mice are descended from eight inbred progenitors (A/], AKR/J, BALB/c]J, C3H/He]J,
C57BL/6J, CBA/J, DBA/2J and LP/]), each HS animal consisting of a fine-grained
mosaic of the founder chromosomes, hence providing mapping of quantitative

traits to an average resolution of about 3 Mb.
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3.1.1 Sparse Partitioning: a Bayesian method

Mapping GxS loci in the HS has to deal with two problems. First, the degree of re-
latedness varies between individual HS mice so that mapping is more complicated
than in classical inbred strain crosses; mapping in an HS has to take into account
this population structure. Second, power to detect interactions is limited by the
need to search through many possible combinations of predictors. Both problems
involve finding appropriate models, which is difficult to do with frequentist meth-
ods because of the large number of parameters that need to be fitted. Bayesian
methods can be designed to deal with this situation by starting with more parame-
ters than can be included in a frequentist approach. The final parameters selected

are those retained following an iterative improvement in the model fit.

One method that overcomes the limitations of mapping genetic interaction ef-
fects by iteratively refining a set of parameters is a Bayesian analytical tool called
Sparse Partitioning (SP; Speed and Tavaré, 2011). SP was employed in this chap-
ter to seek GxS interaction QTL that explain variation in anxiety-related behaviours
§2.2.1 in the HS mice. To facilitate comparison of anxiety GxS with more general
GxS findings, a total of 66 phenotypes were assessed from categories as diverse as
biochemistry and asthma (see §2.2.2).

Sparse Partitioning allows for models in which multiple predictors and their in-
teractions influence outcome. This enables us to consider the contributions of GxS
and also gene-by-gene interactions (GxG), or epistasis, on the phenotypes in the
HS. Epistatic interactions have not been implicated in the behavioural phenotype
literature as frequently as GxS, but there are some examples such as odour-guided
activity in Drosophila (Anholt et al., 2003) and anxiety-related behaviours in mice,
the latter assessed by some of the same tests that we used for the HS mice (e.g., OFT,
EPM; see Gale et al., 2009).

Bayesian methods like SP are particularly useful in analytical situations like the
one here where the number of parameters being considered for fit into the model
greatly exceed the number of test subjects. This is a “large p, small n” scenario.
Although several Bayesian techniques exist for fitting regression models to p > n
data sets (e.g., Ruczinski et al., 2003, Hans et al., 2007), SP is unique in its ability to
follow an exclusively data-driven procedure that does not require restrictions to the
types of functions that are fitted.

Genes Contributing to Variation in Fear-Related Behaviour 51



Jon Krohn 3.2. Gene-by-Environment Interactions

3.1.2 Bagphenotype: a frequentist method

In addition to SP, I employed a second method called Bagphenotype to map GxS
interactions across the same 66 HS phenotypes. The reasoning for using a second
method was two-fold. First, unlike SP, Bagphenotype is already an established tool
for carrying out GWAS in HS animals (Valdar et al., 2006b), so I can compare the
main effect QTL results from Bagphenotype with those obtained by SP to confirm
that SP is more than just theoretically fit for data from a structured population. Sec-
ond, Bagphenotype and SP seek QTL in drastically different ways, so it will be inter-
esting to see how congruent their respective GxS results are. While SP is a Bayesian
method that iteratively removes predictor variables from the models it fits, Bagphe-
notype is a frequentist method that iteratively adds predictors to the models it fits.

Bagphenotype is based on resample model averaging (Valdar et al., 2009). Bag-
phenotype runs many (e.g., one hundred) bootstrapped multiple QTL regression
models and outputs, for each predictive peak across the genome, a statistic called
the resample model inclusion probability (RMIP). A peak’s RMIP represents the pro-
portion of the multiple QTL models in which the peak’s addition to the model both
(1) improves the model fit and (2) does not increase the model’s adjusted p-value
above the significance threshold. So, if I set Baphenotype to calculate one hundred
multiple QTL models and a particular QTL was included in seventy of those models,
the QTL would be assigned an RMIP of .70. The technique underlying Bagpheno-
type has previously been applied to genome-wide analyses using the HS mice to
identify 156 main effect QTLs contributing to 25 anxiety-related behavioural phe-
notypes (Valdar et al., 2006b).

3.2 GENE-BY-ENVIRONMENT INTERACTIONS

Phenotypic variation is due not just to genetic main effects, sex and GxS interac-
tions, but also to environmental factors (as introduced earlier in §1.2). In partic-
ular, mouse behaviour has been shown to vary significantly by testing site even
when as many aspects of experimentation as possible are explicitly controlled for.
John Crabbe and his colleagues (1999) examined six mouse behaviours, including
anxiety-related behaviour by using the OFT and the EPM, at three geographically

distant locations (New York, Oregon and Alberta) but strained to otherwise hold all
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environmental variables constant, such as apparatus, protocol and breeding. Some
behaviours they examined, such as preference for alcohol versus water, were not sig-
nificantly different depending on laboratory location. Anxiety-related behaviours,
however, whether measured by the OFT or the EPM, showed significant effects of
testing site, genotype (the authors tested eight different inbred strains) and the in-

teraction of testing site with genotype.

Further research has sought to identify the most important environmental co-
variates for particular phenotypes. For example, Chesler and coworkers (2002) car-
ried out a meta-analysis of more than eight thousand observations of the mouse’s
thermal nociception, i.e., its response to the pain induced by exposure to heat. They
found that experimenter accounted for more variation than genotype, and they
identified a number of other significant environmental covariates including season,
time of day, and the number of mice a given animal shares its cage with. Through
experimentation and the subsequent analysis, the researchers estimated that only
27% of the variation in thermal nociception was attributable to genetic main effects
while 42% was due to environmental main effects and 18% was due to gene-by-

environment interactions (GxE).

In particular, for anxiety-related behaviours in HS mice, strong GxE interactions
have previously been identified. William Valdar and his colleagues (2006a) deter-
mined that the interaction of the family an animal is a member of with environ-
mental covariates can in many cases account for a large proportion of the variance
of measures of anxiety-related behaviours. Indeed, these GxE interactions often ac-
counted for a greater proportion of phenotypic variation than the main effect of a
given covariate. A striking example of this is with the activity of heterogeneous stock
mice when placed in a new home cage, a phenotype where the paradigm is that
more active mice are less anxious (this test is described in more detail in §2.2.1.2).
Neither of two of the key environmental covariates, season of the year and experi-
menter, explain a significant proportion of phenotypic variance as a main effect. Yet
as interacting terms with a coarse marker of heridity (the family of the mouse), these
environmental factors explain a highly significant 18% (-logP = 6.5) and 16% (-logP
= 4.9), respectively. This interaction of heritability with environmental covariates
suggests that there may be QTL representing the interaction effect of the genome
with these environmental covariates, i.e., GXE QTL. An exemplar of such a GxE QTL
was addressed earlier in Figure 1.2, where the EPM phenotype “open arm time” is
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Figure 3.1: This equation represents the regression models I fit with Bagphenotype,
where: y; is the phenotype for mouse i; p is the overall mean of the data; C is the set
of covariates selected for the model; a. is the vector of fixed effects for covariate ¢
that is being estimated by the model; x.[;) is the vector of contrasts indicating the co-
variate ¢ for mouse i; and e; is a random intercept for mouse i where e; ~ N 0,02)
with o2 being the residual variance. While C includes covariates representing ge-
netic variance at a given inter-SNP interval for both the control and the test model,
only the test model has an additional term representing the interaction (i.e., the
product) of the genetic variance and one of the other covariates (e.g., sex, weight, ex-
perimenter). Genetic variance is more specifically eight probabilities, each of which
represents the likelihood that the genetic interval being modelled descended from a
particular founder strain and thus by-and-large corresponds to that founder strain’s
haplotype.

illustrated to be predicted by a genetic locus-by-experimenter interaction.

SP is presently not able to accommodate predictor variables with more than
three categorical levels. As the environmental covariates for the HS mice had more

levels than this, I employed Bagphenotype alone to map GxE QTL.

3.3 METHOD

3.3.1 Identifying QTL with Bagphenotype

To identify QTL for a given phenotype, Bagphenotype (Valdar et al., 2009) started by
using a single QTL technique called HAPPY (Mott et al., 2000) to: (1) convert SNPs
into inter-SNP intervals of founder haplotype probabilities, and (2) fit a pair of single
QTL linear regression models for each inter-SNP interval across the genome. One
model was the control and the other was the test model, but both can be represented

by the equation in Figure 3.1.

For each inter-SNP interval, a -logP value was calculated by running an F-test

that compared the nested control model with the test model. Across the genome,
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the local -logP maxima that exceeded a 5% significance threshold (adjusted for
genome-wide multiple testing) and were separated by at least 8 Mb were included
as candidate QTL for the next phase of Bagphenotype: multiple QTL fitting.

Because of the family structure associated with HS mice, the single QTL mod-
elling procedure just described often identifies dozens of apparently significant QTL
that together would (impossibly) account for more than 100% of phenotypic vari-
ance. By multiple QTL modelling, simulations indicate that one is able to remove
ghost QTL that are associated with true QTL via linkage disequilibrium (Valdar et al.,
2009). Bagphenotype highlights a subset of the candidate QTL (identified, as above,
by HAPPY) through many (in my case, 100) resampled iterations of multiple QTL
model fitting. For each iteration, a bootstrapped sample (n = 1940) was created by
resampling with replacement from the original sample (also n = 1940). Within a
given iteration, candidate QTL were forward-selected for inclusion within a multi-
ple QTL model by consecutively adding in the candidate QTL with the highest -logP
— as per an F-test — until no candidate QTL remained that could significantly (at
a 5% genome-wide analysis-adjusted threshold) improve the fit of the multiple QTL
model. The F-test compared (1) a nested control model like the equation in Figure
3.1 that contains in C all of the manually-specified covariates as well as the GXE QTL
already forward-selected with (2) a test model that has an extra parameter in C, a
candidate GxE interaction. It is worth noting here that, for simplicity, I only fit addi-
tive models so QTL with alleles that would have better fit a dominance or full model

may have had their signals attenuated or ignored.

The key statistic output by Bagphenotype’s multiple QTL modelling is the Re-
sample Model Inclusion Probability (RMIP), which indicates the proportion of boot-
strapped iterations that a given QTL was selected for. For example, a QTL assigned
an RMIP of .70 was included in 70% of the iterations. Theoretically QTL with higher
RMIPs are more important in predicting the phenotype. Based on simulations, an
RMIP of .25 corresponds to an FDR of 0.25 false QTL per genome scan, so at an RMIP
threshold of .25, we would expect just one false QTL for every four scans. That RMIP
= FDR = 0.25 here is coincidental.

For all scans with Bagphenotype, I included in C of the equation in Figure 3.1
all of the covariates that were available and that accounted for at least 1% of the

variance in the phenotype y. These covariates are listed in Appendix A.
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For genetic main effect scans, multiple QTL modelling was executed in the same
manner as interaction QTL scans except that no interacting term was ever included
in C from Equation 1. Instead, the test model at a given locus included a term for the
additive genetic main effect of that locus (once again, expressed as HAPPY-derived
founder probabilities; Mott et al., 2000) within C that was not included in the control
model. Except sex (obviously), the covariates included in these single-sex analyses

are the same as for the GxS scans and so are also listed in Appendix A.

Confidence intervals for QTL were estimated via a bootstrapping method (Viss-
cher et al., 1996). I used the National Center for Biotechnology Information’s Build

37 as the reference mouse genome (Meyer et al., 2013).

3.3.2 Identifying GXE interaction QTL with Bagphenotype

For gene-by-environment interaction (GxE) analyses other than GxS, five variables
were considered as potential interacting covariates with genes: the apparatus a
given animal was tested in, its body weight, its coat colour, the date of the test,
and the particular experimenter who handled the animal and ran the test. Body
weight was the only one of these always included in the model, and sex was always
included as a predictor variable but not as an interacting covariate. Any of the other
four covariates were added into the model if they accounted for more than 1% of
phenotype variance as a main effect or as an interactor with the family of the mice
(Valdar et al., 2006a). For each phenotype, all of the selected interacting covariates
were always included as main effects but a separate genome scan was run for each
of the covariates as an interactor with genetics. Thus, the model for each genome
scan included several main effects and a single interacting term. See Figure 3.2 for

details of the interacting covariates considered for each phenotype.

3.3.3 Identifying interaction QTL with Sparse Partitioning

For our journal article on GxS (Krohn et al., submitted), I worked with Doug Speed
to apply to the HS mouse data a Bayesian method he developed, Sparse Partitioning
(SP; Speed and Tavaré, 2011), to detect both main effects and interactions simul-
taneously. Our predictor set consisted of the 13k SNPs from across the whole HS

mouse genome, plus sex. I regressed out of phenotypes any other known covari-
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Variable used as interacting
covariate with gene

>
T 5z 5o g 5 g
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Experiment Phenotype -
Activity in Beam breaks in first five min. yes season yes
new home  Beam breaks in last five min. yes study hour yes
cage Beam breaks in full 30 min. yes season yes
Fine movement in full 30 min. yes study day yes
Context Time spent freezing upon exposure yes yes yes month yes
freezing to context
Activity before cue yes yes study day
Cue Change in activity before & after cue yes yes
freezing Fecal boli after cue yes month
Time spent freezing during cue yes yes yes
Time spent freezing after cue yes yes month
Elevated Distance travelled in closed arms yes study day yes
plus maze Number of entries into closed arms yes month yes
Time spent in closed arms yes study day
Distance travelled in junction yes yes study day yes
Number of entries into junction yes yes study day yes
Time spent in junction yes study day yes
Distance travelled in open arms yes yes study day yes
Number of entries into open arms yes yes study day
Time spent in open arms yes yes study day yes
Fear- Startle response (without tone) yes  yes study day
potentiated Startle response (with tone) yes yes study day
startle Change in startle response (without yes yes study day
tone) after cue conditioning
Change in startle response (with yes study day
tone) after cue conditioning
Open field  Time spent in centre yes yes
test Latency to entering centre yes yes
Total activity yes season yes

Figure 3.2: Table of the variables that were included as the interacting covariate in
GxE scans across all behavioural phenotypes. *Whenever Date was selected, only
one calendar-related predictor was used: the one that explained the most variance
in the phenotype, as indicated by Valdar et al. (2006a)
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ates, such as weight, age and relevant environmental covariates (see Appendix A)
prior to analysis. To increase computational efficiency, wherever there were SNPs
on the same chromosome with 99% concordance, only one of the SNPs was used

for analysis, resulting in the retention of 5332 SNPs.

SP defines models according to which predictors are associated with the pheno-
type and which of these predictors interact. SP was set to consider models contain-
ing up to ten predictors with at most two three-way interactions. SP models were
iteratively fit over two thousand iterations of Markov Chain Monte Carlo. The first
500 iterations were discarded and the final 1500 used to calculate posterior prob-
abilities. Thus, the posterior probability of association for each predictor is a frac-
tion of 1500 representing the proportion of models in which that predictor was in-
cluded. The posterior probability of two predictors interacting equals the propor-

tion of models in which these two predictors are included and interact.

For our primary SP analysis, any two predictors could interact (allowing both
GxS and GxG interactions). To specifically assess the contribution of GxS interac-
tions, we performed a secondary analysis in which only SNPs were allowed to in-
teract (GxG). Because main effects were permitted in both analyses, the difference
in phenotypic variance explained between these two analyses is an estimate of the

proportion of phenotypic variance explained by GxS.

3.4 RESULTS

3.4.1 Validating Sparse Partitioning

We applied a Bayesian method (Sparse Partitioning, or SP) that is designed to detect
both main effects and first-order interactions simultaneously. We included sex as
a sole physiological interacting term in the model (any other known significant co-
variates, as per Valdar et al., 2006a, were regressed out of phenotypes prior to anal-
ysis), as well as permitting all genetic markers (single nucleotide polymorphisms,
or SNPs) to interact. Figure 3.3 shows the 60 strongest main effect QTL (posterior

probability > .2) we found across the 66 phenotypes.

To demonstrate SP’s ability to identify QTL in the HS mice, as well as to justify our

posterior probability threshold, we compared our SP main effect results with those
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Location Posterior
Phenotype SNP Chr (Mbp) Probability
Adrenal Gland Weight CEL-7_13089324 7 25.14 0.29
Serum Alkaline Phosphatase rs13478006 4 137.28 0.85
Serum Alanine Transaminase rs13483757 X 50.44 0.43
Serum Chloride rs13479859 8 84.57 0.25
Serum Chloride rs13481037 11 55.61 0.20
Serum High-Density Lipoprotein UT_1_175.440644 1 173.51 0.75
Serum High-Density Lipoprotein UT_4_114.441786 4 110.21 0.43
Serum High-Density Lipoprotein CEL-13_85845037 13 89.33 0.28
Serum Phosphorous rs3164088 16 96.54 0.30
Serum Triglycerides rs13481078 11 67.00 0.21
Serum Triglycerides rs4213015 16 86.16 0.37
Serum Triglycerides rs6249251 18 81.92 0.40
Serum Urea rs6283871 17 3.48 0.58
CD4+ Cell Count rs3694208 8 146.96 0.21
CD8+ Cell Count rs13482751 15 102.78 0.30
CD8+ Cell Count mCV22965443 17 35.28 0.63
Freeze Time to Fear-Associated Context CEL-13_27061395 13 27.78 0.53
Freeze Time to Fear-Associated Cue rs3719988 6 73.68 0.20
Freeze Time to Fear-Associated Cue rs6326790 15 90.38 1.00
Ear Hole Area Six Weeks After Ear Punch rs6213614 7 89.43 0.85
Body Weight mCV23386455 5 64.58 0.25
Body Weight rs13483825 X 71.45 0.94
Body Weight rs13484003 X 130.14 0.69
Faecal Corticosterone rs3708913 7 25.94 0.24
Startle Response CEL-11_120628029 1 120.82 0.85
Startle Response rs6326790 15 90.38 1.00
Area Under Curve of Glucose Levels mCV24984125 3 90.46 0.78
Area Under Curve of Glucose Levels gnf12.073.387 12 76.40 0.30
Glucose Levels After 75 Minutes rs13477814 4 84.52 0.25
Basophils rs13479465 7 120.05 0.20
Basophils rs3089065 1" 93.03 0.29
Basophils rs134819891 13 106.11 0.30
Hematocrit rs3653651 " 102.01 0.37
Mean Corpuscular Haemoglobin rs3724826 1 133.40 0.42
Mean Corpuscular Haemoglobin rs6248193 1 157.31 1.00
Mean Corpuscular Haemoglobin rs8249856 8 125.49 0.23
Mean Corpuscular Haemoglobin rs6366991 9 107.92 0.89
Mean Corpuscular Haemoglobin rs6393401 11 5.77 0.893
Mean Corpuscular Haemoglobin UT_14_62.125082 14 74.52 0.79
Mean Cellular Volume rs13476111 1 133.65 0.40
Mean Cellular Volume rs6248193 1 157.34 0.58
Mean Cellular Volume rs4222040 1 56.85 0.40
Mean Platelet Volume rs8237062 1 173.15 0.99
Mean Platelet Volume rs6357938 11 96.94 0.20
White Blood Cell Count CEL-X_94143306 X 99.93 0.44
CD4+:CDB+ Cell Ratio rs13482957 17 34.17 0.98
CD4+ Cell Intensity rs13481288 12 77.94 0.22
CD4+ Cell Intensity rs13481816 13 54.78 0.21
CD4+ Cell Intensity rs3686467 19 16.96 0.97
CD8+ Cell Intensity rs3674782 16 87.32 0.24
B220+ Cell % rs13475989 1 95.91 0.21
CD3+ Cell % rs13476242 1 175.30 0.87
CD3+ Cell % rs4223448 2 126.93 0.22
CD4+ Cell % in CD3+ Cells mCV22965443 17 35.28 0.97
CD8+ Cell % in CD3+ Cells mCV22985443 17 35.28 0.98
Area Under Curve of IR Insulin Response rs6309331 9 92.17 0.31
KI-67 Antigen rs13479023 6 127.39 0.33
Body Mass Index rs13459165 2 128.96 0.44
Boli Produced in Open Field Test rs6163111 5 74.22 0.27
Plethysmography Tidal Volume Baseline rs3089065 11 93.03 0.24

Figure 3.3: The 60 main effect QTL with posterior probabilities above .20 as identi-
fied using Sparse Partitioning across 66 HS mouse phenotypes
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Bagphenotype QTL SP QTL Phenotypic
Variance
Start End Location Posterior Explained

Phenotype Chr  (Mbp) (Mbp) RMIP Start (Mbp) (Mbp) Probability (%)
Adrenal Gland Weight 7 26.53 26.70 0.37 CEL-7_13089324 25.14 0.29 3.21
Serum Alkaline Phosphatase 4 136.59 137.03 1.00 rs13478006 137.28 0.85 20.68
Serum Alanine Transaminase X 49.66 50.44 0.59 rs13483757 50.44 0.43 2.18
Serum High-Density 1 173.51 173.63 1.00 UT_1_175.440644 173.51 0.75 18.98
Lipoprotein 4 109.54 109.91 0.95 UT_4_114.441786 110.21 0.43 4.88
CD4+ Cell Count 8 14.78 15.15 0.44 rs3694208 146.96 0.21 7.70
Freeze Time to Fear-
Associated Cue 15 91.15 91.72 1.00 rs6326790 90.38 1.00 9.51
Ear Hole Area Six Weeks 7 8922 8963  1.00 rs6213614 89.43 0.95 6.06
After Ear Punch

1 116.53 116.91 0.96 CEL-11_120628029 120.82 0.85 4.62
Startle Response

15 91.99 92.38 1.00 rs6326790 90.38 1.00 7.48
plucose Levels Afler 75 4 8452 B4TA 092 rs13477814 84.52 0.25 495

1 133.56 133.66 0.31 rs3724826 133.40 0.42 6.39
M c I 8 123.16  123.72 0.47 rs8249856 125.49 0.23 3.06

ean Corpuscular

Haemoglobin 9 108.96 109.16 1.00 rs6366991 107.92 0.89 3.51

1 5.77 6.15 0.84 rs6393401 5.77 0.93 3.89

14 70.79 70.97 1.00 UT_14_62.125092 74.52 0.79 7.95
Mean Platelet Volume 1 13252 132.75 1.00 rs13476111 133.65 0.40 10.62

1 172.98 173.16 1.00 rs8237062 173.15 0.99 14.93
CD4+:CD8+ Cell Ratio 17 34.42 3452 1.00 rs13482957 3417 0.98 2434
B220+ Cell % 1 95.93 96.42 073 rs134759889 95.91 0.21 5.43
CD3+ Cell % 1 173.68 174.15 0.84 rs13476242 175.30 0.87 4.69

2 12513 125.36 0.99 rs4223448 126.93 0.22 4.57
CD4+ Cell % in CD3+ Cells 17 34.42 34.52 1.00 mCV22965443 35.28 0.97 2237
CD8+ Cell % in CD3+ Cells 17 34.42 34.52 1.00 mCV22965443 35.28 0.98 24.69
KI-87 Antigen 6 12712 127.54 0.27 rs13479023 127.39 0.33 10.72
Body Mass Index 2 127.97 128.30 1.00 rs13459165 128.96 0.44 3.52

Figure 3.4: The 26 SP-identified main effect QTL that matched with Bagphenotype-
identified main effect QTL across 66 HS mouse phenotypes, and the phenotypic
variance explained by each QTL

from the resample model averaging approach Bagphenotype, which is specifically
designed for use with structured populations like the HS mice (Valdar et al., 2009).
Conservatively, we included only strictly overlapping QTL in our comparison of the
two methods. The summary statistic for Bagphenotype is called a Resample Model
Inclusion Probability (RMIP; detailed in §3.3.1). B displays the 294 strongest QTL
(RMIP > .25 threshold) found by applying Bagphenotype across the same 66 phe-
notypes as analysed with SP. Twenty-six (26/60 = 43.3%) of our SP-identified main
effect QTL fell within 2 Mb of the 95% confidence interval (CI) of the Bagphenotype-

identified main effect QTL, as summarised in Figure 3.4.

Figure 3.5 illustrates the difference between the posterior probabilities of SP-
identified main-effect QTL that matched (n = 26) to Bagphenotype-identified main-
effect QTL and those that did not (n=31). The posterior probabilities of the matched
QTL (u = .64) were significantly higher than unmatched probes (u = .40), according
to the Wilcoxon rank sum test, W = 581, p < .005. Similarly, the RMIPs of Bagphe-
notype QTL that matched (n = 26, u = .84) to SP QTL were significantly higher than
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Figure 3.5: (a) Histogram of the posterior probabilities of SP-identified main effect
QTL that match with Bagphenotype-identified main effect QTL. (b) Similar to (a)
except that it displays the posterior probabilities of SP-identified main effect QTL
that do not match with Bagphenotype-identified QTL. As detailed in the text, the
posterior probabilities of the matched QTL are significantly higher than those of the
unmatched QTL, p < .005.

those that did not (n = 268, p = .51), W = 6236, p < .0001. The Wilcoxon test is used
in situations where one might employ a #-test but are working with input variables

that have non-parametric distributions.

This result is expected, given that both the SP and Bagphenotype QTL lists in-
clude only QTL above a threshold, a threshold that is particularly conservative for
SP (only 0.91 QTL per phenotype). So, the QTL with the highest posterior probabil-
ities according to SP, those QTL that we have the most confidence in being true, are
likely to correspond to QTL in the Bagphenotype list. Meanwhile, QTL with lower
posteriors are those that we have less confidence in being true, so these are less
likely to be identified by Bagphenotype above the RMIP threshold.

I assumed that if the methods were detecting the same loci and weighing their
importance in explaining the phenotype to the same extent, we would observe
a positive correlation between the SP posterior probabilities and Bagphenotype
RMIPs. That is, the strongest loci detected by SP should also tend to be the strongest
loci detected by Bagphenotype. Both the SP and Bagphenotype distributions were
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highly non-Gaussian (Figure 3.6), so prior to analysis by the Pearson correlation test,
the relative ranks of the data were used to correct both distributions to Gaussian
normal. Figure 3.7 illustrates the highly significant positive correlation between the
matched SP posterior probabilities and Bagphenotype RMIPs, r = .64, £(24) =4.0, p
<.0005, suggesting that the former technique can identify QTL in structured popu-

lations like the HS in a manner similar to the latter, more widely-used technique.

As shown in Figure 3.8, the posterior probabilities of SP marginal effect QTL also
had a significant positive correlation with the percentage of phenotypic variance
accounted for by those QTL, r = .39, t(24) = 2.1, p < .05. Details are included in
Figure 3.4. As shown in Figures 3.6a, 3.6¢ and 3.9, the distributions of both variables

are highly non-Gaussian and so required normalisation prior to further analysis.

3.4.2 Gene-by-sex interactions identified by Sparse Partitioning

Setting the same posterior probability threshold for detecting interactions as main
effects (.20), I used SP to find 18 GxS interaction QTL (as detailed in Figure 3.10 and
summarised by a histogram of posterior probabilities in Figure 3.11). These effects
were associated with 17 of the 66 phenotypes investigated, with two GxS QTL for
high-density lipoproteins (HDL); and one for each of adrenal gland weight, alka-
line phosphatase (ALP), alanine transaminase (ALT), chloride, triglycerides, time
spent frozen before moving in a context associated with a fearful stimulus, time
spent frozen after cue associated with a fearful stimulus, stress steroid levels ob-
tained from faeces, startle response, area of the glucose response curve, hematocrit
(HCT), mean platelet volume (MPV), CD4+ T-cell intensity, CD8+ T-cell intensity,
B220+ cell percentage, and number of boli produced in the open field test (OFT).
The highest GxS interaction posterior probability (.53) involved the anxiety-related
“time spent frozen in fearful context” phenotype and is located at 27.7 Mbp on chro-

mosome 13.

3.4.3 Gene-by-gene interactions identified by Sparse Partitioning

In addition to fitting GxS interactions, SP was configured to simultaneously permit
fitting of first-order gene-by-gene (GxG) interactions between two QTL to explain

variance in a phenotype. Seven such GxG interactions were identified above the .20
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Figure 3.6: (a) Identical to Figure 3.5a, re-drawn again here for a new compar-
ison, it is a histogram of the posterior probabilities of SP-identified main ef-
fect QTL that match with Bagphenotype-identified main effect QTL. (b) Cor-
responding histogram of the RMIPs of the Bagphenotype-identified QTL that

match SP-identified ones.

Both distributions are highly non-Gaussian, as

clearly illustrated by Q-Q plots (c) and (d), so require correction prior to para-
metric analyses.
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Figure 3.7: For main effect QTL that were identified by both SP and Bagphenotype,
there is a highly significant positive correlation between the rank-normalised sum-
mary metrics of the two methods (posterior probability and RMIP, respectively), p <
.0005. See text for details.

posterior probability threshold. As detailed in Figure 3.12, each of the seven interac-
tions is associated with a different one of the 66 HS mouse phenotypes; two that also
had GxS interactions (triglycerides and area of the glucose response curve) and four
that did not (CD8+ T-cell count; blood glucose level; mean corpuscular hemoglobin,
MCH; and mean corpuscular volume, MCV). The GxG interactions with the highest
posterior probabilities (.45) were associated with CD8+ count and MCH.

Genes Contributing to Variation in Fear-Related Behaviour 64



Jon Krohn 3.4. Results

1.5

normalised SP posterior probability

I I I I I I I
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

phenotypic variance accounted for by QTL

Figure 3.8: There is a significant positive correlation between the normalised poste-
rior probabilities of SP-identified QTL and the normalised percentage of phenotypic
variance explained by those QTL, p < .05

3.4.4 Phenotypic variance attributable to GxS interactions

To estimate how much phenotypic variance was attributable to GxS interactions,
cross-validation was employed. Cross-validation randomly selects a proportion of
the data with which the model is trained and subsequently tests how well this model
fit the unselected data. Here, we divided the data into ten evenly-sized tranches.
Nine tranches were used to fit predictors to the data and then the quality of this fit
was tested in the tenth tranche. This was repeated ten times, allowing us to rotate

through each of the ten tranches as the test tranche.

Cross-validation was performed twice with each of the 17 phenotypes that in-

cluded a GxS interaction: first while allowing sex to act as both a marginal effect and

Genes Contributing to Variation in Fear-Related Behaviour 65



Jon Krohn

3.4. Results

Frequency

10
|

Normal Q-Q Plot of phenotypic variance accounted for by QTL (%)

10
LY

Sample Quantiles

r T T T T
0 5 10 15 20

phenotypic variance accounted for by QTL (%)

(@

25 -2

(b)

Theoretical Quantiles

Figure 3.9: (a) Histogram of the percentage of phenotypic variance accounted for by
main effect QTL identified by both SP and Bagphenotype. (b) Q-Q plot illustrating
that the distribution is highly non-Gaussian, therefore requiring normalisation prior
to parametric analysis

Location  Posterior
Phenotype SNP Chr (Mbp) Probability
Adrenal Gland Weight rs3692711 7 20.63 0.29
Serum Alkaline Phosphatase rs3719891 4 142.10 0.52
Serum Alanine Transaminase CEL-X_113373391 X 50.44 0.32
Serum Chloride rs13481037 11 55.61 0.20
Serum High-Density Lipoprotein mCV24303778 4 115.92 0.43
Serum High-Density Lipoprotein CEL-13_85845037 13 89.33 0.28
Serum Triglycerides rs6299418 11 66.99 0.21
Freeze Time to Fear-Associated Context CEL-13_27061395 13 27.77 0.53
Freeze Time to Fear-Associated Cue rs3719988 6 73.68 0.20
Faecal Corticosterone rs3708913 7 25.94 0.23
Startle Response CEL-11_120628029 11 120.82 0.35
Area Under Curve of Glucose Levels mCV24984125 3 90.46 0.38
Hematocrit rs3653651 11 102.01 0.37
Mean Platelet Volume rs6357939 11 96.94 0.20
CD4+ Cell % in CD3+ Cells rs13481288 12 7.79 0.21
CD8+ Cell % in CD3+ Cells rs3674782 16 87.32 0.24
B220+ Cell % rs13475989 1 95.91 0.21
Boli Produced in Open Field Test rs6163111 5 74.22 0.27

Figure 3.10: The 18 gene-by-sex interaction QTL identified by SP across 66 HS mouse
phenotypes
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Figure 3.11: Histogram of the posterior probabilities of the SP GxS interaction QTL

identified by SP
QTL1 QTL 2

Location Location Posterior
Phenotype SNP Chr (Mbp) SNP Chr (Mbp) Probability
Serum Triglycerides rs4213015 16 86.16 rs6249251 18 81.92 0.38
CD4+ Cell Count rs13482751 15 102.78 mCV22965443 17 35.28 0.45
Body Weight mCV23586427 q 191.63 rs13476524 2 58.51 0.27
AUC of Glucese Levels mCV24984125 5 90.46 gnf12.073.387 12 76.40 0.31
Glucose Level After 0 Min. rs3657255 1 35.09 rs3090050 11 95.21 0.31
Mean Corpuscular Haemoglobin rs13482242 14 71.18 rs13482258 14 76.82 0.45
Mean Cellular Volume rs6360170 14 69.28 rs13482239 14 70.17 0.32

Figure 3.12: The seven gene-by-gene
mouse phenotypes

interactions identified by SP across 66 HS
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% of Phenotypic Variance Explained

Main and
Interaction Effects Only Main Effects
Phenotype Permitted Permitted Difference
Adrenal Gland Weight 13.88 12.31 1.57
Serum Alkaline Phosphatase 6.09 5.88 0.21
Serum Alanine Transaminase 0.86 0.70 0.16
Serum Chiloride 0.84 0.67 0.17
Serum High-Density Lipoprotein 9.37 8.83 0.54
Serum Triglycerides 3.3 3.02 0.29
Freeze Time to Fear-Associated Context -0.05 -0.37 0.32
Freeze Time to Fear-Associated Cue 6.34 6.24 0.10
Faecal Corticosterone 7.92 8.13 -0.22
Startle Response 5.26 5.05 0.21
AUC of Glucose Levels 0.50 0.35 0.14
Hematocrit 0.14 -0.39 0.53
Mean Platelet Volume 5.85 5.91 -0.06
CD4+ Cell % in CD3+ Cells 3.05 2.82 0.23
CD8+ Cell % in CD3+ Cells 0.40 -0.13 0.54
B220+ Cell % 0.81 0.40 0.41
Boli Produced in Open Field Test -0.15 -0.48 0.33

Figure 3.13: For each of the 17 phenotypes that included a GxS interaction QTL,
cross-validation was carried out to estimate the proportion of variance explained by
two different models: one allowing sex to act as both an interacting term with SNPs
and as a main effect, the other only allowing sex to act as a main effect. Tabulated
here are the percentage of phenotypic variance explained by the predictors for both
model types, as well as the difference between the two percentages. These data are
plotted in Figure 3.14

as an interacting term with SNPs, then while allowing sex to act only as a marginal
effect. In both models, SNPs were able to interact (i.e., epistasis). The proportion of
variance left unexplained under these two scenarios is summarised in Figure 3.13

and illustrated in Figure 3.14.

The best fitting models are for adrenal weight, where the GxS interaction-
prohibited and -permitted models leave 87.7% and 86.1% of the phenotypic vari-
ance unexplained, respectively. For all but two phenotypes (MPV and faecal steroid
levels), the proportion of variance explained by the GxS interaction-permitted mod-
els was higher than in their GxS interaction-prohibited counterparts, ranging from

0.14% (area of the glucose response curve) to 4.30% (body weight) higher.

Other than adrenal weight (1.57%), allowing GxS interactions did not account for
more than about half a percent of the phenotypic variance. In a few circumstances,

we observe proportions of variance explained that are just below zero (5/36 models
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Figure 3.14: For the 17 phenotypes that had a GxS QTL, this plot depicts the per-
centage of phenotypic variance explained by models where sex was permitted to
act as a main effect only relative to when it could act as a both main effect and in-
teraction term. As detailed in Figure 3.13, allowing GxS interaction effects in the
model at least marginally improved the amount of phenotypic variance explained
by predictors except in two cases: mean platelet volume (“MPV”) and faecal steroid
levels (“fs”). Thus, all points except those two fall above the grey line x = y. It is clear
from the figure that adrenal gland weight (“aw”) had the greatest improvement in
its variance explained by allowing interacting predictors (difference of 1.6%). Ad-
ditional non-trivial abbreviations are as follows: chloride (“Cl”), triglycerides (“tg”),
time spent frozen in fearful context (“c”), time spent frozen after fearful cue (“CuF”),
startle response (“FPS”), area of glucose response curve (“ga”), B220+ cell percent-
age (“B”), and boli produced in the open field test (“b”). ALT occupied nearly the
same position as chloride so is represented by the same symbol (“Cl”)
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=13.9%) or allowing interactions reduces the proportion of variance explained (2/18
phenotypes = 11.1%). These unintuitive results are attributable to the stochasticity
of cross-validation. The effects are so weak for some of the phenotypes (~0% of phe-
notypic variance explained) that the models may only be picking up noise. When
these noise-explaining predictors are included, their predicted fit will be worse than

the null model.

3.4.5 Relationship between variance explained by sex and by GxS

Across the 17 phenotypes with a GxS QTL identified by SP, the proportion of phe-
notypic variance explained by sex as a main effect (determined by a simple linear
model) was not found to correlate with the proportion of phenotypic variance ex-
plained by GxS (the “difference” column of Figure 3.14), r = .30, £(15) = 1.2, p = .23.
See Figure 3.15. Both variables were highly non-Gaussian (as illustrated in Figure

3.16) so were normalised prior to Pearson correlation testing.

3.4.6 Gene-by-sex interactions identified by Bagphenotype

Looking across 90 phenotypes (see Figure 2.1 for a full list) collected in the Oxford
HS mouse project (Solberg et al., 2006), I identified 206 (detailed in Appendix C) GxS
interaction QTL (2.3 QTL per phenotype). Across the 25 anxiety-related behavioural
phenotypes, however, only 17 QTL (detailed in Figure 3.4) were found, i.e., 0.7 QTL

per phenotype.

With the hope of garnering further information from regions identified as con-
taining a GxS interaction QTL, I also carried out single-sex scans looking for main
effects of gene across the 90 phenotypes. Despite having half the sample size for
these scans, many QTL were nevertheless discovered: 438 and 475 for females and
males, respectively. Figure 3.17 is a histogram illustrating the RMIP distribution of
the 1119 QTL identified by all three scan types: genetic main effect QTL among
females (n = 940) and males (n = 1000), as well as GxS interaction QTL among
all animals (n = 1940). Appendix C details the particular phenotypes and physi-
cal locations of these 1119 QTL. For reference, Figure 3.17 also contains the 785
unisex, genetic main effect QTL identified by Valdar and colleagues (Valdar et al.,
2006b) using the same data (n = 1940). For each of the phenotypes, the results of all
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Figure 3.15: The proportion of phenotypic variance explained by sex as a main ef-
fect does not correlate significantly with the proportion of phenotypic variance ex-
plained by GxS effects, p=.23

four types of scan are publicly available in an interactive graphical user interface at

http://gscan.well.ox.ac.uk/gsBleadingEdge/wwwqtl.cgi.

Figure 3.18 categorises the number of QTL identified per phenotype by the type
of scan through which the QTL was found as well as by phenotype category (i.e.,
whether the phenotype was collected as part of a mouse model of anxiety, asthma or
diabetes; or it was an anatomical, biochemical or immunological measurement). All
of the anxiety-related behavioural phenotypes fit into the category of mouse models
of anxiety. The results in Figure 3.18 are also grouped depending upon which of
the four types of genome-wide scan the QTL were identified in. As in Figure 3.17,
standard, unisex main effect of gene QTL scans (Valdar et al., 2006b) are shown in

green; main effect of gene QTL identified in single sex scans are shown in blue and
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Normal Q-Q Plot of Phenotypic Variance Explained by Sex Normal Q-Q Plot of Phenotypic Variance Explained by GxS Interaction
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Figure 3.16: The skew illustrated by these Q-Q plots for (a) proportion of pheno-
typic variance explained by sex and (b) by GxS interactions was corrected by rank
normalisation prior to the correlation analysis shown in Figure 3.15

red for males and females, respectively; and GxS interaction effect QTL are purple.

Figures 3.19 and 3.20 provide a genome-wide perspective of the QTL identified
for the phenotype of the amount of fine movement over the thirty minutes in which
amouse is tracked while in a new home cage. Four GxS interaction QTL were iden-
tified for this trait, more than for any of the other anxiety-related phenotypes. As in
Figures 3.17 and 3.18, unisex main effect scans are shown in green; single-sex main
effect scans are shown in blue and red for male and female mice, respectively; and
GxS interaction effects in purple. Between the scans and the x-axis, the locations
of QTL are denoted by horizontal bars in corresponding colours, where darker hues
represent QTL with RMIPs closer to one. As detailed in Appendix C, there are GxS
interaction QTL for this phenotype located on chromosomes 7, 14, 18 and 19 with
RMIPs of .70, .66, .60 and .76, respectively.

Figure 3.21 offers a magnified version of the scans from chromosome seven
shown in Figures 3.19 and 3.20, where there is a strong example of a GxS interac-
tion QTL for the fine movement phenotype. As detailed in Appendix C, there is a
GxS interaction QTL (RMIP = 0.70) located at 3.7 to 4.3 Mb overlapping with a larger,
female-only main effect of gene QTL (RMIP = 0.25) at 3.7 to 10.7 Mb.
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Figure 3.17: Histogram of the RMIPs of main effect and GxS QTL

3.4.7 Gene-by-environment interactions

For analysing GXE QTL, five variables were considered as potential interacting co-
variates with genes: the apparatus a given animal was tested in, its body weight, its
coat colour, the date of the experiment, and the particular experimenter running the
test. Coat colour stands out in this list because of its obvious genetic basis, but it can
also act as an environmental covariate because automated video trackers were used
for phenotyping all of the behaviours in this report and some coat colours are more
readily tracked in this manner than others. Across six behavioural experiments —
accounting for a total of 25 phenotypes and 85 separate genome scans (one per se-
lected covariate; see Figure 3.2) — I identified 539 QTL (listed in Appendix D). Figure
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Figure 3.18: Three-dimensional bar chart of main effect and GxS QTL. Along the x
axis is a summary of the number of QTL identified per phenotype across six broad
categories of phenotype (anatomy, anxiety behaviour, biochemistry, diabetes, and
immunology) as well as the mean. Along the z axis is a summary of the number
of QTL identified by four different types of genome-wide scan: GxS, females only,
males only, and the standard, both-sexes-together scan.

3.22 depicts how these QTL are distributed across the six experiments and interact-
ing covariates. For example, scans across the three open field test phenotypes using
experimenter as the interacting covariate found 67 GxE QTL (23.3 QTL per pheno-
type), while scans across the nine elevated plus maze phenotypes using date as the
interacting covariate found 128 GxE QTL (14.2 QTL per phenotype). Particular QTL

from these two examples are described next.

As shown in Figure 3.23, for the “distance travelled in the open arms” phenotype
of the elevated plus maze experiment, a gene-by-date scan (shown in red) identi-
fied 32 QTL across the genome. Here is an example of one with an RMIP of 1.0 on
chromosome six from 17.7 to 17.9 Mb, a region that contains five genes. The gene-
by-date scan is, for reference, overlain on a standard scan for main effect of gene

(shown in black).

Similarly, as shown in Figure 3.24, for the “total activity” phenotype of the open
field test, a gene-by-experimenter scan identified 39 QTL across the genome. Here
is an example of two QTL with RMIPs of .95 and .88 on chromosome ten from 57.7
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scans are overlain for males (blue), females (red), GxS (purple) and standard (green).

Figure 3.19: Genome-wide QTL scan for movement in a new home cage. Separate
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Figure 3.20: Genome-wide QTL scan for movement in a new home cage, continued
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Figure 3.21: Chromosome 7 QTL scan for movement in a new home cage, following
the same legend as Figure 3.19
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Figure 3.22: This three-dimensional bar chart illustrates the average number of GxE
QTL, organised by experiment along the x axis and the environmental covariate on

the z axis.
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Figure 3.23: Gene-by-date QTL for distance travelled in the open arms of the ele-
vated plus maze.
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Figure 3.24: Two gene-by-experimenter QTL for total distance travelled in the open
field test.

to 57.9 Mb and 68.0 to 68.3 Mb, respectively. Ten genes underlie the first QTL while

one underlies the second. Once again, a standard scan for main effect of gene is
shown in black.

3.5 DISCUSSION
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3.5.1 GxS and GxG QTL identified by Sparse Partitioning

The principal finding from my analysis of GxS and GxG with the Bayesian technique
Sparse Partitioning is that interactions contributed little to phenotypic variation in
addition to that attributable to main effect QTL. From the analysis of 66 phenotypes,
18 loci with a GxS effect were identified (see Figure 3.10). Each of the 18 coincided
with one of the 60 main effect QTL that were found (Figure 3.3). Relative to main
effect QTL, GxS effects make a much smaller contribution to phenotypic variance.
The median percentage of variation accounted for by GxS was 0.23% (maximum =
1.57%, as per Figure 3.13) while genetic main effects had a median contribution of
6.2% (maximum = 24.7%). Only one phenotype had more than one GxS QTL: High-

density lipoprotein cholesterol had two.

Since every GxS QTL identified coincides with one of the 60 main effect QTL (Fig-
ure 3.3), the data indicate that the GxS effect does not arise from biological pathways

independent of those of the main effect QTL.

The search for GxG interactions yielded an even smaller list of loci. Seven
epistatic interactions were found and each of them was for a different phenotype
(Figure 3.12). Some of the GxG interactions coincided with main effect QTL: both
of the loci interacting to predict triglyceride levels and both loci for area under the
curve of glucose levels. Both epistatic loci for CD4+ cell count coincided with main
effect QTL predicting CD8+ cell count, but not with any marginal QTL for CD4+
cell count itself. This is not, however, an especially surprising find given that these
cell count phenotypes are very highly correlated, r = .83, #(1256) = 53.6, p < 10712,
Both of the GxG loci for mean corpuscular haemoglobin (MCH) and mean cellular
volume were very nearby (range = 69.2-76.8 Mbp) of an MCH main effect QTL on
chromosome 14 at 74.5 Mbp.

Attempts to find sex-specific effects have met with varying success, partly be-
cause of methodological limitations. A review of the literature on human genetic as-
sociation studies, despite identifying 432 claims for sex-specificity, concluded that
the majority of claims were spurious (Patsopoulos et al., 2007). Yet there is evidence
from twin and genetic linkage studies that, for some phenotypes, a considerable
proportion of the genetic variance is sex specific. Thus, in two independent twin
studies of the heritability of depression, Kendler and colleagues (2001; 2006) esti-

mate genetic correlation in risk factors for major depression in men and women
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to be approximately 0.6. In an analysis of 17 quantitative phenotypes, subject to
genetic linkage analysis, Weiss and coworkers reported that eleven were sexually di-
morphic, twelve showed evidence of differences between the sexes in heritability or
linkage, and all three genome-wide significant linkage peaks were significant when
tested for an interaction between sex and genotype (Weiss et al., 2006). These GxS
results obtained from HS mice using SP add to this debate by finding evidence for
GxS at just over a quarter of phenotypes, suggesting that GxS QTL are relatively com-
mon, in agreement with the genetic linkage analyses of human phenotypes (Weiss
etal., 2006).

Although the correlation between proportion of phenotypic variance accounted
for by sex and by GxS effects was insignificant (Figure 3.15), one (nearly outlying)
data point may be considered solely responsible for this insignificance. After fit-
ting “phenotypic variance accounted for by sex” in a linear model that predicts
“phenotypic variance accounted for by GxS”, the residual representing faecal cor-
ticosterone, as depicted in Figure 3.25, sits at -2.4 standard deviations below the
mean. This low value is far further from the mean than any other residual and ap-
proaches the “+3 standard deviations” outlying residual exclusion threshold that is
commonly used in statistics. If this one data point were excluded, then we would
indeed find a significant positive correlation between proportion of variance ex-
plained by sex and by GxS interactions, r = .57, £(14) = 2.6, p < .05. Figure 3.26 il-
lustrates this relationship.

So, save this near outlier (whose impact may have been diminished if I had
more data points), we observe a linear relationship between sex effects and GxS:
The larger the main effect of sex, the larger the effect of the interaction loci. This
justifies the reasonable assumption that it will be worth examining highly sexually
dimorphic phenotypes for GxS effects. This linear relationship between sex effects
and GxS might be interpreted to mean that the genetic basis of sex differences arise
from the conjoint effect of many loci, rather than being due to a specific and rel-
atively constrained biological pathway. However, it is important to realise that the
distribution of the effect sizes is skewed. This may indicate that in some phenotypes
the sex effect arises from a few key loci. One example might be the GxS interaction

based at 21 Mbp on chromosome seven that explains 1.5% of adrenal gland weight.

An important caveat to my use of SP is that I found relatively few main effect
QTL. Compared to the 294 main effect QTL found with Bagphenotype, SP found

Genes Contributing to Variation in Fear-Related Behaviour 80



Jon Krohn

3.5. Discussion

Residuals (in standard deviations)

I I I
5 10 15

Index of residuals (representing phenotypes)

Figure 3.25: The residual representing faecal corticosterone is shown in red. Its
value of -2.4 approaches the +3 outlier exclusion threshold often used in statistics,
which is depicted as a red horizontal line

just 60, of which 43% were common to the two methods. This raises the question as
to whether reliance on SP for QTL mapping might be biasing our results. It is sur-
prising, for example, that we found no GxS for weight, even though this phenotype
has by far the largest sex effect of any phenotype we measured (58%). This is most
likely due to our relatively low power, given the expected small effects of each GxS
QTL.

While the smaller numbers of main effects found with SP suggests that more in-
teracting loci might exist, it does not invalidate the principal finding of the paucity
of interacting loci and their small effect size, relative to main effect loci. For exam-
ple, reducing the posterior probability threshold for SP results would not identify

sufficient additional GxS effects to alter our conclusion that this set of loci makes
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Figure 3.26: This plot is similar to Figure 3.15 except that the nearly-outlying data
point representing faecal corticosterone (see Figure 3.25 has been removed. With
it gone, there is a significant positive correlation between the proportion of pheno-
typic variance explained by sex and by GxS interaction effects, p < .05

only a small contribution to the total genetic variance (Figure 3.14).

The advantage of using SP is that it is less subject to the problem of multiple
testing. Like other sparse Bayesian methods, SP allows for very complicated mod-
els defined by a very large number of parameters. It does this by assuming most
parameters are zero (i.e., that most predictors do not influence the outcome either
marginally or through interactions). This type of approach is particularly effective
in situations where the number of predictors in a model greatly exceeds the sample
size (the large p, small n problem introduced in §3.1.1). For GxG interactions, where
a genome scan would involve testing pairwise interactions between thousands of

loci, identifying significant effects would otherwise require extremely large sample
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sizes, too large to be feasible.

Finally, although it appears that first-order interactions contribute little to phe-
notypic variation beyond main effect QTL and other covariates, it is important to
emphasise that this does not imply that they can be ignored. One example is the
GxS interaction based at 21 Mbp on chromosome seven influencing adrenal gland
weight. While GxS rarely make a large overall contribution to the missing heritability

of phenotypes, there are cases where they will be individually important.

3.5.2 GxS QTL identified by Bagphenotype

As an alternative to the Bayesian Sparse Partitioning, I employed the frequentist
Bagphenotype to identify 17 novel GxS QTL across 25 anxiety phenotypes. This rate
of 0.7 QTL per anxiety phenotype is much lower than the number of QTL per pheno-
type that I found across all of the 90 phenotypes I examined: 2.3. This QTL frequency
difference, as illustrated in Figures 3.17 and 3.18, is likely due to sex accounting for
much more variability in physiological measures than behavioural phenotypes col-
lected from the HS mice (Valdar et al., 2006a).

By following along the genome in Figures 3.19 and 3.20, one can visualise the
value of running single-sex scans for genetic main effects and scans for GxS inter-
actions, in this case for the phenotype of fine movement in a new home cage. For
example, on the fourth chromosome, we see two lengthy unisex genetic main effect
QTL adjacent to each other at 104.4 to 111.2 Mb (RMIP = .45) and 114.3 to 118.1 Mb
(RMIP = .31). Through carrying out single-sex scans, however, we are proffered evi-
dence that the first QTL is likely attributable only to male mice as, between 104 and
111 Mb, the female scan has low -logP values relative to the male scan and this range
includes a male-only QTL from 104.4 to 105.3 Mb (RMIP = .94). Similarly, the second
QTL appears attributable only to female mice, as between 114 and 118 Mb, the male
scan has low -logP values relative to the females scan and this range has consider-
able overlap with a female-only QTL that runs from 116.6 to 118.7 Mb (RMIP = .47).
Not only are these single-sex QTL stronger (in terms of RMIP values) despite hav-
ing half the sample size of the unisex scans, which suggests they are better fits for
the phenotype, but they are also smaller and contain fewer genes: a strikingly lower
count of five genes as opposed to 77 within the first QTL, and 63 genes as opposed to

97 within the second QTL. These reduced gene counts should make identification
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of the causal gene(s) within the QTL easier, whether this is done by experiment with
genetically-modified mice or by a computational method like SPIV (Chapter 5).

Across Figures 3.19 and 3.20, one can see instances where regions of the genome
appear to be much more influential in one sex than in another, i.e., where the red
(representing the female-only scan) and the blue (male-only scan) signals diverge.
These regions are where one would expect to detect a GxS interaction and, at some
loci, that is indeed what I find. For example, in one of these divergent regions on
chromosome 14 just above 100 Mb, where males have a much higher -logP value
than females, I identified a male-only QTL from 104.6 to 106.9 Mb (RMIP = .43) that
contains a GxS interaction QTL from 105.9 to 106.7 Mb (RMIP = .66). This inter-
action QTL contains just six genes and presumably one of these affects fine move-
ment in a new home cage, but to a greater extent (perhaps exclusively) in male mice.
Similarly, as illustrated in detail in Figure 3.21, at the start of chromosome seven, I
identified a female-only QTL from 3.7 to 10.7 Mb (RMIP = .25) that contains a GxS
interaction QTL from 3.7 to 4.3 Mb (RMIP =.70). Given the near-zero -logP value in
the male-only scan within this same range, it appears that one of the twelve genes
between 3.7 and 4.3 Mb impacts this anxiety-related behavioural phenotype only in
females. It is noteworthy that near the ranges of both of the examples in this para-
graph, the standard, unisex genetic main effect scan did not pick up a QTL, indicat-
ing that GxS interaction scans and single-sex genetic main effect scans are useful for
identifying QTL driven by a single sex, QTL that would otherwise have gone unno-
ticed.

There are a number of aspects of my GxS interaction project that merit further
investigation. It might be informative to investigate whether related phenotypes
(e.g., anxiety-related behavioural traits) have QTL in overlapping physical locations,
which could lead to the identification of sex QTL hotspots, perhaps on the X chro-
mosome. In order to get a handle on the relationship between a given phenotype
and a sex QTL that predicts variance in it, it would also be interesting to see if the
QTL can be explained by copy number variation or parent of origin effects. It might
also be illuminating to examine whether related gene ontology annotation networks
underlie multiple QTLs for a phenotype or combination of related phenotypes. In
the next section, I compare the GxS QTL identified with Bagphenotype to those
found with SP.
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3.5.3 Gene-by-sex interactions in anxiety-related phenotypes

There are three key differences between the Sparse Partitioning and Bagphenotype.
First, as I mentioned in the previous section, SP is Bayesian while Bagphenotype is
frequentist. Second, SP starts with myriad possible predictors included in a model
and then iteratively reduces the importance of the vast majority of these predic-
tors to nil, retaining only the most important predictors. Bagphenotype, mean-
while, does the reverse: It starts with no genetic predictors and then gradually adds
more until the addition of further predictors no longer contributes to the model.
Finally, SP was configured to model main and interaction genetic effects simulta-
neously, while Bagphenotype was only used to model either main or interaction

effects, never both at the same time.

As mentioned in §3.5.1 with respect to main effect QTL, one of the ways these
methodological differences manifest themselves in the results is the relative paucity
of QTL identified by SP relative to Bagphenotype. For GxS QTL, this frequency dif-
ference is extreme: While I identified 2.3 per phenotype with Bagphenotype, I only
found 0.3 per phenotype with SP.

Of the 18 SP GxS QTL from across 66 phenotypes (Figure 3.10), five are for fear-
related phenotypes; one for each of adrenal gland weight, faecal corticosterone lev-
els, time freezing to few-associated context, time freezing to fear-associated cue,
startle response, and number of boli produced in the open field test (OFT). The lat-
ter four of these are measures of fear-related behaviour and none of them is affected
by the different ambulation rates between male and female mice, as many other
fear-related phenotypes are (e.g., distance travelled in the OFT or in the arms of the

elevated plus maze).

While neither the freeze time nor the OFT boli rate SP GxS QTL coincide with
sex-related Bagphenotype QTL (Appendix C), the other three SP GxS QTL do. The
startle response SP GxS QTL (posterior probability =.35) lies within a Bagphenotype
QTL on chromosome 11 (116.5-121.5 Mbp; RMIP = 1.00) found only in male mice.
The faecal corticosterone SP GxS QTL (PP = .23) lies within a Bagphenotype inter-
action QTL on chromosome 7 (25.7-26.1 Mbp; RMIP = .23), while the adrenal gland
weight SP GxS QTL on chromosome 7 at 20.6 Mbp (PP = .29) lies near a Bagpheno-
type interaction QTL on the same chromosome at 17.2 to 17.5 Mbp (RMIP = .93).

Given that corticosterone is produced by the adrenal glands to regulate the stress
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response, it seems unlikely to be a coincidence that these GxS QTL are within a few
Mbp of each other on the mouse’s seventh chromosome. Despite their biological
association, adrenal gland weight and faecal corticosterone are not correlated (r =
-.05, 1(430) = -1.0, p = .30) so this does not account for these QTL mapping to the

same genomic location.

3.5.4 Gene-by-environment QTL

I identified 539 GxE QTL across 25 anxiety-related behavioural phenotypes that
were collected from six experiments involving the Oxford HS mice. As Figure 3.22
summarises and Appendix D catalogues, the number of QTL found per phenotype-
covariate pair varies greatly, with many environmental covariates not interacting
with genetics to any appreciable extent for many of the phenotypes, while for other
phenotypes, upwards of a dozen GxE QTL were located. For example, 67 gene-
by-experimenter QTL were identified across the three behavioural phenotypes col-
lected from the OFT (23.3 QTL/phenotype) and 128 gene-by-date QTL were found

across the nine behavioural traits of the elevated plus maze (14.2 QTL/phenotype).

Figure 3.23 illustrates a particular instance of a gene-by-date interaction QTL for
an elevated plus maze phenotype widely used to assess anxiety-related behaviours:
distance travelled in the open arms of the maze. At this QTL on chromosome six
from 17.7 to 17.9 Mb (RMIP = 1.0), I would expect that there would be a gene that
influences open arm activity depending on some seasonal factor that was not con-
trolled for in the Oxford HS mouse project, such as humidity. There are only five
genes within the QTL, one of which — Cappa2 — codes for a protein involved in
muscle anabolism (Nigro et al., 1995), so that seems sensibly related to a movement-
related phenotype like this one.

Figure 3.24 depicts an example of two gene-by-experimenter QTL for total ac-
tivity of mice in the OFT on the tenth chromosome from 57.7 to 57.9 Mb (RMIP =
.95) and 68.0 to 68.3 Mb (RMIP = .88). At both of these QTL, I would expect that
there would be a gene that influences anxiety depending on some factor related to
the experimenter, like aggressiveness. Ten genes underlie the 57 Mb peak the most
interesting of which — LIMSI — codes for a protein that affects a growth factor-
signalling pathway (Desgrosellier and Cheresh, 2010). Only one gene underlies the

68Mb peak. It codes for Transmembrane Protein 26, which is not well characterised.
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As demonstrated by these three GXE examples, interaction QTL tend to have par-
ticularly short 95% ClIs (mean for behavioural phenotypes of 0.4 Mb) relative to the
main effect QTLs (mean of 3 Mb) identified by Valdar and colleagues (Valdar et al.,
2006b) using the same data, meaning that — if the CI estimates are accurate — it
should be easier in most instances to identify the causal gene within an interaction
effect QTL than a main effect one simply because fewer genes are likely to be con-

tained within the interaction variety.

The interacting covariates are simply placeholders for some other, unknown
variables (e.g., aggressiveness of experimenter, variations in humidity by season),
so the intent of my GxE analyses is in most cases not to uncover the specific factor
that interact with genetics to affect anxiety-related behaviours, but rather to iden-
tify these interactions so that: (1) the most significant of them can be controlled
for in the experimental design of future studies or incorporated as covariates into
the statistical models of the study data; (2) researchers studying environmental ef-
fects can themselves design experiments to explicitly search for the specific envi-
ronmental factor (e.g., aggressiveness, humidity) that is responsible; (3) investiga-
tors who find a QTL for genetic main effects can check with my database of GxE
QTL as to whether a covariate they have not controlled for might be responsible for
their finding. I have uploaded my QTL results to a publicly available, interactive
QTL database (http://gscan.well.ox.ac.uk/gsBleadingEdge/wwwqtl.cgi) so that re-
searchers can seek out whether a genomic region or phenotype they are interested
in contains sex-specific genetic main effect QTLs, GxS interaction QTLs, or unisex
main effect QTLs.
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CHAPTER

GENE EXPRESSION NETWORKS

In this chapter, I use hippocampus gene expression data to generate networks of co-
expressed genes, enabling a systems-level perspective of these vast biological data. I in-
vestigate whether the modules in these networks are enriched for gene ontology terms or
markers of particular types of brain tissue. I also treat the modules as quantitative traits
that I map to the genome and correlate with fear-related behaviours.

4.1 INTRODUCTION

By having genome-wide information about gene expression in the brain, as we do
for the Heterogeneous Stock mice, we can look not only for the relationship of indi-
vidual mRNA transcripts with other types of data (e.g., comparing gene expression
with SNPs to identify eQTL), but we can also attempt to examine the transcriptome
more holistically by identifying groups of mRNA transcripts that appear to vary in
concert with each other. Such groups, or modules, of transcripts might have proper-
ties that provide a broader understanding of the molecular architecture underlying
traits, including fear-related behaviours. These modules of co-expressed genes can
then be studied in relationship to each other as part of a network of modules. Met-
rics that represent the modules can also be compared with other biological variables
to see if the transcripts that make up those modules have a relationship with the bi-

ological system that only emerges when the transcripts are considered in aggregate.
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Previous work with gene co-expression networks has identified modules of
mRNA transcripts that are particular to the progressive neurodegenerative disorder
Amyotrophic Lateral Sclerosis across blood samples from three separate patient-
control data sets, and thereby illuminated the molecular pathways underpinning
the disease (Saris et al., 2009). Similarly, separate brain tissue data sets have been
used to elucidate aspects of the transcriptomic network associated with Alzheimer’s
disease (Miller et al., 2010). Using data from a total of more than a thousand mi-
croarrays, Jeremy Miller and his coworkers identified unexpected genes that appear
to act as hubs in the Alzheimer’s gene expression network; found a strong correla-
tion between presenilin-1 (a gene already associated with Alzheimer’s) and a mod-
ule enriched for oligodendrocyte markers; and uncovered microglia-enriched mod-
ules that were also enriched for genes known to be related to neurodegenerative
disease. Critical to my use of data from mice, Miller and colleagues also quantified

a great deal of similarity between human and mouse brain transcriptomes.

To study network modules associated with fear-related behaviours, Christo-
pher Park and his colleagues (Park et al., 2011) worked with one hundred mice,
each from a different inbred strain from the Hybrid Mouse Diversity Panel (Ghaz-
alpour et al.,, 2012). They obtained gene expression data from the hippocampus as
well as measures of behaviour in context- (§2.2.1.4) and cue-dependent (§2.2.1.5)
fear-conditioning tests similar to those used with the HS mice. Although they
did not find any correlations between their hippocampus gene network modules
and cue-conditioned fear, they did find significant correlations between context-
conditioned fear and two modules, underscoring the importance of the hippocam-

pus in regulating fear-related behaviour (Fanselow and LeDoux, 1999).

In this chapter, I chronicle several approaches I used to attempt to generate
high-quality hippocampus gene co-expression networks, including removing pop-
ulation structure from the data, removing principal components, and working only
with highly varying probes. Upon generating a satisfactory network, I sought gene
ontology enrichments and mapped QTL for the network modules. I also did some
work with eigengenes that represent the aggregate correlation of the modules. Akin
to eigenvectors for any matrix of data, an eigengene for a given gene co-expression
network module can be generated from its probes-by-animals matrix. There is evi-
dence that the first eigengene of network modules is a biologically useful metric that
represents consensus gene expression variation for the probes contained within the
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module (Langfelder and Horvath, 2007). With eigengenes, broad perspective tran-
scriptomic relationships are thus summarised within a single vector, each unit of
which represents an animal. In this chapter, I use eigengenes to look for relation-
ships between hippocampus gene co-expression network modules and behavioural

phenotypes, as well as to map module QTL.

4.2 METHOD

Prior to applying any of the methods described in the present section, I prepro-
cessed the gene expression data following the protocol I developed and detailed in
§2.6. Only HS mouse phenotypes related to hippocampus tissue were analysed in
this chapter. A full description of these phenotypes is provided in §2.2.1, but for
reference here, this includes measures of fear-related behaviour as well as KI-67, a

marker of new neuron growth that has been associated with fear-related behaviour.

4.2.1 Generating gene co-expression networks

I generated gene co-expression networks from hippocampus gene expression data
using Peter Langfelder and Steve Horvath’s (2008) weighted gene co-expression net-
work analysis (WGCNA) software package for Bioconductor (Gentleman et al., 2004)
in R (Du et al., 2008). I carried this out three separate times: with data from males
alone; from females alone; and with both sexes together, with sex regressed out. For

each of the three data sets, I followed the same protocol.

Finding it impossible to generate meaningful gene co-expression networks
when I used all of the hippocampus probes I retained during data preprocessing,
I surmised that many of the 12 113 probes might be little more than noise. This
is problematic because noise would obfuscate WGCNA’s network generation algo-
rithm as it attempts to group correlated probes. I expected that the probes with the
most meaningful information above noise would be those with the highest variance.
As exemplified by Figure 4.1, I set a threshold of log;, = —2.6 (N.B. units have no
practical meaning here) that included about half of the probes for each of the data
sets, resulting in my inclusion of 6527 (53.9%) of probes for the both-sexes-together
data, 6312 (52.1%) for the female data, and 6665 (55.0%) for the male data. The vari-
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Figure 4.1: This is a histogram of the base 10 logarithm of the variance of the both-
sexes-together hippocampus gene expression data. To reduce the proportion of
noisy probes in the data, I only included the higher-variance probes, i.e., those
above the threshold represented by the vertical red line at log,, = —2.6, in network
analysis. For the both-sexes-together data, this meant including 54% of the 12 113
hippocampus probes.

ance of probes in the both-sexes-together and the female-only data were very highly
correlated, just as they were between the both-sexes-together and male-only data;

in both cases, p < 10716,

To construct networks using WGCNA, the user needs to provide guidance to the
software on a number of parameters. Perhaps the most important of these parame-

ters is the “soft thresholding power”, . A low  would result in network nodes (gene
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expression probes) having an enormous number of edges (connections between
pairs of probes). A very high  would result in nodes having hardly any edges at all.
Between these extremes lies a  that permits the network to have a “scale-free topol-
ogy” (Barabasi and Réka, 1999). In a network with a scale-free topology, whether
one zooms in closely or observes it from a distance, the network will appear sim-
ilar, analogous to Bendit Mandlebrot’s (1975) fractals. In practice, this means that
particular probes will be represented by nodes that are pivotal to the broader co-
expression networks I generate, but there will be probes that act as regional hubs as
well. Histograms of scale-free networks have a power law distribution: a few nodes
have the bulk of the edges, most nodes have just a few edges, and there are a mod-

erate number of nodes with a moderate number of edges.

Many biological networks, including gene co-expression networks, appear to
have the scale-free property (Zhang and Horvath, 2005), thus I endeavoured to pro-
vide WGCNA with a f that enables the formation of a hippocampus gene expres-
sion network that is itself scale-free. Fitting a spectrum of candidate f values with
a subset of the hippocampus data enabled me to determine the optimum beta, as
evaluated by the scale independence and mean connectivity metrics illustrated in
Figure 4.2. Using the method, I selected a B of four, five, and four for the both-
sexes-together, female-only and male-only data, respectively. It is this § that gives
weighted gene co-expression network analysis its “weighted” prefix. It is a weighting
that provides relatively highly correlated pairs of genes with an exaggerated correla-

tion in the network.

Beyond the 3, there were a couple of other parameters I specified for WGCNA.
I selected a minimum network module size of twenty probes. I also required any
modules below a cluster dendrogram height of .25 to be merged together as these
modules should be very highly correlated with each other. It does not appear that
using alternatives to standard frequentist correlation, such as mutual information,
in the WGCNA framework make much of a difference (Song et al., 2012), so I selected

Pearson correlation for its computational efficiency.
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Figure 4.2: The two metrics I considered when selecting the soft threshold power
(the B) for use in my gene co-expression networks were scale independence and
mean connectivity. The plots shown here used the both-sexes-together hippocam-
pus gene expression data. Using a subset of these data, I tested a range of candidate
soft threshold powers from one to twenty. Following Zhang and Horvath (2005), I
considered a scale-free topology model fit greater than 0.9 to generate a sufficiently
scale-free network. Thus, as illustrated by the left-hand plot, a § of four is adequate.
The right-hand plot illustrates the peril of selecting even a higher g than this. Al-
though the networks have even better scale-free model fit, the average number of
edges (connections) between nodes (gene expression probes) plummets rapidly to-
ward zero, which would leave us with a network so sparse that it would not be at all
informative.

4.2.2 Removing population structure from the gene expression
data

As described earlier in §1.4.3, data from heterogeneous stock animals have a com-
plex population structure that must be accounted for else spurious QTL may arise
during GWAS. In my chapter on causality analysis (Chapter 5), multiple QTL anal-
ysis is employed to control for population structure in both phenotypic and gene
expression data. In the present chapter, no QTL association analysis is taking place
so it may be unnecessary to account for population structure, but I nevertheless ex-
amined how the networks differ when population structure is controlled for relative

to when it is not.
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Figure 4.3: These plots are cumulative distribution functions of the correlation be-
tween pairs of gene expression probes from hippocampal tissue. In both plots, the
thin curve represents the correlation between pairs of probes chosen at random,
while the thicker curve represents the correlation between pairs of probes that map
to the same gene. The area between the thin and thick curves is thus an indicator of
the quantity of biological information present in the data. Plot (a) uses data prior to
accounting for the population structure inherent in heterogeneous stock animals,
and plot (b) uses data after. It appears clear that controlling for population struc-
ture removes an excess of biological information from the data, and this is reflected
in the poor quality of the gene expression networks created using the data in plot
(b); see Figure 4.4.

I employed EMMAX (Kang et al., 2010) to control for population structure in
the gene expression data prior to network analysis. As explained in the captions
of Figures 4.3 and 4.4, it appears that doing so removes an excessive proportion of
meaningful biological information from the data, so I decided to only carry out gene

expression network analysis with data that retained population structure.

4.2.3 Removing principal components from the gene expression
data

Adjusting for population structure as just described was not the only means by

which I attempted to reduce noise in the hippocampus gene expression data in or-
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Figure 4.4: This style of figure is the most common method I use to visualise gene
expression networks throughout this chapter. The top section of the plot is a clus-
ter dendrogram with vertical black lines each representing a gene expression probe
in the data set. Probes that are co-expressed are clustered together and connected
to all the other probes in the network by horizontal lines. A set of probes that are
highly co-expressed to each other, but not co-expressed with probes from outside
the set, form distinct clusters. Based on thresholds that I set (see §4.2.1), the net-
work modelling software assigns the probes to modules, which are represented by
distinct colours along the bottom of the figure. In this instance of hippocampus
gene expression data, where population structure has been accounted for, only one
module was defined, and it is shown in teal (grey was used for probes that were not
assigned to any particular module). This sparse network structure can be explained
by the apparent removal of biological information that resulted from accounting for
population structure (see Figure 4.3).
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der to increase the number of distinct gene co-expression networks in the data. With
the same goal in mind, I also tried removing principal components. My reasoning
was that principal components might largely represent confounding variables. By
identifying a version of the data that has more biological information (exemplified
by cis-eQTL) through principal component removal, some noise might be removed

from the data, thereby improving network analysis results.

Figure 4.5 shows the number of cis-eQTL I identified on the first chromosome,
depending on how many principal components I regressed out of the hippocampus
gene expression data. The plot shows that removing about 16 principal components
produces data with the greatest number of cis-eQTL (27007 of them). Using these
data to produce networks, however, was nevertheless ineffective, as the cluster den-
drogram in Figure 4.6 demonstrates. Given these poor results, I decided to carry
out all further network analysis using gene expression data that had neither been

adjusted for population structure nor had principal components regressed out of it.

4.2.4 Gene ontology enrichment

Gene ontology (GO) enrichment for network modules was assessed using GOEAST
(Zheng and Wang, 2008). Within GOEAST’s interface, I used Fisher’s exact test
to assess whether GO terms were enriched in any of the hippocampus gene co-
expression network modules. More specifically, the test was used to determine
whether a given module had significantly more probes associated with a given GO

term than would be expected by chance.

Instead of using GOEAST’s existing GO term database for the particular llumina
gene expression array that we used (with 47k probes; see §2.5), T used GO terms
for the specific subset of 12 113 hippocampus probes that I retained after applying
a series of quality control filters (§2.6.4). This step was essential because the GO
term reference data set would otherwise have consisted of GO term counts for both
retained and excluded probes, distorting GO enrichment results if GO terms differ
systematically between probes that were retained relative to those that were not. I
obtained GO terms for my retained subset of probes from Ensembl Biomart (Kin-
sella et al., 2011) on October 24th, 2012.

With so many GO enrichment tests to carry out (31408 in total across eleven
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Figure 4.5: The number of cis-eQTL on chromosome one using hippocampus gene
expression data are a function of the number of principal components removed
from the data. I removed one to 128 principal components from the data, moving up
incrementally by powers of two. Removing sixteen principal components produced
data with the most cis-eQTL. Reasoning that these data may have more biological
signal relative to confounding noise, I attempted to produce a gene co-expression
network; see Figure 4.6.
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Figure 4.6: Hippocampus gene co-expression network generated from data with 16
principal components removed. Nearly all probes end up very highly correlated
with each other, making it difficult to distinguish distinct clusters of co-expressed
probes.

modules), adjusting for multiple comparisons would have yielded an excessively
strict p-value of, by Bonferroni correction for example, 1.6 x 107%. Instead, given
that this is a largely exploratory analytical tool, I chose to display any GO terms that
were enriched below a p =.001 threshold.

4.2.5 Module QTL mapping

The first eigengene for each gene co-expression network module was considered as
representative of the module and used as a phenotype for mapping module QTL.
Bagphenotype (Valdar et al., 2009) was employed for main effect QTL mapping
by resample model averaging, as in §3.3.1. Namely, I used Build 37 of the mouse
genome, one hundred independent resamplings of the data (each using 80% of an-
imals, sampled without replacement), and one hundred permutations of the data
to determine significant peaks. Unlike in Chapter 3, I did not include any covari-
ates in the models here: Sex was regressed out of the data and other covariates —

such as batch effects, animal weight and environmental measures — were already
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Cluster Dendrogram
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Figure 4.7: This cluster dendrogram is identical in style to Figure 4.4 (where a more
detailed description of the figure format is given). The top of the plot shows the
broad connectivity of the hippocampus gene expression probes, while the bottom
shows the modules that probes were assigned to, as represented by colours. Data
from both males and females were used to generate the data for this network.

accounted for during gene expression data preprocessing (§2.6).

4.3 RESULTS

Gene co-expression networks, summarised by cluster dendrograms, are provided
using data from both sexes of mice, female mice only and males only, respectively,
in Figures 4.7, 4.8, and 4.9. Note how the three dendrograms are remarkably simi-
lar. In the next section (§4.3.1), I explore in more detail the effects of sex on these

hippocampus data.

4.3.1 Sex and the hippocampus gene expression networks

Although some tissues appear to have strong sex effects in their gene expression
data, sex does not appear to manifest itself substantially in the hippocampus gene
expression data, as demonstrated by three separate analytical perspectives. First,
sex is not correlated with any of the top principal components for hippocampus
like it is for liver (see §2.6.8, particularly Figure 2.21). Second, there is a remarkable
degree of similarity in module membership between the both-sexes-together, male
and female modules identified using WGCNA (see Figures 4.10, 4.12, 4.13). And,

third, the eigengenes of comparable modules between the both-sexes-together data
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Cluster Dendrogram

Figure 4.8: The network represented by this cluster dendrogram was generated us-
ing hippocampus gene expression probes from female mice only.
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Figure 4.9: The network represented by this cluster dendrogram was generated us-
ing hippocampus gene expression probes from male mice only.

and the single-sex data are very highly correlated with each other (see heat maps of
correlations in Figures 4.14 and 4.15; testing eigengene correlations between the
male and female data was not possible because there is no overlap in subjects be-

tween these two data sets).

Given the striking similarity between comparable modules across all three data
sets, any further analyses involving gene expression networks will employ only
the both-sexes-together data. Appendix E rather heftily details the both-sexes-
together module designations for all 6527 hippocampus probes included in gene

co-expression network analysis.
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Figure 4.10: Overlap of both-sexes-together and male-only gene co-expression
modules as assessed by a permutation test (overlaps below Bonferroni-corrected
p-value threshold of .0004 shown; median p-value of .9966). The permutation
test simply involved shuffling probe module membership at random ten thousand
times to assess how likely the proportion of overlap between the real modules would
be by chance. Figure 4.11 displays the clear difference between module overlaps
that were found to be significant relative to those that were not significant.

4.3.2 Gene ontology enrichment

The top thirty (i.e., lowest p-value) GO term enrichments are provided in Figure
4.16. Only the top two are significant after correcting for multiple (31408) compar-

isons. Details of significant GO term enrichments are provided in Appendix F.

For all of the top thirty GO terms listed in Figure 4.16,  used GOEAST (Zheng and
Wang, 2008) to produce directed acyclic graphs that illustrate their relationships
to other hierarchically-associated GO terms. Ordered by the highest-ranked GO
terms in Figure 4.16 they contain, these figures represent cellular component terms
for the brown module (Figure 4.17); cellular component (Figure 4.18), molecular
function (Figure 4.19), and biological process terms (Figure 4.20) for the magenta
module; cellular component terms for the pink module (4.21); molecular function
terms for the yellow module (4.22); biological process terms for the purple (4.23)
and greenyellow modules (4.24); molecular function terms for pink (4.25); and cel-
lular component terms for red (4.26). There was rather a lot of information to fit
into some of these figures, so it may be challenging to read some of them in physical

thesis copies, but the electronic (.pdf) version is zoomable.
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Figure 4.11: This is a histogram of p-values from the module overlap permutation
test comparing modules generated from the both-sexes-together and the male-only
hippocampus gene expression data. The yellow vertical line demarcates a p value
of .05, while the red vertical line demarcates p = .0004, the Bonferroni-corrected
significance threshold for 110 module comparisons (ten both-sexes-together mod-
ules multiplied by eleven male-only modules). There was a median p-value of .9966
across these 110 tests, an unsurprising statistic given the peak at the left of the his-
togram. The significant tests are well clear of the Bonferroni corrected threshold
and represented by the peak on the far right.
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Figure 4.12: Overlap of both-sexes-together and female-only gene co-expression
modules as assessed by a permutation test (overlaps below Bonferroni-corrected
p-value threshold of .0004 shown; median p-value of .9910)
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Figure 4.13: Overlap of male-only and female-only gene co-expression modules
as assessed by a permutation test (overlaps below Bonferroni-corrected p-value
threshold of .0005 shown; median p-value of .9918)
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Figure 4.14: Heat map of the correlation hippocampus gene expression modules
from the both-sexes-together and male-only data. Cluster dendrograms group the
most correlated from each data set together. More highly correlated phenotypes
and eigengenes are represented by warmer colours on the heat map. A table of all
significant correlations is provided in Figure 4.10.
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Figure 4.15: Similar to the correlation heatmap in Figure 4.14, except using female-
only modules instead of those from males. A table of significant correlations is pro-
vided in Figure 4.12.
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Module GOID Ontology Term p-value
brown 0044455 cellular component mitochondrial membrane part 7.01E-07*
magenta 0043209 cellular component  myelin sheath 1.03E-06*
magenta 0043218 cellular component compact myelin 8.59E-06
magenta 0019911 molecular function structural constituent of myelin sheath 8.59E-06
magenta 0007272 biological process ensheathment of neurons 1.17E-05
magenta 0008366 biological process axon ensheathment 1.17E-05
pink 0033179 cellular component proton-transporting V-type ATPase, VO domain 1.73E-05
magenta 0019228 biological process regulation of action potential in neuron 2.06E-05
magenta 0044304 cellular component main axon 3.86E-05
pink 0044456 cellular component synapse part 4.02E-05
yellow 0003676 molecular function nucleic acid binding 4.47E-05
magenta 0005886 cellular component plasma membrane 5.39E-05
purple 0032501 biological process multicellular organismal process 6.81E-05
magenta 0001508 Dbiological process regulation of action potential 8.35E-05
greenyellow 0034109 biological process homotypic cell-cell adhesion 8.83E-05
magenta 0071944 cellular component  cell periphery 0.000101
magenta 0042552 biological process myelination 0.000109
pink 0044463 cellular component cell projection part 0.000116
pink 0008021 cellular component synaptic vesicle 0.000117
magenta 0042805 molecular function actinin binding 0.000117
magenta 0051393 molecular function alpha-actinin binding 0.000117
pink 0043005 cellular component neuron projection 0.000120
greenyellow 0009653 biological process anatomical structure morphogenesis 0.000129
pink 0000166 molecular function nucleotide binding 0.000144
magenta 0016020 cellular component membrane 0.000148
pink 0033176 cellular component proton-transporting V-type ATPase complex 0.000155
pink 0033177 cellular component proton-transporting two-sector ATPase complex... 0.000155
pink 0045202 cellular component synapse 0.000192
red 0030017 cellular component sarcomere 0.000197
brown 0005739 cellular component  mitochondrion 0.000200

Figure 4.16: This is a table of the top thirty Gene Ontology term enrichments across
the 11 gene co-expression modules obtained using WGCNA, ranked according to
p-values I calculated with Fisher’s exact test. Only the top two terms pass the 1.6 x
107% p-value threshold ascertained by Bonferroni-correcting for 31408 hypothesis
tests. Any GO terms that passed a more liberal threshold of p < .001 are provided in
Appendix F, where they are sorted by module name for convenience.

In each directed acyclic graph, yellow nodes (boxes) indicate GO terms that are
significantly enriched in a given module at a p-value threshold of .001. The darker
the yellow, the lower the p-value. White nodes contain insignificant GO terms that
link the significant ones to the highest-ranked GO terms in a given graph, which
is always either “cellular component”, “biological process” or “molecular function”.
Edges (arrows) are directed toward hierarchically lower GO terms. Red edges con-
nect significant nodes, hatched black edges connect insignificant nodes, and solid

black edges connect significant nodes to insignificant ones.

Within each node, there are several statistics. All nodes display the GO term and
its reference number. Significant nodes also display details of Fisher’s exact test for
a given GO term and module. For example, Figure 4.22 illustrates one significant
node, the only molecular function GO term for the yellow module with p < .001.
The “nucleic acid binding” term (reference GO:0003676) was associated with 61 of
the 243 probes in the yellow module and with 983 of the 6527 probes in the whole
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data set. Fisher’s exact test indicates that, given this rate of occurrence of “nucleic
acid binding” in the whole data set, the GO term is significantly enriched in the
yellow module, p = 4.47 x 107°. These figures are displayed in each significant node
in the following format: “61/243 | 983/6527 (4.47e-5)".

The p-value threshold for displaying results was .001. One hundred and one
GO term-module pairs surpassed this threshold. With a total of 31408 GO enrich-
ment tests carried out across the eleven modules, a .05 significance threshold is
Bonferroni-corrected to a very low 1.6 x 107%. Only two terms surpass this strict
threshold: “mitochondrial membrane part” for the brown module (p = 7 x 1077)

and “myelin sheath” (p = 1 x 107%) for the magneta module.

4.3.3 Module QTL mapping

I used Bagphenotype to map QTL for the eleven hippocampus gene co-expression
network modules. I set Bagphenotype to carry out 100 resampled scans (each using
data from 80% of the animals) per module. The number of resampled scans that a
given QTL is included in is referred to as an RMIP. According to simulations (Valdar
etal., 2006b), using an RMIP threshold of .25 (i.e., the QTL was included in at least 25
of 100 resamples) we should expect one false positive QTL for every four phenotypes
mapped. Two QTL (for blue, with RMIP = .57; yellow with RMIP = .32) were above
this threshold and one was a close call (black with RMIP = .24). The significant QTL
are shown above the RMIP = .25 threshold in the histogram at Figure 4.27, whilst all
QTL with .01 < RMIP < .24 are shown below it. Specifics of the significant QTL (and

the close call), including genomic location, are provided in the table at Figure 4.28.

4.3.4 Network module relationship to phenotypes

Figure 4.29 uses a heat map to illustrate the correlations between hippocampus
gene expression modules and the hippocampus-relevant HS mouse phenotypes. As
summarised in the table in Figure 4.30, ten of these correlations had a p-value be-
low .05. Adjusting for 160 comparisons by Bonferroni correction to a threshold of

.0003, none of these correlations is significant.
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Figure 4.18: Cellular component GO terms associated with the magenta module

4.3.5 Markers for nervous system cells in network modules

I looked for enrichment of particular cell types — astrocytes, oligodendrocytes
and neurons — within the hippocampus modules by cross-referencing the genetic
markers for these cells provided by Oldham and colleagues (2008) with the genes
mapped to by probes within the modules. Figure 4.31 is a table of the marker genes
listed by Oldham and coworkers, with any probes that map uniquely to those genes,
and the module that the probe was assigned to. The magenta module is enriched for
oligodendrocyte-associated probes, p = 1.0 x 1073 according to Fisher’s exact test.

None of the other cell types were enriched in any of the modules. The next strongest
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Figure 4.19: Molecular function GO terms associated with the magenta module
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Figure 4.20: Biological process GO terms associated with the magenta module

pairing was the turquoise module with neuron-associated probes with p = .35.

4.4 DISCUSSION

Using gene expression data from the hippocampus, I sought to identify modules
of co-expressed genes and to characterise these with respect to fear-related be-
haviours. Unlike in the previous section (§3.5), sex surprisingly appears to have
little relevance to the hippocampus data. Sex was not related to the top principal
components of the hippocampus data as it was for liver (§2.6.8), gene co-expression
module membership was nearly the same whether data from both sexes or just one

were fit into networks (Figures 4.10 to 4.13), and single-sex modules were highly cor-
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Figure 4.21: Cellular component GO terms associated with the pink module
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Figure 4.23: Biological process GO terms associated with the purple module

related with their both-sexes-together equivalents (Figures 4.14 and 4.15). As such,
the present section of this thesis focuses only on data comprising both sexes simul-

taneously.

Two of the eleven modules of co-expressed hippocampus genes (Figure 4.7)
were enriched in particularly interesting ways — the magenta module and the pink
module. The magenta module was very significantly enriched for genes whose ex-
pression are markers of oligodendrocytes (§4.3.5), which are cells of the central
nervous system that facilitate rapid signal transmission through the axons of neu-

rons by providing them with myelin sheathes. Abnormalities in oligodendrocyte-
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Figure 4.25: Molecular function GO terms associated with the pink module
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Figure 4.26: Cellular component GO terms associated with the red module
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Figure 4.27: Histogram of the RMIP summary statistics resulting from QTL anal-
ysis with Bagphenotype. Any RMIP > 0, across all eleven hippocampus gene co-
expression modules, is included. The red line indicates my significance threshold
of RMIP = .25. Details of the two QTL above this threshold as well as the close call
(RMIP = .24) are provided in Figure 4.28.

phenotype SNP chr location (Mbp) RMIP % phenotypic variance explained
blue rs3719767 5 115.6 0.57 7.1
yellow rs13475735 1 15.0 0.32 6.5
black rs13484040 X 138.5 0.24 5.9

Figure 4.28: Across the eleven hippocampus gene co-expression modules, only two
QTL were identified above the .25 threshold and one, at RMIP = .24, was nearly sig-
nificant.
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Figure 4.29: Heat map of the correlation between behavioural phenotypes and hip-
pocampus gene expression modules. Cluster dendrograms respectively group the
most correlated phenotypes and module eigengenes together. More highly corre-
lated phenotypes and eigengenes are represented by warmer colours on the heat
map, with the strongest correlation between the brown eigengene and time in the
centre of the open field test, p = .0003. A table of all significant correlations is pro-

vided in Figure 4.30.
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phenotype module r t df p
Time in centre of OFT brown -0.15 -3.18 455 0.002
Burrowed pellet weight turquoise -0.12 -2.51 455 0.01
KI-67 antigen green 0.12 2.49 449 0.01
Burrowed pellet weight yellow -0.11 -2.43 455 0.02
Time in centre of OFT red -0.11 -2.41 455 0.02
Time in centre of OFT blue 0.10 2.2 455 0.03
Time in centre of OFT purple 0.10 219 455 0.03
KI-67 antigen black -0.10 -2.05 449 0.04
Total activity in OFT brown -0.10 -2.04 453 0.04
Burrowed pellet weight blue 0.10 2.04 455 0.04

Figure 4.30: This table provides details of the p < .05 correlations between be-
havioural phenotypes and module eigengenes provided in the heatmap in Figure
4.29. None of these correlations is significant after adjusting for multiple compar-

isons to a p-value threshold of .0003

Cell type Gene Probe Module
Slcla2 NA
Gfap NA
astrocyte Gjb6 scl45492.3 565-S blue
Fgfr3 scl014184.21_7-S turquoise
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Agp4  scl0011829.2 75-S  yellow
Gjc2 scl40171.3.1_197-S magenta
Sox10 NA
Mag scl31507.12.1_286-S magenta
. Mog scl0001753.1_34-S magenta
oligodendrocyte Mog scl017441.3_16-S magenta
Mbp scl51725.12_3-S magenta
Mbp scl0002236.1_9-S magenta
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Mbp  scl0002268.1 45-S  magenta
Nefm NA
Gabral scl40325.12_575-S turquoise
neuron Syt1l scl0020979.2_107-S turquoise
Syt1 scl37517.13_240-S blue
Slci12a5 scl19916.25_60-S turquoise

Figure 4.31: This table details the brain cell genetic markers identified by Old-
ham and colleagues (2008), any hippocampus gene expression probes that map to
those genes, and the modules that the probes were assigned to. “NA” in the probe
name column indicates that no probes for that gene were included for analysis with

WGCNA.
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allocated myelin sheathes have been found in a range of psychiatric disorders in-
cluding schizophrenia, bipolar disorder (Roy et al., 2007), and — critical to fear-
related behaviours — anxiety and depression (Hamidi et al., 2004). Rather relevant
here is that the second most significant GO term enrichment across all modules was
the “myelin sheath” term in the magenta module (p = 1 x 10~5; Figure 4.16), one of
only two terms still significant after correcting for multiple comparisons. A num-
ber of other axon- and myelin-affiliated GO terms populate the list of top GO terms,
including the third through sixth, and the eighth and ninth (none with p >4 x 107°).

The pink module, meanwhile, was found to be enriched for a number of
neurotransmission-related GO terms itself (Figure 4.21), including “dendritic spine”
(p =.0006), “axon part” (p =.0009), and “synaptic vesicle” (p =.0001). Synaptic vesi-
cles store neurotransmitters and then release them from the axon into the synapses
between neurons to transmit a signal between brain cells. Dendritic spines are pro-
jections on the other side of the synapse, i.e., on the neuron receiving the signal
being transmitted. Dendritic spines have been shown to vary in quantity and ap-
pearance in response to environmental changes. This plasticity may represent the
molecular bases of memory formation and learning, including fear conditioning
to cues and contexts that associated with an unpleasant stimulus like footshock.
A number of genes within the pink module are implicated in the molecular path-
ways that facilitate dendritic spine plasticity, including Ctnnd2, Netol, Map1b, Dig4,
Ppplca, Gabbrl and Snap91 (Tolias et al., 2011).

Unfortunately, despite their enrichments, neither the pink nor magenta mod-
ule was correlated with any fear-related phenotypes. Indeed, as shown in the heat
map in Figure 4.29, the pink and magenta modules display some of the poorest cor-
relations with phenotypes. Only ten module-phenotype pairs were correlated with
p < .05. None of the correlations had a p below the Bonferroni-corrected value of
.0003, with the lowest — the correlation between the brown module and time spent
in the centre of the open field test — having a p of .002. These are not impressive
results as with the 160 tests I carried out, nearly nine p-values below .05 would be
expected by chance: .05 x 160 = 8.8. Park and colleagues’ (2011) finding of corre-
lations between two hippocampus module eigengenes and conditioned fear to a
context, introduced in §4.1, would however not have been significant either (at p =
.005 and .002) had they adjusted for multiple comparisons: Having carried out sixty

correlations, their Bonferroni-corrected threshold would have been .0008.
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Time spent in the centre of the open field test was correlated with a dispropor-
tionate number of the ten module-phenotype pairs with p < .05: four of them (Fig-
ure 4.29). Its correlation with the brown module is noteworthy because the GO term
with the lowest p-value was “mitochondrial membrane part” with the brown mod-
ule, though the implications of this association are not obvious. The “burrowed
pellet weight” phenotype accounted for a further four of the ten module-phenotype
pairs with p <.05. These modules — black, green, turquoise, and yellow — are note-
worthy for their lack of enrichment: None of these four modules was enriched for a
cell type and only one, yellow, had a single GO term enrichment, for “nucleic acid
binding” (Figure 4.22).

The yellow module was also able to be mapped to the genome with QTL on the
first chromosome at 15 Mbp. Unfortunately, just as they did not correlate with any
phenotypes so too were no QTL mapped for the magenta or pink modules. Although
only three QTL were identified across eleven modules (Figure 4.28), an impressive
percentage of phenotypic variance was explained by those QTL: six to seven percent.
This high proportion of variance explained is particularly surprising given that we
would expect nearly three false QTL (2.75 to be specific) across 11 genome wide
scans at the RMIP threshold I selected. I did not include these results in this thesis,
but these hippocampus module QTL mapping results look especially poor adjacent
to results from other tissues: I found, for example, 17 QTL across 15 lung gene co-

expression modules.

Part of the problem in identifying both QTL and correlations with phenotypes
is that the first eigengene might not be the best representative of a given module. I
could have gone beyond the first eigengene of each module and sought correlations
with behavioural phenotypes and mapped QTL with slightly-lower ranked eigen-

genes too.

There are also many other resources out there for me to have used to attempt
to identify cell type enrichments in modules, such as the brain cell type-specific
transcriptome databases prepared by Okaty and colleagues (2011) and by Cahoy
and coworkers (2008). Finally, it would be interesting to map eQTL using my pre-
processing of the hippocampus gene expression data and compare these with the
published eQTL (Huang et al., 2009) that used a preprocessing methodology that
appears to have removed a substantial amount of biological signal relative to mine
(see §2.6).
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HAPTER

CAUSAL PATHWAYS

Due to linkage disequilibrium, it is difficult to obtain high enough mapping resolution to
identify the individual gene within a quantitative trait locus that is responsible for pheno-
typic variation. One solution to this is to model the causal direction of elements within the
biological system, which in some instances can provide evidence that a particular gene is
causal for a trait. In this chapter, I introduce a novel statistical technique for causal mod-
elling and apply it to HS mouse data, including hippocampus gene expression levels, in an
effort to identify individual genes responsible for fear-related behaviours.

5.1 INTRODUCTION

Here, I discuss why causal pathway modelling can be a useful tool for identifying
the genes responsible for complex traits. I introduce the most popular method for
causal modelling in genetic systems and detail its key shortcomings. Following that,
I describe a novel causal modelling technique that accounts for some of these short-
comings, and I validate the method by applying it to data that include genes that are

known to be causal.
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5.1.1 The inference of causal pathways underlying complex traits

Linkage disequilibrium (LD), the tendency for genes next to each other to be passed
along to progeny without meiotic recombination occurring between them, means
that in the Oxford HS mice, resolution is insufficient to identify single genes respon-
sible for phenotypic variation. Eric Schadt and his colleagues (Schadt et al., 2005;
Chen et al., 2008) provided experimental evidence suggesting that the inclusion of
gene expression data in a genetic mapping experiment can be used to solve this
problem and identify the causal gene (or, much less likely, genes) within a QTL. Al-
though Schadt and coworkers’ technique, “likelihood-based causality model selec-
tion” (LCMS), appeared at first glance to be a revolutionary tool for genome research
by facilitating data-driven discovery of candidate causal genes for complex traits, it
has several critical flaws: (1) not modelling jointly the relationship of genetic mark-
ers nor gene expression levels with the complex trait, leading to wildly arbitrary re-
sults (exemplified by Figure 5.1); (2) not allowing for unobserved confounding vari-
ables; and (3) only allowing for three relationships between genes, transcripts and
the complex trait (detailed in Figure 5.2), when many more such relationships are

possible, as illustrated later in Figure 5.3.

Schadt and colleagues “validated” LCMS by publishing findings that their com-
plex trait of interest, an obesity-related phenotype, was significantly impacted by
genetic modification of three LCMS-identified candidate causal genes for the phe-
notype. However, the authors provide no explanation for why these particular three
genes, from a field of 90 candidates, were selected for validation. Indeed, only one
of the three was in the top ten candidates when they are sorted by the percentage
of phenotypic variance that is “causally explained” by LCMS, so it is appears possi-
ble that these three results may have been focused upon after looking for and not
finding a significant impact of genetic modification across more than three of the 90
genes. In this chapter, I introduce a novel machine learning-based computational
technique called SParse Instrumental Variable analysis (SPIV) that accounts for the
shortcomings of LCMS while seeking reliable identification of candidate genes for
complex traits via the exploitation of genetic variant and gene expression data. I
will describe how I validated the method by applying it to two known causal gene
networks, and subsequently apply the method to the study of anxiety-related traits
in HS mice (§2.1).
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Figure 5.1: This figure, as published in a paper I contributed to (Agakov et al., 2011),
illustrates the occasional arbitrariness of causal inference using LCMS (Schadt et al.,
2005). While holding the choice of RNA transcript (x) and phenotype (y) constant,
but varying the SNP used as the “instrumental variable” (g) to infer causality be-
tween x and y, estimates of whether x induces change in y (the “causal model”,
see Figure 5.2) or vice versa (the “reverse model”) can swing considerably. The
histogram shows the distribution of ((AIC score for the causal model) - (AIC score
for the reverse model)). Though frequently ambiguous (difference ~0), in some in-
stances the causal (difference is negative) or reverse (difference is positive) model
are preferred depending on the choice of g;. In this particular example, x is expres-
sion of the gene Cyp27b1 in the livers of heterogeneous stock mice (n = 273) and y
is serum high-density lipoprotein levels. g was restricted to SNPs that significantly
predict y.
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gi (z;) D) (i)

Figure 5.2: The three causal models considered by LCMS (Schadt et al., 2005). (i) is
the “causal” model, (ii) is the “reverse” model, and (iii) is the “independent” model.
gi is a SNP being used as an instrumental variable (Angrist et al., 1996; Gelman and
Hill, 2007), x; is the expression level of a gene, and y is a phenotype of interest.

5.1.2 Nineteen causal relationships

While LCMS only considers three relationships between genetic markers (g), gene
expression levels (x), and phenotypes (y; see Figure 5.2), SPIV considers nineteen.
These models are listed in Figure 5.3 and broadly use the same nomenclature as
LCMS: “causal” models involve gene expression influencing a phenotype (x — ),
and “reverse” models involve phenotypic variance influencing the expression of a
gene (y — x). To understand what is being modelled in each of the 19 models, one
can refer to the “Conditional relationships” column of Figure 5.3. For example, in
the first model, the “full causal”, the probability (p) of x is conditional upon both g
and z, while the probability of y is conditional upon x, z and g. In other words, the
“full causal” model involves genetic markers (g) and latent confounders (z) causing
variation in gene expression (x), while simultaneously involving genetic markers
(g), latent confounders (z) and gene expression (x) causing phenotypic (y) varia-

tion.

I am most interested in identifying circumstances where the data best fit a
“causal” model because it is in these situations that I am most likely to find a specific
gene that causes variation in a phenotype. The identification of such quantitative
trait genes (QTGs) is the purpose of many genetic studies, but observational studies
like GWAS rarely have sufficient resolution to pinpoint a single gene, while experi-

mental studies like gene knock-out are laborious, expensive and examine just one
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Model name Conditional relationships
1 Full causal model p(x19,2)p(y|x,2,9)
2 Full reverse model p(y19,2)p(xly,z,9)
3 Causal model with no pleiotropy g->y p(x19,z)p(y|x,z)
4 Reverse model with no pleiotropy g->x p(ylg,2)p(xly,z)
5 Causal model with no instruments g->x p(x|z)p(y|x,z,9)
6 Reverse model with no instruments g->y p(y|z)p(xly,z,g)
7  Model with no causal link x->y p(xl9,2)p(y1g,z)
8 Model with no causal link x->y and no pleiotropy g->y p(xlg,z)p(y|z)
9 Model with no causal link x->y and no instruments g->x p(ylg,z)p(x|z)
10 Decoupled model p(ylg)p(x)
11 Causal model with no z p(x1g)p(y|x,g)
12 Reverse model with no z p(ylg)p(xly.g)
13 Causal model with no pleiotropy g->y and no z p(x1g)p(y|x)
14 Reverse model with no pleiotropy g->x and no z p(ylg)p(xly)
15 Causal model with no instruments g->x and no z p(x)p(ylx,g)
16 Reverse model with no instruments g->y and no z p(y)p(xly,qg)
17 Model with no causal link x->y and no z p(xlg)p(ylg)
18 Model with no causal link x->y, no pleiotropy g->y, and no z p(x|g)p(y)
19 Model with no causal link g->x, no instruments g->x, and no z p(ylg)p(x)

Figure 5.3: This is a list of the 19 models of causal relationships considered by SPIV.
g denotes genetic markers, x the expression of a gene, y a phenotype, and z latent
confounders. §5.1.2 provides a description of the nomenclature and conditional
probabilities.

gene at a time.

5.1.3 Applying SPIV to known causal systems

To validate SPIV, I aimed to analyse genes that are strongly supported as causal
for particular phenotypes. The two genes I focused on were Apoa2 and H2-Ea,
for which there is strong evidence that they are causal for high-density lipoprotein
cholesterol levels and an immune system phenotype called CD4:CD8 ratio, respec-

tively.

5.1.3.1 ApoaZ2and HDL cholesterol

The mouse gene Apoa2, is located on chromosome one at 173.16 Mbp and codes
for the apolipoprotein A-II protein, the second most common protein in the high-
density lipoprotein (HDL) particles that enable the transport of cholesterol and
other lipids through blood. Low levels of HDL cholesterol are associated with heart
disease (Toth, 2005) and variation in these levels have been shown in countless
genetic studies to be in part determined by Apoa2 in mice (e.g., Doolittle et al.,
1990; Hedrick et al., 1993; Weng and Breslow, 1996; Dansky et al., 2002) and by
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the orthologous gene APOAZ2 in humans (e.g., Scott et al., 1985; Bu et al., 1994;
Brousseau et al., 2002). In the HS mice, ApoaZ is included within a main effect QTL
for HDL cholesterol on chromosome one that stretches from 171 to 174 Mbp with
the highest-possible summary statistic (RMIP = 1.0, as in §3.3.1) when carrying out
whole-genome mapping with the Bagphenotype multiple QTL modelling technique
(Valdar et al., 2006b).

Since the liver synthesises cholesterol, which is then packaged into lipopro-
teins like HDL for transport throughout the body, I looked at whether expression of
Apoa?2 in the liver would be identified by SPIV to appear to cause variation in blood
plasma HDL cholesterol levels. With the Illumina platform that was used to anal-
yse gene expression of the HS mice, I had two probes for Apoa2 expression to work
with. One of these, scl011807.2_4-S, was not correlated with HDL cholesterol nor
with HDL cholesterol QTL, so I performed SPIV causal analysis with the alternative,
scl000890.1_7-S, only. Looking at mutual information (MI), a probability theory-
based measure of the relatedness of two random variables, this latter probe was the
sixth-best predictor of HDL cholesterol in the Oxford HS mice while the former was
the 16,885th.

As will be elaborated upon in §5.2.4, I carry out SPIV causal modelling six times
for each probe-phenotype relationship I examine. This allows me to vary the prior
for the latent confounder variables, i.e., my prior belief on how important the latent
confounders are in a given model. Since the latent confounders are unknown, it’s
difficult to make a judgement on how strong their priors should be assumed to be.
To circumvent this problem, I use a broad range of priors for the latent confounders
from strong (1) through a variety of intermediates (.5, .1, .05, .01) to weak (.0001),

and then see how well the models fit across all six circumstances.

To summarise the results from each of these runs, I use the statistic
max(ML¢gysaq1)-max(MLyher), which will also be elaborated upon in §5.2.4. The
more positive the statistic is, the more support there is for the probe in the model
causing variation in the phenotype. As summarised in Figure 5.4, a “causal” model,
with Apoa2 expression appearing to influence variance in HDL cholesterol levels, is
supported across all confounder priors except where the confounders are strongest
(i.e., = 1). Indeed, across three confounder priors (.5, .1, .05), the “causal” model
is particularly well-supported with max(ML.q,547)-max(M Lyper) > 8 in all three.

Based on the extensive experimental evidence suggesting Apoa2 is a causal gene for
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Biochem.HDL: Support for causality
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Figure 5.4: The “causal” model, where Apoa2 expression appears to influence
HDL cholesterol levels, is better supported than alternatives, as demonstrated by
max(ML¢gysa1)-max(MLgper) > 0 across five of the six priors for latent confound-
ing variables. See §5.2.4 for explanations of the max(M L;,541)-max(M Ly sper) SUM-
mary statistic and the use of a range of latent confounder priors.

HDL cholesterol levels, these causality modelling results are largely reassuring.

For this Apoa2 exemplar as well as the H2-Ea one described next, I followed
the same methodological protocol for causality analysis as I detail later regarding
anxiety-related phenotypes in §5.2.4. Figure 5.5 provides an example of the sum-
mary statistics that can be provided by using SPIV to model several tiers of biological

network information.

5.1.3.2 H2-Eaand CD4:CD8 ratio

T-lymphocytes are a prominent class of white blood cells. Within this class, cells

can be categorised by the “cluster of differentiation” (CD) co-receptors they have on
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Figure 5.5: The top-left plot illustrates a genome-wide scan, carried out using SPIV,
for Mutual Information (MI) between genetic markers and blood borne levels of
high density lipoprotein (HDL) cholesterol. There is a particularly strong associa-
tion on the first chromosome around 173 Mb. This peak, along with the others in
the scan, corresponds with QTLs previously identified using the same data (Valdar
etal., 2006b) and is known to include at least one gene, ApoaZ2, whose protein prod-
uct affects HDL levels (Zhong et al., 1994).

The top-right plot illustrates the relative strength and direction of the relationship
(Oprap) between HDL levels and a number of variables, including (from the top
of the y-axis): latent variables, gender, the genetic markers (sorted by physical lo-
cation) with the strongest association with HDL, and the RNA transcripts (sorted
by the physical location they were transcribed from) with the strongest association
with HDL. Other than gender, the variables best associated with HDL levels (calcu-
lated by dividing each variable’s mean ©,;4p by its standard error) include a genetic
marker on the sex chromosome, several markers near 173 Mb on chromosome one,
and a transcript that maps to the gene Cyp27b1.

The bottom plots compare the relative strengths of association between tran-
script abundance and HDL levels using Pearson correlation (bottom-left) and SPIV
(bottom-right). While the former take into account only the relationship between
transcript levels and HDL, SPIV (as illustrated in Figure 5.3) also considers associ-
ations with latent variables, associations between genetic markers and HDL (i.e.,
pleiotropy), and dependencies between genetic markers. When all of these addi-
tional associations are taken into account, the relative importance of the left-hand,
dark blue transcripts — all of which map to genes near 173 Mb on chromosome
one, and including one transcribed from Apoa2 — becomes clear. In both plots, the
transcripts are sorted by the physical location they map to on the genome.
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their surface, and these categorisations can have functional relevance. For example,
T-lymphocytes that express both CD3 and CD4 co-receptors are by-and-large ma-
ture “T helper cells” that encourage immune function, while those with both CD3
and CD8 are a type of “regulatory T cell” that suppress immune function. A com-
mon test of immune system function is to examine the proportion of T helper cells
relative to regulatory T cells. Because of the CD co-receptors that are mutually ex-
clusive to these CD3-expressing T-lymphocytes, this proportion is usually referred
to as CD4:CD8 ratio. CD4:CD8 ratio is a general indicator of immune system activa-
tion, but substantial divergence from normal can be indicative of immune disorders

such as HIV infection.

The H2-Ea gene is found at 34.48 Mbp on chromosome 17 of the mouse genome
and is contained within the very strong (RMIP = 1.0, as in §3.3.1) QTL for CD4:CD8
ratio that extends from 34.42 to 34.52 Mbp (Valdar et al., 2006b). H2-Ea codes for
one of two protein complexes that regulate CD4-positive cell selection (i.e., release
from the thymus, where these cells mature) and subsequent survival. Recently, Yal-
cin et al. (2010) employed commercially available outbred mice to determine that a
650 bp deletion within the H2-Ea promoter region significantly attenuates CD4:CD8
ratio. They went on to show that normal CD4:CD8 ratios are recovered in mice pos-
sessing the deletion when a relevant transgene (Ea16) is introduced. Thus, it ap-
pears that H2-Ea variation is causal for CD4:CD8 ratio.

Of the three tissues I had Oxford HS mouse gene expression data from (i.e.,
liver, lung, hippocampus), lung was the most appropriate to analyse with respect
to CD4:CD8 ratio because of the abundance of T-cells found there. Only one Illu-
mina probe for H2-Ea expression was available: scl50025.7.1_85-S.

As expected, and as with the Apoa2/HDL exemplar, SPIV causality modelling
suggests that the “causal” model is the best fit, i.e., that across the range of six latent
confounder priors, H2-Ea expression appears to influence CD4:CD8 ratio. Figure
5.6 illustrates how the “causal” model is favoured most when the impact of the latent

confounders on the system is assumed to be small (i.e., the prior =.0001).
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Imm.CD4CDB8Ratio: Support for causality
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Figure 5.6: The “causal” model, where HZ2-Ea expression appears to influ-
ence CD4:CD8 ratio, is better supported than alternatives, as demonstrated by
max(ML;gysqr)-max(MLgsrer) > 0 across all prior settings for latent confounding
variables. The “causal” model is particularly well-supported when we assume that
the effect of latent confounding variables on the system is very small (i.e., prior =
.0001). See §5.2.4 for explanations of the max(M L.,y sq1)-max(MLgiper) SUMmary
statistic and the use of a range of latent confounder priors.
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5.2 METHOD

SParse Instrumental Variable analysis (SPIV), as introduced in §5.1.1, is a novel com-
putational tool coded in MATLAB (2010) that is useful for greatly reducing the di-
mensionality of massive data sets consisting of genetic variants, biomarkers (e.g.,
gene expression levels) and phenotypes, and subsequently calculating the strongest
associations between the elements that make up the streamlined data — in some
cases even allowing for the identification of the probable causal direction of the re-
lationship between a biomarker and a phenotype. The first step, reduction of the
data set, could be considered distinct from SPIV and called the “feature selection”
phase (§5.2.1). The second step, in which associations are formally identified by
Bayesian linear modelling, is SPIV proper (§5.2.2). I will briefly describe these two
phases here, but a comprehensive methodology has been published in two articles,
on both of which I was a co-author (Agakov et al., 2010, 2011).

Felix Agakov was the lead on coding SPIV and developing the machine learn-
ing theory behind it; he was assisted in those respects by Marco Colombo and we
received much guidance from Paul McKeigue and Amos Storkey. All four of these
collaborators were based at the University of Edinburgh. I worked extensively with
them in Scotland to tailor SPIV to HS mouse-derived genetic, gene expression, and
phenotypic data — the first major application of SPIV. I employed SPIV myself to
perform the data analysis presented in this chapter.

5.2.1 Feature selection

The 12113 hippocampus transcript probes (as preprocessed in §2.6) and 13k ge-
netic markers per animal (i, = 386.5+95.9, range = 113 to 457, as detailed in Figure
2.1) I sought to analyse for relationships between each other and any given anxiety-
related phenotype produced a massive data set that would have been several orders
of magnitude beyond computational tractability for SPIV proper. Thus, a combi-
nation of seven feature selection methods (several filters described in §2.6.4; step-
wise regression; approximation of mutual information with the phenotype; “lasso”
shrinkage; “elastic net” shrinkage) was applied to drastically reduce the data set’s
dimensionality from >10° features to approximately fifty transcript probes and sixty

sets of eight-dimensional genetic markers. As with the Bagphenotype-based analy-
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ses in §3.3.1, HAPPY (Mott et al., 2000) was employed to derive eight founder prob-
abilities across inter-SNP intervals. Key environmental covariates, such as season,
experimenter and apparatus, were also included as predictors where relevant; see
Appendix A. Together, these key environmental covariates, ~60 genetic markers, and
~50 hippocampus gene expression probes constituted the set of features that could
be considered as biological and environmental factors related to a given phenotype.
Essentially, the purpose of the feature selection phase was to include in the pre-
dictive modelling as many relevant factors as possible. Per phenotype, there was
a mean of 46.1 (+4.6) gene expression probes and 59.3 (+0.9) genetic markers re-
tained from the feature selection phase for further analysis with SPIV (detailed in

Figure 5.8).

As illustrated by Figure 5.7, I configured to SPIV to model a complex web of de-
pendencies between genotypes, biomarkers and phenotypes while leaving oppor-
tunities for the influence of unobserved confounding variables and measurement
error. For relative simplicity, some assumptions were made about the dependen-
cies, e.g., that the impact of genetic variance upon biomarkers was not confounded.
The model was penalised by marginal likelihood for including more parameters
than necessary to explain the data. All of the parameters in the model were specified
as random variables with priors, and further sparseness was encouraged by select-
ing priors (a product of zero-mean Laplace and zero-mean normal distributions;
see Equation 2 in Agakov et al., 2011) that tend to shrink toward zero. The lengthy
tails of the Laplacian distributions nevertheless allow for strong associations where

they are merited by the data.

Using these priors, continuous optimisation with an expectation-maximisation
algorithm (Chen et al.,, 2008) based on “automatic relevance determination”
(MacKay, 1992) and “adaptive shrinkage” (Zou and Hastie, 2005), was iteratively able
to reduce the number of links between data and fit Gaussian linear regression mod-
els where the phenotype was predicted by genetic variance, biomarker levels and
latent variables (see Equation 1 of Agakov et al., 2011). The key posterior represent-
ing strength of associations that was output by this optimisation was the maximum
a posteriori weight, ®s4p (Tibshirani, 1996). In the next section (§5.2.2), I expand a

bit upon O 4p estimation using expectation maximisation.
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Figure 5.7: Schematic of dependencies between biological data as modelled by SPIV.
This graphical representation of a contrived biological network, originally from a
publication I co-authored (Agakov et al., 2010), shows possible relationships be-
tween genotypes, biomarkers (e.g., gene expression), and phenotypes while illus-
trating the influence of unobserved confounding variables and measurement noise.
Genetic markers in LD are grouped together, an aspect of SPIV’s modelling encour-
aged by the priors used. Dashed lines exemplify weak associations that would likely
be pruned away by SPIV’s sparseness-inducing priors. Observations are symbolised
by green while the true state of nature is shown in white; SPIV models the error as-
sociated with measurement.

5.2.2 Joint modelling of retained features using EM

To examine the joint influence of the retained probes and genetic markers (Figure
5.8) on the phenotypes they are associated with, they were passed along into SPIV’s
Expectation-Maximisation (EM) algorithm. EM is a Bayesian statistical technique
that iteratively progresses from initialisation with non-informative priors through
to optimum model convergence. For each phenotype, the EM algorithm was run 50
times, with a different random starting point for several parameters at the initiation
of each run, allowing model fits from a rich variety of perspectives (many starting
points are required because otherwise the algorithm could repeatedly find the same
local maxima in the model space and these local maxima may not represent the
overall best model parameters). Each of the 50 runs consisted of 25 iterations. On

each consecutive iteration within a run, the EM procedure adjusted model param-

Genes Contributing to Variation in Fear-Related Behaviour 134



Jon Krohn 5.2. Method

# of RNA # of genetic

probes markers

Phenotype retained retained
Adrenal Gland Weight 38 60
Burrowed Pellet Weight 51 59
Freeze Time to Fear-Associated Context 45 60
Boli Produced after Fear-Associated Cue 50 60
Freeze Time to Fear-Associated Cue 48 60
Freeze Time after Fear-Associated Cue 40 59
Distance Travelled in EPM Closed Arm 47 58
Distance Travelled in EPM Open Arm 42 60
Faecal Corticosterone 48 60
Startle Response 42 58
KI-67 Antigen 47 59
Boli Produced in Open Field Test 41 60
Time Spent in Centre of Open Field Test 56 58
Total Activity in Open Field Test 46 60
Total Ambulation in New Home Cage 48 60
Corticosterone Levels after Fear-Associated Cue 48 58

Figure 5.8: For each of the 16 HS mouse behavioural phenotypes examined, these
are the number of features — both RNA gene expression probes and genetic markers
— that were retained following the SPIV feature selection phase. The features were
subsequently fed into SPIV’s Expectation-Maximisation algorithm to model their
joint influence upon whichever phenotype they were associated with.

eters in an attempt to improve the model fit. One way to assess how well the model
fits the data is to compute the log likelihood, with higher values indicating better
model fit. Figure 5.9 illustrates the improvement in model fit over the 25 iterations
of a typical run of EM.

The relationship of a given phenotype to these probes, as well as to genetic
markers and unmeasured latent variables, were simultaneously modelled so the re-
lationship of a single probe to a phenotype might be dramatically different than if
that relationship were examined in isolation. I configured SPIV so that five latent
variables were included in the initial model of each phenotype. Including more
latent variables than this was unnecessary because the fifth was nearly always re-

moved from the model by EM, i.e., its ®;4p was iteratively reduced to zero.

EM algorithms that estimate © ;4 p are useful for modelling data, like those from
the HS mice, which contain variables that are known to have measurement error
(e.g., gene expression and phenotype measures) as well as unmeasured confound-

ing variables (any of the myriad biological and environmental factors for which data
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were not collected but could nevertheless be highly relevant to the phenotype of
interest). In particular, EM is useful for our purposes because it enables us to esti-
mate approximate model fits: Due to the relatively complex, sparseness-inducing
priors being fed into the model and the large number of model parameters, an ex-
act solution would be computationally intractable. During each iteration of the EM,
there are two steps: E (expectation) and M (maximisation). In the E step, the cur-
rent (i) model parameters (®s4p) are used to estimate the log likelihood function’s
expected value. In the M step, the O,;4p parameters of the next (i + 1) iteration are

determined based on the log likelihood estimate.

5.2.3 Global model parameters

SPIV has two global parameters that specify general attributes of the model across
all factors included in the model. The first, y,, specifies the sparseness of the model,
i.e., how many features we would like to include in the end model following each run
of EM. More specifically, with y;, we are indicating how many features should have

non-zero ®p;4p posteriors. I set y; = 20.

The second global parameter, y», specifies whether features can be grouped to-
gether (i.e., y2 > 0) and, if they can, how many features can be included in one group
(Zou and Hastie, 2005). Thus, the higher vy, the larger the groups of highly corre-
lated features modelled by SPIV are permitted to be. These groupings are illustrated
by the g;, gj, and g hatched ovals around genotype nodes in Figure 5.7. Prior to
running the EM algorithm to identify Bayesian models that explain the phenotypes,
Y2, which was challenging to estimate a priori, needed to be optimised. Early trials
of the EM algorithm suggested that varying y» can substantially impact the quality
of the EM model fitting and that the optimum y; can vary phenotype-to-phenotype.

To estimate the optimum Y, value for each phenotype, I used a technique called
k-fold cross-validation (the reader may recall that in §3.4.4, cross-validation was
also employed to assess the proportion of variance accounted for by gene-by-sex
interactions). For a given phenotype, the data were segmented at random into three
equally-sized groups (i.e., k = 3), each containing a third of the mice and their asso-
ciated measurements. Using two of these segments (comprising two-thirds of the
data), 50 EM runs of 25 iterations each (just as in §5.2.2 immediately above) were

carried out for each of four y, values (these y» values were selected to cover a broad
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Figure 5.9: This is a plot of log likelihoods (which summarise how well a Bayesian
model fits the data at hand) over 25 iterations of the EM algorithm for a typical run
of EM. Similar convergence was observed for all of the runs, but these particular
data come from a run using adrenal gland weight as the phenotype. Fifty EM runs
were carried out for each of the 16 phenotypes examined. The initial log likelihood
(i.e., at iteration 0) is relatively low because several model parameters had random
starting points. Each iteration, as the EM algorithm attempts to improve the model
fit by adjusting model parameters, the log likelihood converges upon a higher value
(indicating the model more suitably fits the data) well before the final, 25th iteration.
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range: 1, 5, 10 and 20). The ©;4p distributions estimated via this EM model fitting
were then used to fit the final third of the data, and the quality of the model fit was
tested by calculating its log likelihood. To treat all of the data equally, the entire k-
fold cross-validation procedure was repeated three times such that each third of the

data has an opportunity to be used as the test data.

Carrying out cross-validation was computationally expensive. For each phe-
notype, cross-validation required over 100 hours of time on a dedicated process-
ing core of the Oxford Supercomputing Centre’s newest cluster, “SAL’, which has

2.53GHz Quad Core Nehalem processors, each with 3 GB of memory.

From the y; values that were tested (1, 5, 10, 20), cross-validation indicated that
for most of the 16 phenotypes (listed in Figure 5.8), the optimum 7y, is 1. The four
exceptions were freeze time to fear-associated cue, distance travelled in the closed
arm of the elevated plus maze, boli produced in the open field test, and time spent
in the centre of the open field test; for these four phenotypes, the optimum 7y, was
found to be 5.

From the dozens of hippocampus gene expression probes (Figure 5.8) jointly
modelled for relationships with phenotypes, Figure 5.10 lists the probes with the
strongest relationships (given as ®,;4p) to their respective phenotype. Appendix G
details all of the probes with ®;;4p = .001 (7 = 210 probes) while Figure 5.11 is a
histogram of the distribution of all these ©y;4p weights (ug = 12.7 +£2.2). All six-
teen phenotypes analysed with SPIV had probes associated with them with a ®z4p
above .001, except “corticosterone levels after fear-associated cue”. The highest-

weighted probe for that phenotype had a ©;4p of just 6 x 107°.

5.2.4 Modelling causal relationships with SPIV

The probes with the strongest relationships with phenotypes in the joint model were
used for the final stage of analysis with SPIV: modelling causal relationships. Us-
ing a probe ®y4p histogram (Figure 5.11), I decided that the strongest probes were
those with a ®74p =.01. One hundred and nine probes (< 190 probes listed in Ap-
pendix G = 58%) were above this threshold. Except for “corticosterone levels after
fear-associated cue”, all phenotypes are represented by at least two probes above
this threshold, with a mean of 7.3 (+3.2) probes per phenotype.
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Although SPIV models 19 possible relationships between genetic markers, con-
founders, the expression of a gene, and a phenotype (see Figure 5.3), in the inter-
est of finding genes whose expression cause phenotypic variation, I focused on five
models listed in Figure 5.3: (1) full causal, (2) full reverse, (7) no causal link x — y,
(11) causal with no confounders, and (12) reverse with no confounders. To review
briefly, the “causal” models involve the expression of a gene influencing phenotypic
variance (x — y), while the “reverse” models involve phenotype influencing gene
expression levels (y — x). In an effort to identify instances of the “causal” vari-
ety for a given pair of x and y, the “causal” model (i.e., (1) or (7)) with the high-
est marginal likelihood was compared with the non-“causal” model (i.e., (2), (11)
or (12)) with the highest marginal likelihood. The higher the difference between
these two marginal likelihoods (max(ML;gysq7)-max(MLyner)), the stronger the
data support that the expression of a given gene x is causing variation in a given
phenotype y. The convention max(M L.,ysqa1)-max(M Ly;per) functions as a useful
summary statistic throughout the reporting of SPIV results (§5.3) and the subse-

quent discussion (§5.4).

The remaining parameters that I specified for my runs of SPIV were: the noisi-
ness of the measurements of features in the model, and the possible ranges of the
starting points of the model parameters upon EM initialisation. Gene expression
probes (x) and phenotypic measures (y) were assumed to have a fixed noisiness of
5%. Deriving more specific estimates of the deviation between the real, underlying
value of these traits and the measured values of these traits proved challenging. By
fixing them at the low 5% value across all expression probes and phenotypes, the
influence of this noisiness parameter was minimal and uniform. Given the high ac-
curacy of the Illumina genotyping (99.98% according to Shifman et al., 2006), noisi-
ness for genetic markers (g) was set to zero. The random initialisations of the prior
distributions (§5.2.1) of g and x were limited to a range around zero (-0.3 to 0.3) with
a variance around one (0.8 to 1.2). Similarly, the range of the random initialisation

of the prior distribution of the latent confounding variables (z) was 0.8 to 1.2.

5.3 RESULTS

As explained in §5.1, SPIV is a novel machine learning technique for identifying as-

sociations between genetic markers, biomarkers (e.g., RNA transcripts), and phe-
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Phenotype Gene name Probe name Weight
Slc25a37 scl000296.1_62-S 0.056
) Lclatl GI_38083242-S 0.039
Adrenal Gland Weight Mtmr11 5cl0001985.1_48-S 0.039
R Phf20 scl20034.12.12_31-S  0.016
AK018435 GI_38080828-S 0.044
: Sf3b5 scl0066125.2_261-S 0.036
Burrowed Pellet Weight Dgki scl29141.35.1_23S 0.032
S tfng scl0016848.2_246-S 0.024
5930434B04Rik  scl0003131.1_3-S 0.025
) ’ Glt8d1 scl46500.10.1_48-S 0.011
Freeze Time to Fear-Associated Context psmds <cl0057296.1_256-5 0.009
] Frast 5c127563.74.239_16-S __ 0.004
AK033222 scl077994.4_29-S 0.092
) . Gcehfr scl0003189.1_25-S 0.055
Boli Produced after Fear-Associated Cue SIc35b3 <cl0003682.1_25-S 0.040
IR Sle35b3 scl44068.10_181-S 0.038
CLCN3 scl000703.1_52-S
: _ ’ Mrgprx1 GI_46430535-S
Freeze Time to Fear-Associated Cue Znhit6 5cl069746.7_1-5
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Fzd3  scl45417.7.1_19-S
Spag4 scl20038.8.1_ .
) . Uts2 scl0002834.1_11-S 0.018
Freeze Time after Fear-Associated Cue Calu <cl0001174.1_68-5 0.013
S AK052547 5cl19270.1.616_146-S  0.012
Renbp scl54150.7.1_69-S 0.076
. . Ube2t scl17444.7.1_197-S 0.051
Distance Travelled in EPM Closed Arm Sultzbi cl000224.1_0-S 0.042
] Fos scl42959.4 58-S 0.031
Tnrc6c scl40682.19_710-S 0.054
. ) TIk2 scl0001496.1_12-S 0.038
Distance Travelled in EPM Open Arm Slc27a2 5ci20335.12.1.10-S 0.033
M Abcc4 scl45160.32_ 9-S 0.032
Gpx7 scl24011.4.1_9-S 0.051
) 2610018G03Rik  scl54935.14.15_299-S 0.050
Faecal Corticosterone AK012573 scl0067192.1_182-5 0.019
I Osbple scl0099031.1 295-5 0.013
Itch scl016396.2_0-S 0.045
Startle Response Rprm scl19271.1.36_133-S 0.013
Ube4a scl35939.21_232-S 0.013
I AK032347 GI_38086173-S 0.011
AK006049 GI_20891894-S 0.047
) Zbtb2 GI_38088886-S 0.044
KI-67 Antigen Cdrt4 scl41438.2.1_10-S 0.026
s Cedc137 scl0067291.1_12-S 0.026
Tbcc scl50668.1.78_47-S 0.082
) . ; Gatad2b scl00229542.2_217-S 0.071
Boli Produced in Open Field Test Lxn <122088.5.1 88-S 0.070
R AKO34614 scl0170624.1 278-S 0.067
Pde4d scl0238871.11_15-S 0.047
. . : Tatdn2 GI_38084987-S 0.043
Time Spent in Centre of Open Field Test Kank4 Ci0242553.1_69-5 0.032
L AhiL scl39099.27_528-S 0.031
Rab5b scl37351.6_4-S 0.060
A X Trmt2a scl0001815.1.4-S 0.051
Total Activity in Open Field Test Olfr571 scl8889.1.1_230-S 0.049
Elmo1l scl0003672.1_54-S 0.041
AK018519 scl47627.1.1_171-S 0.046
L wdré67 scl0002526.1_32-S 0.031
Total Ambulation in New Home Cage 1117b scl45778.11.1135-S 0.028
SR, Ttc2la scl36345.29.1_111-S 0022
Adpgk scl36877.7.1_29-S 0.00006
Corticosterone Levels after Fear-Associated Dclrelb scl0140917.1_89-S 0.00004
Cue AK041356 scl00319906.1_32-S 0.00004
Frmd6 scl43138.14.1_290-S 0.00003

Figure 5.10: This table lists the four hippocampus RNA expression probes with the
strongest relationships (expressed as ©y;4p weights) for each of the phenotypes
analysed with SPIV. As described in §5.2.2, SPIV simultaneously models the rela-
tionship of dozens of probes and genetic markers on the phenotype so the strength
of a given probe’s relationship with the phenotype may be different than if studied
in isolation. The “gene name” column is the name of the gene whose hippocampus
expression is being assayed by a given probe.
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Figure 5.11: This is a histogram of the hippocampus gene expression probe Ous4p
weights across all 16 phenotypes analysed by SPIV. Probes with ©;4p = .001 were
included (n = 190). I decided to retain the strongest of these (@p;4p = .01; n = 109)
for causal modelling (§5.2.4). A red vertical line represents this threshold.
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notypes. Having established these links, SPIV is also capable of inferring the causal
direction of the relationship between an associated biomarker-phenotype pair, i.e.,
whether the biomarker influences the phenotype (“causal” model x — y) or vice

versa (“reverse” model y — x).

As a sanity check as to whether I broadly had SPIV operating sensibly, I ensured
across all 16 phenotypes that [ observed the cis-eQTL diagonal (as used in an earlier
chapter to assess the quality of gene expression data preprocessing; §2.16) and that
genetic markers with the highest ®,4p coincide with the strongest main effect QTL
identified by Bagphenotype (Valdar et al., 2006b).

The full results of SPIV’s causal modelling across the 109 top probes are provided
in Appendix H. Following the method detailed in §5.2.4, the results are shown as
the difference between “the marginal likelihood of the causal model with the high-
est marginal likelihood” and “the highest marginal likelihood of any other model”.

From here onward, this difference will be written as max(ML,ysq1)-max(MLyiher).

The mean (across all six confounder priors) of the max(M L. 4,541)-max(M Lo ther)
was not correlated with the ©,;4p of a probe’s relationship to its phenotype, p =
.04, § =206758, p = .66. I used non-parametric Spearman rank correlation because

neither distribution was approximately Gaussian.

Probes were flagged as having some support for causality if at any one of the
six confounder priors, max(M L.qysq7)-max(M Lysper) = 5. The 27 such probes with
support for causality (= 109 analysed probes = 25%) are listed in Figure 5.12 along
with max(ML;gysqa)-max(MLgyper) statistics. The distribution of the maximum

max(ML¢qysar)-max(MLgy:per) values for these 27 probes is shown in Figure 5.13.

Seventeen of the 27 “causal”-flagged probes (63%) had positive max(M L qysaq1)-
max(M Lyper) at all six latent confounder priors. Five of these (19%) had values
= 5 at all six priors: those ranked 2nd, 3rd, 5th, 6th and 15th in Figure 5.12 based
on their highest max(M L. 4y5q41)-max(M Lytper). The probes ranked 1st and 4th nar-
rowly missed inclusion in this list by each having a max(M L. gysq1)-max(M Loytper)
of less than five but greater than four at a single prior. The two highest-ranked
probes involve Psgl6 and AK051928 expression appearing to cause a decrease in
the number of boli produced in the open field test (Figure 5.14a & b). The third- and
sixth-ranked involve Ezr and Lfng appearing to cause a decrease in burrowed pellet

weight (Figure 5.14c & d). The fourth-ranked suggests Renbp causes an increase in

Genes Contributing to Variation in Fear-Related Behaviour

142



Jon Krohn 5.3. Results

max(ML ausar)-max(MLoener) at six different settings of
the confounder priors

Name of
gene

assayed
Phenotype by probe 1.0 0.5 0.1 0.05 0.01  0.0001 max
1 Boli Produced in Open Field Test Psg16 5.01 4.47 6.97 8.13 4.87 35.57 35.57
2 Boli Produced in Open Field Test AK051928 9.16 6.82 7.42 8.18 7.49 32.11 32.11
3 Burrowed Pellet Weight Ezr 5.29 7.59 5.71 7.86 6.08 30.60 30.60
4 Distance Travelled in EPM Closed Arm Renbp 4.11 7.48 7.38 8.15 8.74 30.46 30.46
5 Time Spent in Centre of Open Field Test Pde4d 5.36 10.25 9.44 9.63 10.33 27.46 27.46
6 Burrowed Pellet Weight Lfng 9.94 9.50 8.42 8.31 8.06 26.52 26.52
7 Boli Produced in Open Field Test I117rb 4.48 -0.30 1.83 4.90 2.85 21.64 21.64
8 Boli Produced in Open Field Test AK045440 7.63 3.90 5.69 6.30 6.72 21.33 21.33
9 Boli Produced after Fear-Associated Cue Slc25a37 5.31 -5.98 -0.75 -0.99 -0.16 15.66 15.66
10 Total Activity in Open Field Test Olfr571 1.01 3.28 4.03 3.97 4.74 15.21 15.21
11 Distance Travelled in EPM Open Arm Agfg2 5.40 3.35 0.36 0.99 1.43 14.81 14.81
12 Total Ambulation in New Home Cage Ttc21a -1.84  3.52 2.14 5.34 6.48 13.66 13.66
13 Total Activity in Open Field Test Trmt2a 2.88 -0.47 3.64 1.83 2.21 12.50 12.50
14 Faecal Corticosterone Osbpl6 11.87 8.24 8.75 9.57 10.74 -11.75 11.87
15 Freeze Time to Fear-Associated Cue Fzd3 7.08 9.52 11.81 9.21 10.79 5.34 11.81
16 Adrenal Gland Weight Gipcl 2.03 0.55 0.26 1.61 2.99 11.01 11.01
17 Freeze Time to Fear-Associated Cue Znhit6 7.60 1.79 3.33 3.60 0.79 10.15 10.15
18 Burrowed Pellet Weight Sf3b5 5.67 4.69 9.93 6.88 8.80 9.26 9.93
19 Boli Produced in Open Field Test Atp6v0Oal 4.21 1.26 2.25 0.92 5.73 9.76 9.76
20 Total Activity in Open Field Test Ap3b1l 1.78 4.22 2.13 0.20 1.41 8.96 8.96
21 Freeze Time to Fear-Associated Context Glt8d1 -1.72 0.30 -0.60 0.28 -0.48 8.80 8.80
22 Time Spent in Centre of Open Field Test Kank4 -5.41 -2.15 -1.52 -0.73 -1.47 8.22 8.22
23 Total Ambulation in New Home Cage Elmo1l 0.08 -0.07 -0.99 1.32 2.50 7.87 7.87
24 Total Activity in Open Field Test Supt4hl 3.07 -0.30 1.44 -1.82 0.77 7.45 7.45
25 Total Ambulation in New Home Cage AK018519 6.08 2.65 2.31 1.84 3.61 2.11 6.08
26 Boli Produced in Open Field Test Gatad2b 5.95 -0.87 -0.10 2.01 -0.57 -3.74 5.95
27 Total Activity in Open Field Test OIfr315 2.46 4.52 1.92 2.06 3.02 5.62 5.62

Figure 5.12: This is a table of the 27 hippocampus gene expression probes I
flagged as candidates for causing changes in a phenotype because max(M L.qy541)-
max(MLysper) was greater than five at at least one of the six confounder priors I
considered (1, .5, .1, .05, .01 and .0001; see §5.3). The probes are listed along-
side the phenotypes they appear to influence and are ranked by their maximum
max(M L¢gysar)-max(M Ly;per) across all six confounder priors. The distribution of
the maximum max(ML¢qysqr)-max(M Loher) values for these 27 probes is shown in
Figure 5.13.

the distance travelled in the closed arm of the elevated plus maze while the fifth has
Pde4d causing an increase in the time spent in the centre of the open field test (Fig-
ure 5.14e & f). Simple Pearson correlation tests confirm that the expression of each
of the six genes is significantly correlated with their respective phenotypes (in all six

cases, p <.01).

Only three “causal”’-flagged probes (+ 27 = 11%) had a max(ML;qysal)-
max(M Lysper) < —5 at any of the sixlatent confounder priors, and this only occurred
at one of the priors in any of the three cases. Ninth-ranked Slc25a37, associated

with boli produced after a fear-associated cue, had max(M L q541)-max(M Losher) =
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Figure 5.13: I considered any probes with a max(M L;4y541)-max(MLgper)= 5 to be
a strong candidate for causally influencing the phenotype they are associated with.
There were 27 probes that met this criterion and they are listed in Figure 5.12. Shown
here is a histogram of the maximum max(M L¢g547)-max(M Lyper) across all six of
the confounder priors I considered per probe (also see Figure 5.12 for details).
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Figure 5.14: The top six “causal”-flagged genes versus their phenotypes
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-6.0 at the latent confounder prior of .5; 14th-ranked Osbpl6, associated with faecal
corticosterone, had max(M L¢,y5q1)-max(M Lysper) = -11.8 at the prior of .0001; and
22nd-ranked Kank4, associated with time spent in the centre of the open field test,
had max(MLcgysar)-max(MLgsper) = -5.4 at the prior of 1.0.

For 22 of 27 “causal’-flagged probes (81%), the maximum max(ML;gysa1)-
max(MLysper) corresponded to the the latent confounder prior being assumed
to having a very small impact on the model, being set to .0001. Two maximum
max(ML¢gysqr)-max(MLyer) corresponded to the fairly strong prior of .1 (+ 27 =
7%), while the remaining three (+ 27 = 11%) corresponded to the strongest prior I
used, 1.0.

Of the 27 “causal”-flagged probes, nearly half (13 + 27 = 48%) were contributed
by the three phenotypes obtained from the open field test: Boli produced in the
test accounted for six of the probes (including many of the highest-ranking ones:
1, 2,7, 8, 19 and 26); total activity in the test five (10, 13, 20, 24 and 27); and time
spent in the centre of the test a further two (5 and 22). None of the genes in these 13
cases were the same. Additionally, the open field test phenotypes are not especially
correlated with each other (see Figure 4.29). Except for four phenotypes — freeze
time after fear-associated cue, startle response, KI-67 antigen and corticosterone
levels (the latter of which had no probes strong enough to merit causality analysis)
— the remaining phenotypes contributed between one and three “causal”-flagged

probes each.

5.4 DISCUSSION

I used a novel Bayesian technique, SPIV, to identify genes whose expression in the
hippocampus appear to cause variation in fear-related phenotypes. Because the
relationship of dozens of probes and genetic markers (Figure 5.8) with each pheno-
type were modelled jointly, the weight of the relationship (©5;4p) between a given
probe and phenotype might be dramatically different than if the relationship be-
tween that probe and phenotype were examined in isolation (e.g., by Pearson cor-
relation). As an example, the top four probes for faecal corticosterone, according
to their jointly-modelled Oy 4p were for the genes Zfp219, Tbcid21, Ckap2 and
AK031852 (Figure 5.10). The Ops4p for these probes (+ standard deviation over 50
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independent runs of SPIV modelling), as well as the next highest-weighted probes
(also indicated by gene names), the most highest-weighted genetic markers (indi-
cated by “C:” chromosome number and “bp:” genomic location in Mbp), and con-
founding variables (“Conf”) for faecal corticosterone are depicted in Figure 5.15.
The importance of the four probes for explaining variation in faecal corticosterone
is clear, particularly for Zfp219, which has a higher ©,;4p associated with faecal cor-
ticosterone than any genetic marker or other probe. However, looking at Figure 5.16,
a plot of the probes with the highest R? (as per Pearson correlations) with faecal cor-
ticosterone, Zfp219 expression does not make the top 20. The inclusion of Zfp219
in causal analyses despite its low R? could be important because it appears to be
one of the strongest candidates for causing variation in a phenotype across all the

probes and phenotypes I examined; it ranks fifth overall (Figure 5.12).

It is, nevertheless, common for probes with high Pearson correlations to also be
some of the strongest probes when modelled jointly with SPIV. Continuing the faecal
corticosterone example, the three highest-weighted probes as per ©y;4p (Thcld21,
Ckap2 and AK031852) also have some of the highest R? values.

The “corticosterone levels after fear-associated cue” phenotype stands out as
having a poor O,4p relationship with any hippocampus gene expression probes
relative to other fear-related phenotypes. This may be due to its small sample size
(n = 113) relative to the other phenotypes (¢, = 386.5 +95.9; from Figure 2.1). As
detailed in Appendix G and summarised in Figure 5.10, the probe with the strongest
relationship with the corticosterone phenotype had a ®y;4p of 6 x 10~ while all of
the 15 other phenotypes had at least two probes (mean of 7.3 + 3.2) associated with
them with a ®yz4p of at least .01. I might have been able to resolve this issue by
retaining fewer predictors in the feature selection phase (§5.2.1) with this relatively

low n phenotype.

Thirteen of 27 “causal” probes were associated with phenotypes from the OFT
experiment, with the number of boli produced in the OFT alone associated with six,
including some of the highest-ranking (i.e., 1, 2, 7 and 8 in Figure 5.12). Perhaps
the molecular pathways underlying bolus production under stress are simple rela-
tive to other fear-related behaviours, many of which require complex motor tasks
like ambulation. It is interesting to note that in addition to OFT phenotypes dom-
inating the list of causal probes, half of the significant (p < .05) hippocampus gene

co-expression network module eigengene versus phenotype correlations are con-
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Joint model: effects of x,g,z—>Fa1ecaI.FaecaISteroid,y1 =50.0, Y, = 1.0

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06

Figure 5.15: This is a graphical representation of ®;4p (+ standard deviation over
50 independent runs of SPIV modelling) for the highest-weighted joint predictors
of faecal corticosterone levels. For the confounders (prefixed with “Conf”), whether
Oy 4p is positive or negative is meaningless since the effect modelled by a given con-
founder can vary with each run of SPIV. Thus the absolute value of ©;4p is shown
for confounders. Direction is difficult to interpret for the genetic markers (denoted
by “C:” and “bp:”, representing the chromosome and genomic location in Mbp, re-
spectively) since each marker consists of eight founder probabilities (see §...). For
hippocampus gene expression probes (represented by the name of the gene they
map to), a positive @s4p suggests a positive relationship with faecal corticosterone
levels, and of course the opposite for a negative ®ys4p. This plot demonstrates one
of the strengths of jointly modelling predictors with SPIV: Zfp219 expression has the
strongest @7 4p of any of the modelled predictors even though its relationship with
faecal corticosterone is weak when looked at in isolation (see Figure 5.16).
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Figure 5.16: This is a plot of the 20 hippocampus gene expression probes with the
highest R? with faecal corticosterone as per Pearson correlation tests. The probes
are represented by the name of the gene they map to and are arranged by the ge-
nomic location of those genes (e.g., Ankrd44is on chromosome one while Sap130is
on 18). Three of the four top-weighted probes for faecal corticosterone when mod-
elled jointly with SPIV (Thcld21, Ckap2 and AK031852; see Figure 5.16) also have
some of the highest R? values. However, the top-weighted probe as per SPIV, Zfp219
is not in the top 20 when examined in isolation with Pearson correlation, illustrating
how modelling predictors jointly can impact the way one views the data.

tributed by OFT phenotypes (Figure 4.30).

5.4.1 Sensitivity analysis

Sensitivity analysis is the statistical practice of testing the posteriors that arise
when using a variety of prior values for the hyperparameters (i.e., in this case,
confounder noise). This reflects uncertainty in the choice of the hyperparame-
ters and the impact that this choice might have upon the Bayesian modelling out-
come. My results appear to be fairly consistent across the range of six priors I
used. Of the 27 “causal”’-flagged probes listed in Figure 5.12, that is, probes with
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a max(MLcgysqar)-max(MLysner) above five at any one of the six priors, 66% of
those probes had no max(M L. 4ysq47)-max(M Lyje;) values dip below zero, and there
were only three instances (out of six priors x 27 probes = 162 opportunities, .". 2%
of all max(ML.gysqar)-max(M Ly;per) values in Figure 5.12) where max(M L¢qysa1)-
max(M Lyper) is below -5. It is worth noting, however, that for 22 of 27 “causal”
probes, the highest max(M L.q;547)-max(M Lysper) Was observed when confound-
ing variables were assumed to have a little impact on the causal network by setting

them to have a very small prior (0.0001).

5.4.2 Low levels of expression

Some gene names of the “causal”’-flagged probes (Figure 5.12) may be unexpected
because one might not anticipate them being expressed in the hippocampus. For
example, the olfactory receptor genes Olfr571 and OIfr315 look particularly out of
place. Nevertheless, these two genes were found to be significantly expressed in 5%
and 12%, respectively (see Appendix I), of the 468 Oxford HS mice that had their
hippocampal gene expression assayed. Indeed, Olfr571 was recently identified as
significantly overexpressed in the mouse brain relative to its mean expression in

other mouse tissues (Bonilla et al., 2012).

Although many of the “causal”’-flagged probes were expressed in the hip-
pocampi of a sizeable portion of the Oxford HS mice — eight of the 27 were even
expressed in over 98% of the mice — many were expressed much less. As depicted in
Figure 5.17, eleven of the “causal”-flagged probes were expressed in fewer than 20%
of the mice. As described in §2.6, I retained probes that were significantly expressed
in atleast 5% of the mice. Although this may sound excessively liberal, it meant that
only 42% of probes that progressed to that stage of analysis were retained, and this
threshold avoids the peak that approaches 0% in Figure 2.12. In any case, the reader
can choose to ignore “causal”-flagged probes that are expressed in a small percent-
age of mice by consulting Appendix I. These low-expressed probes may still merit
consideration because a gene’s expression may be turned on by a somewhat rare
allele that could nevertheless have a substantial impact upon phenotypic variation

by exhibiting a large effect on a small number of animals.
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Figure 5.17: This is a histogram of the “pct_express” column in Appendix [, i.e.,
the percentage of mice significantly expressing in their hippocampi the “causal”-
flagged probes listed in Figure 5.12.
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5.4.3 SPIV cannot see the forest for the trees

Because of SPIV’s sparse Bayesian framework, we would not expect two corre-
lated probes to be included in the SPIV joint model for a given phenotype. So,
even though the two top-ranked “causal”-flagged probes (expression of Psgl6 and
AK051928; see Figure 5.12) are highly correlated with the number of boli produced
in the open field test (p < .01 in both instances; see Figure 5.14a & b), the expres-
sion of these genes shouldn’t themselves be correlated, and that is indeed the case:
a Pearson correlation test shows no significant relationship between the expression
of Psgl6 and AK051928, r = -.04, t(455) = -.83, p = .41. Likewise, Ezr and Lfng (the
third- and sixth-highest-ranked “causal”-flagged expression probes) are both highly
correlated with burrowed pellet weight (both p < .01) but not with each other, r =
.05, £(455) = 1.0, p =.30.

A potential drawback of modelling predictors jointly in this sparse Bayesian way
is that, while the strongest predictors of a given phenotype are retained in that phe-
notype’s model, the myriad predictors that may be correlated with a given strong
predictor will be ignored, despite these ignored predictors potentially being nearly
as good predictors of the phenotype as the retained, slightly stronger, predictor. In
other words, if gene x; is one of the strongest predictors of phenotype y and gene
X, is nearly as strong a predictor of y as x;, but x; and x; are themselves correlated,
x2 would likely be dropped from the SPIV joint model of y.

In a situation like the one just outlined, x, may still be an interesting, perhaps
even causal, gene for y but, using my method in this chapter, it would not make
it to the causality analysis stage. Therefore, it could be worthwhile looking to see
if there is a gene co-expression network (Chapter 4) associated with x;. If there is,
then some or all of the genes in its network could be good candidates for causality

analysis.

5.4.4 Further work

A broader range of y, values could have been used for cross-validation of the pa-
rameters used in the EM model-fitting algorithm (§5.2.3), or perhaps a range closer
the optimum values that were identified (near 1 to 5) may have yielded even better

model fits. It might also be interesting to see if more causal probes can be identified
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with alternative causal system modelling software such as Network Edge Orienting
(Park et al., 2011), although no alternatives exist that account for unobserved con-

founding variables like SPIV does.

I restricted my causal models to include only gene expression probes from the
hippocampus as biomarkers (Figure 2.1), however it would be possible to expand
this biomarker set to also include the gene expression data that is available from the
liver and lung tissues. These extra data could simply be included in the feature se-
lection phase (§5.2.1) and if any of the liver or lung probes happened to be strongly
associated with either the phenotype or genetic markers, they would be included
in causal modelling with SPIV proper. These additional probes could account for
some of the variance attributed to latent confounders or they might even turn out
to be causal probes. Metabolic processes regulated by gene expression in the liver
for example could perhaps affect a mouse’s activity level or bolus production in the

tests of fear-related behaviour.

It might also be informative to apply SPIV to the analysis of multiple behavioural
phenotypes simultaneously, a procedure that could be helpful for finding meaning-
ful links given the relatively weak association between any one behavioural pheno-
type and an individual QTL. This multivariate strategy has previously proved suc-
cessful in identifying QTL missed by univariate analyses (Amos et al., 1990; Schork
et al., 1993; Hackett et al., 2001; Korol et al., 2001), including for murine anxiety-
related behavioural phenotypes (Turri et al., 2004).

Finally, a far more rigorous validation of SPIV’s causal modelling capability than
the Apoa2 and H2-Ea test cases I successfully executed in §5.1.3 would be to test
mice that have had one of the top causal candidate genes from Figure 5.12 knocked
out or had its expression otherwise modified. Although none of the top causal genes
are available from the Knockout Mouse Project repository (Austin et al., 2004), vec-
tors for several are — including Psgi6 (rank 1), Renbp (4) and Lfimg (6) — so knock-

outs could be engineered.
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In this chapter, I conclude my thesis by briefly summarising my key findings and dis-
cussing broad strengths and weaknesses of my work.

6.1 SUMMARY OF KEY FINDINGS

6.1.1 Genetic interactions with sex and environmental factors

Using a novel Bayesian technique, Sparse Partitioning, in Chapter 3 I identified 18
gene-by-sex QTL and seven gene-by-gene interactions from across 66 phenotypes
in HS mice. It appears that the proportion of phenotypic variation accounted for
by the GxS effects correlates with the proportion of phenotypic variation accounted
for by sex as a main effect. However, except in the case of adrenal gland weight, GxS
interactions accounted for less than 1% of phenotypic variance (Figure 3.13). Using
a frequentist resample model averaging approach, I found a large set of interaction
QTL in the HS mice, including 539 gene-by-environment QTL across 25 fear-related
behaviour phenotypes.
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6.1.2 Gene expression networks

In Chapter 4, I generated a network of co-expressed hippocampus gene expres-
sion probes consisting of eleven distinct modules. One of these modules was very
significantly enriched for genetic markers of central nervous system support cells
called oligodendrocytes, while another was enriched for several neurotransmission-
related gene ontology terms. Disappointingly, neither of these modules was cor-
related with fear-related phenotypes, as this might have provided insight into the
molecular mechanisms underlying these behaviours.

6.1.3 Causal pathways

Chapter 5 opened by describing SPIV, a Bayesian technique for modelling causal re-
lationships with genetic data sets, and then validating the technique by successfully
applying it to two understood causal systems within the HS mouse data. I applied
SPIV to all fear-related behavioural phenotypes within those data, identifying a set
of 27 circumstances where gene expression probes appear not just to be correlated

with one of these phenotypes, but appear to cause the phenotypic variation.

6.2 QUANTITY AND QUALITY: SAMPLE SIZE AND ADDI-

TIONAL CATEGORIES OF DATA

Although I identified many interaction effects and candidate causal genes for fear-
related behaviours, their contributions to phenotypic variance were not especially
impressive. Perhaps much more data (e.g., gene expression data from the amyg-
dala, copy number variation, epigenetic and proteomic data) need to be acquired

and considered simultaneously to uncover the behaviours
(Manolio et al., 2009).

missing heritability”

On the other hand, some studies suggest that more data may not be particularly
informative. For example, in the mouse liver, mRNA transcripts have been shown to
be more highly correlated with relevant clinical phenotypes (e.g., adiposity) than the
protein they code for (Ghazalpour et al., 2011). The addition of proteomic biomark-
ers highly correlated with transcript data we already have, might not add much ad-
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ditional information to a model — no matter whether it be a frequentist linear re-

gression or a Bayesian network.

The most effective way forward might be much larger sample sizes and then
mapping of thousands of common SNPs that each contribute a very small propor-
tion to phenotypic variance. This approach has been effective for complex traits
including height (Yang et al., 2010) and body mass index (Speliotes et al., 2010). It
required nearly seven thousand human test subjects, half as controls, but this ap-
proach has been effective for two psychiatric disorders frequently comorbid with
anxiety (Braga et al., 2005; Bauer et al., 2005): bipolar disorder and schizophrenia
(Purcell et al., 2009).

6.3 ALTERNATIVE ANIMAL MODELS

The phenotypic variance of the fear-related behaviours I examined may have been
limited. The HS mice were not bred for the particular purpose of being used as an-
imal models of human psychiatric disorders, so relatively few individuals may have
displayed levels of fear-related behaviour that would correspond to the debilitating
human analogues of clinically-diagnosed anxiety or depression. Using alternative
experimental methodologies, much larger phenotypic variance may have been ob-
tained so we might have captured more extremely “anxious” animals. Such extreme
phenotypic cases may have provided more power to my search for the molecular
bases of fear-related behaviours. For example, relative to the HS mice I analysed,
the Collaborative Cross founder strains have a much more diverse heritage, includ-
ing three subspecies of wild mice (The Complex Trait Consortium: Churchill et al.,
2004). Measurements of Collaborative Cross behavioural phenotypes should thus

have wider tails in their distributions.

Another even more direct method for obtaining more phenotypic variance in
the distributions of fear-related behaviours would be to selectively breed for diver-
sity on this measure. That is, generation after generation, we could select the most
“anxious” mice and breed them only with other very “anxious” mice, while simul-
taneously selectively breeding the least “anxious” mice in this manner as well. This
strategy has been employed in rats to generate several inbred strains, including the

Roman Low Avoidance strain (Bignami, 1965), the Flinders Sensitive Line (Over-
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street et al., 2005), the High Anxiety-Related Behaviour strain (Hess et al., 1992),
and FH/Wjd (Aulakh et al., 1998). The disadvantage with this approach is the rel-
ative paucity of mice that have been selectively bred for displaying anxiety-like be-
haviours. With the HS mice, we had the power and diversity of 2000 genetically-
distinct subjects. Scale of this order of magnitude would be challenging and pro-

hibitively expensive to obtain with animals selectively bred to be fearful.

6.4 TIMING IS EVERYTHING

Perhaps the most daunting hurdle to obtaining meaningful and reproducible results
with gene expression data is getting the timing right. Throughout neural develop-
ment, there are transient cascades of signalling molecules (e.g., Nerve Growth Fac-
tor, Glial-Derived Neurotrophic Factor) that shape neural connectivity and thus the
behaviour of an animal. Dynamic changes in gene expression both in response to
and as a result of these signalling molecules continue over an organism’s life span.
Moreover, gene expression is impacted by external stimuli. For example, Nicole
Powell and her colleagues (in press) recently demonstrated, in both mice and hu-
mans, that social stress affects white blood cell-related gene expression in bone

marrow, resulting in up-regulation of the inflammatory response.

This complex interplay between gene expression, developmental processes
and external stimuli unfolding over time means that highly specific experimental
methodology would likely be required to have a chance at uncovering, and later
reproducing the finding of, many behaviour-related molecular events. Thus, the
HS mouse experimental methodology was not well-suited to identifying fear-related
behaviour-associated gene expression networks and causal molecular pathways. I
would expect the relevant gene expression pathways to be impacted by the gauntlet
of anxiety-inducing behavioural measures the HS mice were put through (§2.2.1),
just as humans with major depressive disorder have been shown to have reduced
expression of the gene GLOI in their blood while depressed but not while in remis-
sion (GLOI and its rodent homolog glo1 have been implicated in both human and
mouse GWAS of anxiety; Sokolowska and Hovatta, 2013).

To have a good chance of characterising the fearful stimulus-cued gene expres-

sion pathways, we would ideally desire gene expression data obtained from animals
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immediately following presentation of those cues, but that was not the case with
the HS mice. Instead, the HS mice underwent behavioural experimentation while
aged 45 to 56 days, but tissue harvesting was not until much later, on day 71 (Figure
2.4). Obtaining stronger and more reliable results in behaviour-related gene expres-
sion experiments will require detailed experimental methodology tailored to highly

specific temporal intervals.

Genes Contributing to Variation in Fear-Related Behaviour 158



REFERENCES

AGaAxov, E, CoLoMBO, M., MCKEIGUE, P., KROHN, J.,
AND FLINT, J. Inference of causal relationships be-
tween biomarkers and outcomes in high dimen-
sions. Journal of Systemics, Cybernetics and Infor-
matics, 9:1-8, 2011.

AGaxov, E, KROHN, J., MCKEIGUE, P., AND STORKEY,
A. Sparse Instrumental Variables (SPIV) for
genome-wide studies. In LAFFERTY, J., WILLIAMS,
C., SHAWE-TAYLOR, J., ET AL., editors, Advances
in Neural Information Processing Systems 23. NIPS,
2010.

AITMAN, T., GLAZIER, A., WALLACE, C., ET AL. Iden-
tification of CD36 (Fat) as an insulin-resistance
gene causing defective fatty acid and glucose
metabolism in hypertensive rats. Nat Genet, 21:76—
83, 1999.

ALTSCHUL, S., MADDEN, T., SCHAFFER, A., ET AL.
Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs. Nucleic Acids
Res, 25:3389-402, 1997.

Amos, C., ELSTON, R., BONNEY, G., ET AL. A multi-
variate method for detecting genetic-linkage, with
application to a pedigree with an adverse lipopro-
tein phenotype. Am J Hum Genet, 47:247-54, 1990.

ANDERSON, D. Optogenetics, sex, and violence in the
brain: implications for psychiatry. Biol Psychiatry,
71:1081-9, 2012.

ANDRIKOPOULOS, S., BLAIR, A., DELUCA, N., ET AL.
Evaluating the glucose tolerance test in mice. Am
J Physiol Endo, 295:E1323-32, 2008.

ANGRIST, J., IMBENS, G., AND RUBIN, D. Identifica-
tion of causal effects using instrumental variables.
J Amer Statistical Assoc, 91:444-72, 1996.

ANHoOLT, R., DiLDA, C., CHANG, S., ET AL. The
genetic architecture of odor-guided behaviour in
Drosophila: epistasis and the transcriptome. Nat
Genet, 35:180-4, 2003.

AuLAKH, C., WozNIAK, K., HILL, J., AND MURPHY,
D. Differential effects of long-term antidepres-
sant treatments on 8- OHDPAT-induced increases
in plasma prolactin and corticosterone in rats. Eur
J Pharmacol, 156:395-400, 1998.

AUSTIN, C., BATTEY, J., BRADLEY, A., ET AL. The
Knockout Mouse Project. Nat Genet, 36:921-4,
2004.

BANNERMAN, D., RAWLINS, J., MCHUGH, S., ET AL.
Regional dissociations within the hippocampus D
memory and anxiety. Neurosci Biobehav Rev, 28:
273-83, 2004.

BARABASI, A.-L. AND REKA, A. Emergence of scaling
in random networks. Science, 286:509-12, 1999.

BARBOSA-MORAIS, N., DUNNING, M., SAMARAJIWA,
S., ET AL. A re-annotation pipeline for Illumina
BeadArrays: improving the interpretation of gene
expression data. Nucleic Acids Res, 38:e17, 2010.

BAUER, M., ALTSHULER, L., EVANS, D., ET AL. Preva-
lence and distinct correlates of anxiety, substance,
and combined comorbidity in a multi-site public
sector sample with bipolar disorder. J Affect Disord,
85:301-15, 2005.

BIGNAMI, G. Selection for high rates and low rates of
avoidance conditioning in the rat. Anim Behav, 13:
221-7, 1965.

BOGUE, M., GRUBB, S., MADDATU, T., AND BuLT, C.
Mouse Phenome Database (MPD). Nucleic Acids
Res, 35:D643-9, 2007.

BONILLA, W., FROHLICH, A., SENN, K., ET AL. The
Alarmin Interleukin-33 Drives Protective Antiviral
CD8+ T Cell Responses. Science, 335:984-9, 2012.

BONNIN, A., PENG, W., HEWLETT, W., AND LEVITT,
P. Expression mapping of 5-HT1 serotonin recep-
tor subtypes during fatal and early postnatal mouse

159



Jon Krohn

References

forebrain development. Neuroscience, 141:781-94,
2006.

BRAGA, R., MENDLOWICZ, M., MARROCOS, R., AND
FIGUEIRA, I. Anxiety disorders in outpatients with
schizophrenia: prevalence and impact on the sub-
jective quality of life. J Psychiatr Res, 39:409-14,
2005.

BRENNER, S. The genetics of Caenorhabditis elegans.
Genetics, 77:71-94, 1998.

BROCKMANN, G., HALEY, C., RENNE, U., KNOTT, S.,
AND SCHWERIN, M. Quantitative trait loci affect-
ing body weight and fatness from a mouse line se-
lected for extreme high growth. Genetics, 150:369—
381, 1998.

BROCKMANN, G., KARATAYL, E., HALEY, C., ET AL.
QTLs for pre- and postweaning body weight and
body composition in selected mice. = Mamm
Genome, 15:593-609, 2004.

BROUSSEAU, T., DUPUY-GORCE, A., EVANS, A., ET AL.
SigniPcant impact of the highly informative (CA)n
repeat polymorphism of the APOA-II gene on the
plasma APOA-II concentrations and HDL subfrac-
tions: the ECTIM study. Am J Med Genet, 110:19-24,
2002.

BRUNNER, H., NELEN, M., BREAKEFIELD, X., ET AL.
Abnormal behavior associated with a point muta-
tion in the structural gene for monoamine oxidase
A. Science, 262:578-80, 1993.

Bu, X., WARDEN, C., Xia, Y., ET AL. Linkage anal-
ysis of the genetic determinants of high density
lipoprotein concentrations and composition: evi-
dence for involvement of the apolipoprotein A-II
and cholesteryl ester transfer protein loci. Hum
Genet, 93:639-48, 1994.

CAHOY, J., EMERY, B., KAUSHAL, A., ET AL. A transcrip-
tome database for astrocytes, neurons and oligo-
dendrocytes: a new resource for understanding
brain development and function. J Neurosci, 28:
264-78, 2008.

CHEN, Y., ZHU, J., LuM, P, ET AL. Variations in DNA
elucidate molecular networks that cause disease.
Nature, 452:429-35, 2008.

CHESLER, E., WILSON, S., LARIVIERE, W., ET AL. Iden-
tification and ranking of genetic and laboratory en-
vironment factors influencing a behavioral trait,
thermal nociception, via computational analysis of
alarge data archive. Neurosci Biobehav Rev, 26:907—
23,2002.

CRABBE, J., WAHLSTEN, D., AND DUDEK, B. Genetics
of mouse behaviour: Interactions with laboratory
environment. Science, 284:1670-2, 1999.

DANsKy, H., SHU, P, DONAVAN, M., ET AL. A
phenotype-sensitizing ~ Apoe-dePcient  genetic
background reveals novel atherosclerosis pre-
disposition loci in the mouse. Genetics, 160:
1599-1608, 2002.

DARVASI, A. AND SOLLER, M. Advanced intercross
lines, an experimental population for fine genetic
mapping. Genetics, 141:1199-1207, 1995.

Davis, M., FALLS, W., CAMPEAU, S., AND KiM, M.
Fear-potentiated startle: a neural and pharmaco-
logical analysis. Behav Brain Res, 58:175-98, 1993.

Inher-
Behav

DAwWSON, W., LAKE, C., AND SCHUMPERT, S.
itance of burrow building in Peromyscus.
Genet, 18:371-82, 1988.

DE BONO, M. AND BARGMANN, C. Natural variation in
aneuropeptide Y receptor homolog modifies social
behavior and food response in C. elegans. Nature,
458:1030-3, 1998.

DEACON, R. Burrowing: a sensitive behavioural assay,
tested in five species of laboratory rodents. Behav
Brain Res, 200:128-33, 2009.

DEACON, R. Assessing burrowing, nest construction,
and hoarding in mice. J Vis Exp, 59:2607, 2012.

DEMAREST, K., KOYNER, J., MCCAUGHRAN JR, J.,
ET AL. Further characterization and high-
resolution mapping of quantitative trait loci for
ethanol-induced locomotor activity. Behav Genet,
31:79-91, 2001.

DESGROSELLIER, J. AND CHERESH, D. Integrins in can-
cer: biological implications and therapeutic oppor-
tunities. Nat Rev Cancer, 10:9-22, 2010.

DiLDA, C. AND MAcKay, T. The genetic architecture of
Drosophila sensory bristle number. Genetics, 162:
1655-74, 2002.

DILGER, W. The behaviour of lovebirds. In MCGAUGH,
J., WEINBERGER, N., AND WHALEN, R., editors, Psy-
chobiology: The Biological Bases of Behavior, Read-
ings from Scientific American, pages 44-52. Free-
man, San Francisco, 2010.

DOOLITTLE, M., LEBOEUF, R., WARDEN, C., ET AL. A
polymorphism affecting apolipoprotein All trans-
lational efPciency determines high density lipopro-
tein size and composition. J Biol Chem, 265:10380—
8, 1990.

Genes Contributing to Variation in Fear-Related Behaviour



Jon Krohn

References

Du, P, KiBBE, W., AND LIN, S. lumi: a pipeline for
processing Illumina microarray. Bioinformatics, 24:
1547-8, 2008.

DUERR, J., FrisBY, D., GASKIN, J., ET AL. The cat-
1 gene of Caenorhabditis elegans encodes a vesic-
ular monoamine transporter required for specibc
monoaminedependent behaviors. J Neurosci, 19:
72-84, 1999.

C. elegans SEQUENCING CONSORTIUM, T. Genome se-
quence of the nematode C. elegans: a platform for
investigating biology. Science, 282:2012-18, 1998.

FANSELOW, M. AND LEDOUX, J. Why we think plastic-
ity underlying Pavlovian fear conditioning occurs
in the basolateral amygdala. Neuron, 23:229-32,
1999.

FERNANDEZ-TERUEL, A., ESCORIHUELA, R., GRay, J.,
ET AL. A quantitative trait locus influencing anxiety
in the laboratory rat. Genome Res, 12:618-26, 2002.

FERRETTI, L., MCCURRY, S., LOGSDON, R., ET AL. Anx-
iety and Alzheimer’s disease. J Geriatr Psychiatry
Neurol, 14:52-8, 2001.

FIJNEMAN, R., DE VRIES, S., JANSEN, R., AND DEMANT,
P. Complex interactions of new quantitative trait
loci, Slucl, Sluc2, Sluc3, and Sluc4, that influence
the susceptibility to lung cancer in the mouse. Nat
Genet, 14:465-7, 1996.

FITZPATRICK, M., FEDER, E., ROWE, L., AND
SOKOLOWSKI, M. Maintaining a behaviour
polymorphism by frequency-dependent selection
on a single gene. Nature, 447:210-2, 2007.

FLINT, J. AND MOTT, R. Finding the molecular basis of
quantitative traits: successes and pitfalls. Nat Rev
Genet, 2:437-45, 2001.

FLINT, J. AND MOTT, R. Applying mouse complex-trait
resources to behavioural genetics. Nature, 456:724—
7,2008.

FULLERTON, J. New approaches to the genetic analysis
of neuroticism and anxiety. Behav Genet, 36:147—
61, 2005.

Fuss, J., BEN ABDALLAH, N., VOGT, M., ET AL. Volun-
tary exercise induces anxiety-like behavior in adult
C57BL/6] mice correlating with hippocampal neu-
rogenesis. Hippocampus, 20:364-76, 2010.

GALE, G., YAZDI, R., KHAN, A., ET AL. A genome-wide
panel of congenic mice reveals widespread epista-
sis of behavior quantitative trait loci. Mol Psychia-
try, 14:631-45, 2009.

GELMAN, A. AND HILL, J. Data Analysis Using Re-
gression and Multilevel/Hierarchical Models. Cam-
bridge University Press, New York, 2007.

GENTLEMAN, R., CAREY, V., BATES, D., ET AL. Biocon-
ductor: open software development for computa-
tional biology and bioinformatics. Genome Biol, 5:
R80, 2004.

GHAZALPOUR, A., BENNETT, B., PETYUK, V., ET AL.
Comparative analysis of proteome and transcrip-
tome variation in mouse. PLoS Genet, 7:€¢1001393,
2011.

GHAZALPOUR, A., RAU, C., FARBER, C., ET AL. Hybrid
mouse diversity panel: a panel of inbred mouse
strains suitable for analysis of complex genetic
traits. Mamm Genome, 23:680-92, 2012.

GRAY, J. Brain systems that mediate both emotion and
cognition. Cognition and Emotion, 4:269-88, 1990.

GRAY, J. AND MCNAUGHTON, N. The Neuropsychology
of Anxiety. Oxford University Press, New York, 2007.

GUZOWSKI, J., SETLOW, B., WAGNER, E., AND McC-
GAUGH, J. Experience-dependent gene expression
in the rat hippocampus after spatial learning: A
comparison of the immediate-arly genes Arc, c-fos,
and zif268. ] Neurosci, 21:5089-98, 2001.

HACKETT, C., MEYER, R., AND THOMAS, W. Multi-trait
QTL mapping in barley using multivariate regres-
sion. Genet Res, 77:95-106, 2001.

HaLL, C. Emotional behaviour in the rat: I. Defecation
and urination as measures of individual differences
in emotionality. J Comp Psychol, 22:345-52, 1934.

HAMELMANN, E., SCHWARZE, J., TAKEDA, K., ET AL.
Noninvasive measurement of airway responsive-
ness in allergic mice using barometric plethysmog-
raphy. Am J Respir Crit Care Med, 156:766-75, 1997.

HaMIDI, M., DREVETS, W., AND PRICE, J. Glial re-
duction in amygdala in major depressive disorder
is due to oligodendrocytes. Biol Psychiatry, 55:563—
9, 2004.

HANS, C., DOBRA, A., AND WEST, M. Shotgun stochas-
tic search for “large p” regression. ] Amer Statist As-
soc, 102:507-16, 2007.

HE, Z., Wu, L., FIELDS, M., AND ZHOU, J. Empirical
establishment of oligonucleotide probe design cri-
teria. Appl Environ Microbiol, 71:3753-60, 2005.

Genes Contributing to Variation in Fear-Related Behaviour



Jon Krohn

References

HEDRICK, C., CASTELLANI, L., WARDEN, C., ET AL. In-
SSuence of mouse apolipoprotein A-II on plasma
lipoproteins in transgenic mice. J Biol Chem, 268:
20676-82, 1993.

HENDERSON, C. Estimation of Variance and Covari-
ance Components. Biometrics, 9:226-52, 1953.

HENDERSON, N., TURRI, M., DEFRIES, J., AND FLINT,
J. QTL analysis of multiple behavioral measures of
anxiety in mice. Behav Genet, 34:267-93, 2004.

HERRERA, V., TSIKOUDAKIS, A., PONCE, L., MATSUB-
ARA, Y., AND RU1Z-OPAZO, N. Sex-specific QTLs
and interacting loci underlie salt-sensitive hyper-
tension and target organ complications in Dahl
S/jrHS hypertensive rats. Physiol Genomics, 26:
172-9, 2005.

HESS, J., LESSER, D., AND LANDGRAF, R. Vasopressin
and oxytocin in brain areas of rats selectively bred
for differences in behavioral performance. Brain
Res, 32:301-14, 1992.

HUANG, G., SHIEMAN, S., VALDAR, W., ET AL. High res-
olution mapping of expression QTLs in heteroge-
neous stock mice in multiple tissues. Genome Res,
19:1133-40, 2009.

HUANG, G., SMITH, A., GRAY, D., ET AL. A genetic and
functional relationship between T cells and cellular
proliferation in the adult hippocampus. PLoS Biol,
8:€1000561, 2010.

Ito, H., FuniTant, K., Usul, K., ET AL. Sexual orien-
tation in Drosophila is altered by the satori muta-
tion in the sex-determination gene fruitless that en-
codes a zinc finger protein with a BTB domain. Proc
Natl Acad Sci U S A, 93:9687-92, 1996.

JOHNSON, W., RABINOVIC, A., AND LI, C. Adjusting
batch effects in microarray expression data using
Empirical Bayes methods. Biostatistics, 8:118-27,
2001.

KANG, H., SUL, J., SERVICE, S., ET AL. Variance com-
ponent model to account for sample structure in
genome-wide association studies. Nat Genet, 42:
348-54, 2010.

KApPp, B., WHALEN, P, SUPPLE, W., AND PASCOE, J.
Amygdaloid contributions to conditioned arousal
and sensory information processing. In AGGLE-
TON, J., editor, The Amygdala: Neurobiological As-
pects of Emotion, Memory, and Mental Dysfunction.
Wiley-Liss, New York, 1992.

KARP, C., GRUPE, A., SCHADT, E., ET AL. Identification
of complement factor 5 as a susceptibility locus for
experimental allergic asthma. Nat Immunol, 1:221-
6, 2000.

KENDLER, K., GATZ, M., GARDNER, C., AND PEDER-
SEN, N. A Swedish national twin study of lifetime
major depression. Am J Psychiatry, 163:109-14,
2006.

KENDLER, K., GARDNER, C., NEALE, M., AND
PRESCOTT, C. Genetic risk factors for major depres-
sion in men and women: similar or different heri-
tability’s and same or partly distinct genes? Psychol
Med, 31:605-16, 2001.

KESSLER, R., BERGLUND, P.,, DEMLER, O., ET AL. Life-
time prevalence and age-of-onset distributions of
DSM-1V disorders in the National Comorbidity Sur-
vey Replication (NCS-R). Arch Gen Psychiatry, 62:
593-602, 2005.

KINSELLA, R., KAHARI, A., HAIDER, S., ET AL. Ensembl
BioMarts: a hub for data retrieval across taxonomic
space. Database, 2011:bar030, 2011.

KIOUKIA-FOUGIA, N., ANTONIOU, K., BEKRIS, S.,
ET AL. The effects of stress exposure on the hy-
pothalamicPpituitaryPadrenal axis, thymus, thy-
roid hormones and glucose levels. Prog Neuropsy-
chopharmacol Biol Psychiatry, 26:823-30, 2002.

KJELSTRUP, K., TUVNES, E, STEFFANCH, H.-A., ET AL.
Reduced fear expression after lesions of the ventral
hippocampus. Proc Natl Acad Sci USA, 99:10825—
30, 2002.

KLEIN, R., ALLARD, J., AVNUR, Z., ET AL. Regulation
of bone mass in mice by lipoxygenase gene Alox15.
Science, 303:229-32, 2004.

KOROL, A., RONIN, Y., ITSKOVICH, A., ET AL. Enhanced
efficiency of quantitative trait loci mapping analy-
sis based on multivariate complexes of quantitative
traits. Genetics, 157:1789-1803, 2001.

KROHN, J., SPEED, S., AND FLINT, J. Genetic interac-
tions with sex make a relatively small contribution
to the heritability of complex traits in mice. sub-
mitted.

LANGFELDER, P. AND HORVATH, S. Eigengene net-
works for studying the relationships between co-
expression modules. BMC Syst Biol, 1:54, 2007.

LANGFELDER, P. AND HORVATH, S. WGCNA: an R pack-
age for weighted correlation network analysis. BMC
Bioinformatics, 9:559, 2008.

Genes Contributing to Variation in Fear-Related Behaviour

162



Jon Krohn

References

LiM, M., WANG, Z., OLAZABAL, D., ET AL. Enhanced
partner preference in a promiscuous species by
manipulating the expression of a single gene. Na-
ture, 429:754-7, 2004.

LISTER, R. The use of a plus-maze to measure anxiety
in the mouse. Psychopharmacol, 92:180-5, 1987.

LISTGARTEN, J., KADIE, C., SCHADT, E., AND HECKER-
MAN, D. Correction for hidden confounders in the
genetic analysis of gene expression. Proc Natl Acad
Sci US A, 107:16465-70, 2010.

L1u, K. AND STERNBERG, P. Sensory regulation of male
mating behaviour in Caenorhabditis elegans. Neu-
ron, 14:79-89, 1995.

LOER, C. AND KENYON, C. Serotonin-dePcient mu-
tants and male mating behavior in the nematode
Caenorhabditis elegans. ] Neurosci, 13:5407-17,
1993.

MAcKay, D. Bayesian interpolation. Neural Comput,
4:415-47, 1992.

MAcosko, E., PokaLA, N., FEINBERG, E., ET AL. A
hub-and-spoke circuit drives pheromone attrac-
tion and social behaviour in C. elegans. Nature, 458:
1171-5, 2009.

MANDLEBROT, B. Les Objets Fractals: Forme, Hasard et
Dimension. Flammarion, Paris, 1975.

MaNotLio, T., CoLLINS, E, Cox, N., ET AL. Finding
the missing heritability of complex diseases. Na-
ture, 461:747-53, 2009.

MAREN, S. Is there savings for Pavlovian fear con-
ditioning after neurotoxic basolateral amygdala le-
sions in rats? Neurobiol Learn Mem, 76:268-83,
2001.

MATLAB. version 7.10.0 (R2010a). The MathWorks,
Inc., Natick, Massachusetts, 2010.

MATTSON, D., DWINELL, M., GREENE, A., ET AL. Chro-
mosomal mapping of the genetic basis of hyperten-
sion and renal disease in FHH rats. Am J Physiol
Renal Physiol, 293:F1905-14, 2007.

MCCARTHY, M., ABECASIS, G., CARDON, L., ET AL.
Genome-wide association studies for complex
traits: consensus, uncertainty and challenges. Nat
Rev Genet, 9:356-69, 2008.

MCCLEARN, G., WILSON, J., AND MEREDITH, W.
The use of isogenic and heterogenic mouse stocks
in behavioral research. In LINDZEY, G. AND
THIESSEN, D., editors, Contributions to Behavior-
Genetic Analysis: The Mouse as a Prototype. Mered-
ith Corporation, New York, 1970.

MCHUGH, S., DEACON, R., RAWLINS, J., AND BAN-
NERMAN, D. Amygdala and ventral hippocampus
contribute differentially to mechanisms of fear and
anxiety. Behav Neurosci, 118:63-78, 2004.

MEDINA, J., REPA, J., MAUK, M., AND LEDOUX,
J. Parallels between cerebellum- and amygdala-
dependent conditioning. Nat Rev Neurosci, 3:122—
31, 2002.

MELO, J., SHENDURE, J., PocIiask, K., ET AL. Iden-
tification of sex-specific quantitative trait loci con-
trolling alcohol preference in C57BL/6 mice. Nat
Genet, 13:147-53, 1996.

MEYER, L., ZWEIG, A., HINRICHS, A., ET AL. The
UCSC Genome Browser database: extensions and
updates 2013. Nucl Acids Res, 41:D1, 2013.

MILLER, J., HORVATH, S., AND GESCHWIND, D. Diver-
gence of human and mouse brain transcriptome
highlights Alzheimer disease pathways. Proc Natl
Acad Sci U S A, 107:12698-703, 2010.

Moscickl, E.  Epidemiology of completed and at-
tempted suicide: toward a framework for preven-
tion. Clin Neurosci Res, 1:310-23, 2001.

MoTT, R., TALBOT, C., TURRI, M., ET AL. A method
for fine mapping quantitative trait loci in outbred
animal stocks. Proc Natl Acad Sci USA, 97:12649—
54, 2000.

Nass, R. AND BLAKELY, R. The Caenorhabditis ele-
gans dopaminergic system: opportunities for in-
sights into dopamine transport and neurodegen-
eration. Annu Rev Pharmacol Toxicol, 43:521-44,
2003.

NEMEROFF, C., KRISHNAN, R., REED, D., ET AL.
Adrenal gland enlargement in major depression: a
computed tomography study. Arch Gen Psychiatry,
49:384-7, 1992.

NIGRO, V., BRrUNI, P, CICCODICOLA, A., ET AL.
SSCP detection of novel mutations in patients with
Emery-Dreifuss muscular dystrophy: definition of
asmall C-terminal region required for emerin func-
tion. Hum Mol Genet, 4:2003-4, 1995.

Genes Contributing to Variation in Fear-Related Behaviour



Jon Krohn

References

OBER, C., LOISEL, D., AND GILAD, Y. Sex-specific ge-
netic architecture of human disease. Nat Rev Genet,
9:911-22, 2008.

OkaATY, B., SUGINO, K., AND NELSON, S. Cell type-
specific transcriptomics in the brain. J Neurosci, 31:
6939-43, 2011.

OLDHAM, M., KoNOPKA, G., IwAMOTO, K., ET AL.
Functional organization of the transcriptome in
human brain. Nat Neurosci, 11:1271-82, 2008.

OSBORNE, K., ROBICHON, A., BURGESS, E., ET AL.
Natural behaviour polymorphism due to a cGMP-
dependent protein kinase of Drosophila. Science,
277:834-6, 1997.

OVERSTREET, D., FRIEDMAN, E., MATHE, A., AND YA-
DID, G. The Flinders Sensitive Line rat: A selectively
bred putative animal model of depression. Neu-
rosci Biobehav Rev, 29:739-59, 2005.

OWEN, E., LOGUE, S., RASMUSSEN, D., AND WEHNER,
J. Assessment of learning by the Morris water task
and fear conditioning in inbred mouse strains and
F1 hybrids: implications of genetic background for
single gene mutations and quantitative trait loci
analyses. Neuroscience, 80:1087-99, 1997.

PARK, C., GALE, G., DEJONG, S., ET AL. Gene networks
associated with conditional fear in mice identified
using a systems genetics approach. BMC Syst Biol,
5:43, 2011.

PATSOPOULOS, N., TATSIONI, A., AND IOANNIDIS, ]J.
Claims of sex differences: an empirical assessment
in genetic associations. J Am Med Assoc, 298:880—
93, 2007.

PEIRCE, J., DERR, R., SHENDURE, J., ET AL. A major in-
fluence of sex-specific loci on alcohol preference in
C57Bl1/6 and DBA/2 inbred mice. Mamm Genome,
9:942-8, 1998.

PHILLIPS, R. AND LEDOUY, J. Differential contribution
of amygdala and hippocampus to cued and contex-
tual fear conditioning. Behav Neurosci, 106:274-85,
1992.

POWELL, N., SLOAN, E., AND BAILEY, M. Social stress
up-regulates inflammatory gene expression in the
leukocyte transcriptome via f-adrenergic induc-
tion of myelopoiesis. Proc Natl Acad Sci U S A, in
press.

PURCELL, S., WRAY, N., STONE, J., ET AL. Com-
mon polygenic variation contributes to risk of
schizophrenia and bipolar disorder. Nature, 460:
748-52, 2009.

REIF, A., FRITZEN, S., FINGER, M., ET AL. Neural stem
cell proliferation is decreased in schizophrenia, but
not depression. Mol Psych, 11:514-22, 2006.

RICHMOND, M., POUZET, B., VEENMAN, L., ET AL. Dis-
sociating context and space within the hippocam-
pus: Effects of complete, dorsal, and ventral exci-
totoxic hippocampal lesions on conditioned freez-
ing and spatial learning. Behav Neurosci, 113:1189-
1203, 1999.

Roy, K., MURTIE, J., EL-KHODOR, B., ET AL. Loss
of erbB signaling in oligodendrocytes alters myelin
and dopaminergic function, a potential mecha-
nism for neuropsychiatric disorders. Proc Natl
Acad Sci U S A, 104:8131-6, 2007.

Ruczinskl, 1., KOOPERBERG, C., AND LEBLANC, M.
Logic regression. ] Comput Graph Stat, 12:475-511,
2003.

RYNER, L., GOODWIN, S., CASTRILLON, D., ET AL. Con-
trol of male sexual behaviour and sexual orienta-
tion in Drosophila by the fruitless gene. Cell, 87:
1079-89, 1996.

SARIS, C., HORVATH, S., VAN VUGHT, P.,, ET AL.
Weighted gene co-expression network analysis of
the peripheral blood from Amyotrophic Lateral
Sclerosis. BMC Genomics, 10:405, 2009.

SCHADT, E., LAMB, J., YANG, X., ET AL. An integrative
genomics approach to infer causal associations be-
tween gene expression and disease. Nat Genet, 37:
710-7, 2005.

SCHOLZEN, T. AND GERDES, J. The Ki-67 protein: from
the known and the unknown. J Cell Physiol, 182:
311-22, 2000.

SCHORK, N., BOEHNKE, M., TERWILLIGER, J., AND
OTT, J. Two-trait-locus linkage analysis: a power-
ful strategy for mapping complex genetic traits. Am
J Hum Genet, 53:1127-36, 1993.

ScoTT, J., KNOTT, T., PRIESTLEY, L., ET AL. High-
density lipoprotein composition is altered by a
common DNA polymorphism adjacent to apopro-
tein All gene in man. Lancet, 1:771-3, 1985.

Genes Contributing to Variation in Fear-Related Behaviour



Jon Krohn

References

SEDA, O., TREMBLAY, J., GAUDET, D., ET AL. System-
atic, genome-wide, sex-specific linkage of cardio-
vascular traits in French Canadians. Hypertension,
51:1156-62, 2008.

SHIFMAN, S., BELL, J., COPLEY, R., ET AL. A high-
resolution single nucleotide polymorphism genetic
map of the mouse genome. PLoS Biol, 4:€395, 2006.

SokoLowskA, E. AND HOVATTA, I. Anxiety genetics
— findings from cross-species genome-wide ap-
proaches. Biol Mood Anxiety Disord, 3:9, 2013.

SOLBERG, L., VALDAR, W., GAUGUIER, D., ET AL. A
protocol for high-throughput phenotyping, suit-
able for quantitative trait analysis in mice. Mamm
Genome, 17:129-46, 2006.

SONG, L., LANGFELDER, P, AND HORVATH, S. Com-
parison of co-expression measures: mutual infor-
mation, correlation, and model based indices. BMC
Bioinformatics, 13:328, 2012.

SPEED, D. AND TAVARE, S. Sparse Partitioning: Non-
linear regression with binary or tertiary predictors,
with application to association studies. Annals of
Applied Statistics, 5:873-93, 2011.

SPELIOTES, E., WILLER, C., AND BERNDT, S. Associa-
tion analyses of 249,796 individuals reveal 18 new
loci associated with body mass index. Nat Genet,
42:937-48, 2010.

STRANGE, B. AND DOLAN, R. Adaptive anterior hip-
pocampal responses to oddball stimuli. Hippocam-
pus, 11:690-8, 2001.

STRANGE, B., FLETCHER, P., HENSON, R., ET AL. Segre-
gating the functions of human hippocampus. Proc
Natl Acad Sci U S A, 96:4034-9, 1999.

TANG, X., ORCHARD, S., AND SANFORD, L. Home
cage activity and behavioural performance in in-
bred and hybrid mice. Behav Brain Res, 136:555—
569, 2002.

TAYLOR, B., TARANTINO, L., AND PHILLIPS, S. Gender-
inSSuenced obesity QTLs identiPed in a cross in-
volving the KK type II diabetes-prone mouse strain.
Mamm Genome, 10:963-8, 1999.

TEAM, R. A language and environment for statistical
computing. R Foundation for Statistical Comput-
ing, Vienna, 2010.

TERI, L., FERRETTI, L., GIBBONS, L., ET AL. Anxiety in
Alzheimer’s disease: prevalence and comorbidity. J
Gerontol Ser A- Biol Sci Med Sci, 54:M348-52, 1999.

THE COMPLEX TRAIT CONSORTIUM: CHURCHILL, G.,
AIREY, D., ALLAYEE, H., ET AL. The Collaborative
Cross, a community resource for the genetic analy-
sis of complex traits. Nat Genet, 36:1133-7, 2004.

TIBSHIRANI, R. Regression shrinkage and selection via
the lasso. J Roy Statist Soc Ser B, 58:267-88, 1996.

ToLias, K., DuMAN, J., AND UM, K. Control of
synapse development and plasticity by Rho GT-
Pase regulatory proteins. Prog Neurobiol, 94:133—
48, 2011.

TotH, P. The “good cholesterol”: high-density
lipoprotein. Circulation, 111:e89-91, 2005.

Touma, C., SACHSER, N., MOSTL, E., AND PALME, R.
Effects of sex and time of day on metabolism and
excretion of corticosterone in urine and feces of
mice. Gen Comp Endocrinol, 130:267-78, 2003.

TURRI, M., DATTA, S., DEFRIES, J., ET AL. QTL analysis
identifies multiple behavioral dimensions in etho-
logical tests of anxiety in laboratory mice. Curr Biol,
11:725-34, 2001a.

TURRI, M., DEFRIES, J., HENDERSON, N., ET AL. Mul-
tivariate analysis of quantitative trait loci influenc-
ing variation in anxiety-related behavior in labora-
tory mice. Mamm Genome, 5:69-76, 2004.

TURRI, M., HENDERSON, N., DEFRIES, J., ET AL.
Quantitative trait locus mapping in laboratory mice
derived from a replicated selection experiment for
open-field activity. Genetics, 158:1217-26, 2001b.

VALDAR, W., HOLMES, C., MOTT, R., AND FLINT, J.
Mapping in structured populations by resample
model averaging. Genetics, 182:1263-77, 2009.

VALDAR, W., SOLBERG, L., GAUGUIER, D., ET AL. Ge-
netic and environmental effects on complex traits
in mice. Genetics, 174:959-84, 2006a.

VALDAR, W., SOLBERG, L., GAUGUIER, D., ET AL.
Genome-wide genetic association of complex traits
in heterogeneous stock mice. Nat Genet, 38:879-87,
2006b.

VALENTINUZZI, V., KOLKER, D., VITATERNA, M., ET AL.
Automated measurement of mouse freezing be-
havior and its use for quantitative trait loci anal-
ysis of contextual fear conditioning in (BALB/cJ x
C57BL/6])F2 mice. Learn Mem, 5:391-403, 1998.

VAN WEZEL, T., RUIVENKAMP, C., STASSEN, A., ET AL.
Four new colon cancer susceptibility loci, Scc6 and
Scc9 in the mouse. Cancer Res, 59:4216, 1999.

Genes Contributing to Variation in Fear-Related Behaviour



Jon Krohn

References

VENABLES, W. AND RIPLEY, B. Modern Applied Statis-
tics with S. Springer-Verlag, New York, 2002.

VILLELLA, A., GALLEY, D., BERWALD, B., ET AL. Ex-
tended reproductive roles of the fruitless gene in
Drosophila melanogaster revealed by behavioural
analysis of new fru mutants. Genetics, 143:1013-20,
1996.

VISSCHER, P., THOMPSON, R., AND HALEY, C. Confi-
dence intervals in QTL mapping by bootstrapping.
Genetics, 143:1013-20, 1996.

WANSTRAT, A. AND WAKELAND, E. The genetics of
complex autoimmune diseases: non-MHC suscep-
tibility genes. Nature Immunol, 2:802-9, 2001.

WATTS, D. AND STROGATZ, S. Collective dynamics of
’small-world’ networks. Nature, 393:440-2, 1998.

WEISS, L., PAN, L., ABNEY, M., AND OBER, C. The sex-
specific genetic architecture of quantitative traits in
humans. Nat Genet, 38:218-22, 2006.

WENG, W. AND BRESLOW, J. Dramatically decreased
high density lipoprotein cholesterol, increased
remnant clearance, and insulin hypersensitivity in
apolipoprotein A-II knockout mice suggest a com-
plex role for apolipoprotein A-II in atherosclerosis
susceptibility. Proc Natl Acad Sci USA, 93:14788-94,
1996.

WHOOLEY, M. AND SIMON, G. Managing depression
in medical outpatients. N Engl J Med, 343:1942-50,
2000.

Wu, C.-C., HUANG, H.-C., JUAN, H.-F, AND CHEN,
S.-T. GeneNetwork: an interactive tool for re-
construction of genetic networks using microarray
data. Bioinformatics, 20:3691-3, 2004.

Xu, X., COATS, J., YANG, C., ET AL. Modular genetic
control of sexually dimorphic behaviors. Cell, 148:
596-607, 2012.

YALCIN, B., NIcoD, J., BHOMRA, A., ET AL. Commer-
cially available outbred mice for genome-wide as-
sociation studies. PloS Genet, 6:€1001085, 2010.

YANG, J., BENJAMIN, B., MCEvOY, B., ET AL. Common
SNPs explain a large proportion of the heritability
for human height. Nat Genet, 42:565-9, 2010.

ZHANG, B. AND HORVATH, S. A General Framework
for Weighted Gene Co-Expression Network Analy-
sis. Stat Appl Genet Molec Biol, 4:17, 2005.

ZHA0, W., CHEN, H., Xu, H., ET AL. Brain insulin
receptors and spatial memory: Correlated changes
in gene expression, tyrosine phosphorylation, and
signalling molecules in the hippocampus of wa-
ter maze trained rats. J Biol Chem, 274:34893-902,

1999.

ZHENG, Q. AND WANG, X. GOEAST: a web-based soft-
ware toolkit for Gene Ontology enrichment analy-
sis. Nucleic Acids Res, 36:W358-63, 2008.

ZHONG, S., GOLDBERG, I., BRUCE, C., ET AL. Human
ApoA-II inhibits the hydrolysis of HDL triglyceride
and the decrease of HDL size induced by hyper-
triglyceridemia and cholesteryl ester transfer pro-
tein in transgenic mice. J Clin Invest, 94:2457-67,
1994.

Zou, H. AND HASTIE, T. Regularization and variable
selection via the elastic net. J Roy Statist Soc Ser B,
67:301-20, 2005.

ZUK, O., HECHTER, E., SUNYAEV, S., AND LANDER, E.
The mystery of missing heritability: Genetic inter-
actions create phantom heritability. Proc Natl Acad
Sci US A, 109:1193-8, 2012.

Genes Contributing to Variation in Fear-Related Behaviour



APPENDIX

COVARIATES

This is a table of the variables included as covariates for each phenotype in Bagphenotype
scans. I included in C of the equation in Figure 3.1 all of the covariates that were avail-
able and that accounted for at least 1% of the variance in the phenotype y. These same
covariates were also included as predictors in analyses using SPIV (Chapter 5), while they
were regressed out of the phenotypes prior to analysis with Sparse Partitioning (§3.3.3).
“EndNormalBW” is a measurement the animal’s body weight at the end of all experiments.
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Phenotype Covariates

AdrenalMeanWeight GENDER,EndNormalBW,Date.Month,Date.StudyDay

Biochem.ALP GENDER,EndNormalBW

Biochem.ALT GENDER,EndNormalBW

Biochem.AST GENDER,EndNormalBW

Biochem.Albumin GENDER,EndNormalBW

Biochem.Calcium GENDER,EndNormalBW

Biochem.Chloride GENDER,EndNormalBW

Biochem.Creatinine GENDER,EndNormalBW,Age

Biochem.Glucose GENDER,EndNormalBW

Biochem.HDL GENDER,EndNormalBW

Biochem.LDL GENDER,EndNormalBW

Biochem.Phosphorous GENDER,EndNormalBW

Biochem.Potassium GENDER,EndNormalBW

Biochem.Sodium GENDER,EndNormalBW

Biochem.Tot.Cholesterol GENDER,EndNormalBW

Biochem.Tot.Protein GENDER,EndNormalBW

Biochem.Triglycerides GENDER,EndNormalBW

Biochem.Urea GENDER,EndNormalBW

CD4Count GENDER,EndNormalBW,Date.Season,Date.Month

CD8Count GENDER,EndNormalBW,Date.Season,Date.Month

Context.Mean.Freeze GENDER,EndNormalBW,Experimenter,CoatColour,Date.Month,FPS.TrainingChamber,Date.StudyDay
Cue.Activity.Basel2.Increase GENDER,EndNormalBW,Experimenter

Cue.Boli GENDER,EndNormalBW,Date.Month,Date.StudyDay
Cue.Mean.Freeze.Corrected.During GENDER,EndNormalBW,CoatColour,FPS.TrainingChamber
Cue.Mean.Freeze.Post GENDER,EndNormalBW,Date.Month,Date.StudyDay,FPS.TrainingChamber
Cue.Raw.Activity.Before.Tonel GENDER,EndNormalBW,Date.Month,CoatColour,Date.StudyDay
EPM.ClosedArmDistance GENDER,EndNormalBW,Date.StudyDay

EPM.ClosedArmEntries GENDER,EndNormalBW,Experimenter,Date.Month,Date.StudyDay
EPM.ClosedArmTime GENDER,EndNormalBW,Date.StudyDay

EPM.JunctionDistance GENDER,EndNormalBW,Experimenter,CoatColour,Date.StudyDay
EPM.JunctionEntries GENDER,EndNormalBW,Experimenter,Date.Month,CoatColour,Date.StudyDay
EPM.JunctionTime GENDER,EndNormalBW,Date.StudyDay

EPM.OpenArmDistance GENDER,EndNormalBW,Date.Month,CoatColour,Date.StudyDay
EPM.OpenArmEntries GENDER,EndNormalBW,Date.Month,CoatColour,Date.StudyDay
EPM.OpenArmTime GENDER,EndNormalBW,Date.Month,CoatColour,Date.StudyDay
EarHoleMeanArea GENDER,EndNormalBW,Date.Season,Date.Month,Date.StudyDay
FPS.Bang.Increase GENDER,EndNormalBW,CoatColour, Test.Date.StudyDay
FPS.Bang.Tone.Increase GENDER,EndNormalBW, Test.Date.StudyDay

FPS.Pre.Bang.Mean GENDER,EndNormalBW, Test.Chamber, Test.Date.Season, Test.Date.StudyDay
FPS.Pre.Bang.Tone.Mean GENDER,EndNormalBW, Test.Date.StudyDay, Test.Chamber

FaecalSteroid GENDER,EndNormalBW,Date.StudyDay

Glucose.Area GENDER,EndNormalBW,Experimenter

Glucose.Area0 GENDER,EndNormalBW

Glucose.Slope GENDER,EndNormalBW,Date.Month,Date.StudyDay

Glucose_0 GENDER,EndNormalBW,InjectionTime.StudyDay,InjectionTime.StudyStartSeconds,Experimenter
Glucose_15 GENDER,EndNormalBW,InjectionTime.StudyDay,InjectionTime.StudyStartSeconds,Experimenter
Glucose_30 GENDER,EndNormalBW,Experimenter

Glucose_75 GENDER,EndNormalBW,Experimenter

Haem.BASabs GENDER,EndNormalBW,Date.Month,Date.StudyDay

Haem.HCT GENDER,EndNormalBW,Date.StudyDay

Haem.HGB GENDER,EndNormalBW,Date.StudyDay

Haem.LYMabs GENDER,EndNormalBW,Date.Month,Date.StudyStartSeconds,Date.StudyDay
Haem.MCH GENDER,EndNormalBW,Date.StudyDay

Haem.MCHC GENDER,EndNormalBW,Age,Date.StudyDay

Haem.MCV GENDER,Date.StudyDay

Haem.MONabs GENDER,EndNormalBW,Date.Season,Date.Year,Date.Month,Date.StudyDay
Haem.MPV GENDER,EndNormalBW,Date.Month,Date.StudyDay

Haem.NEUabs GENDER,EndNormalBW,CoatColour,Date.Season,Date.Year,Date.Month,Date.StudyDay
Haem.PCT GENDER,EndNormalBW,Date.Month,Date.StudyDay

Haem.PLT GENDER,EndNormalBW,Date.StudyDay

Haem.RBC GENDER,EndNormalBW,Date.StudyDay

Haem.RDW GENDER,EndNormalBW,Date.Month,Date.StudyDay

Haem.WBC GENDER,EndNormalBW,Date.StudyDay

Imm.BCell.size GENDER,EndNormalBW,Date.Month

Imm.CD4.size GENDER,EndNormalBW,Date.Month

Imm.CD8.size GENDER,EndNormalBW,Date.Month

Imm.CD4CD8Ratio GENDER,EndNormalBW,Date.Season,Date.Month

Imm.CD4inCD3XGeoMean GENDER,EndNormalBW,Date.Month,Date.StudyStartSeconds

Imm.CD8inCD3YGeoMean GENDER,EndNormalBW,Date.Month,Date.StudyStartSeconds



Imm.PctB220

Imm.PctCD3

Imm.PctCD4
Imm.PctCD4inCD3
Imm.PctCD8
Imm.PctCD8inCD3
Imm.PctNKTAndOutliers
AUC.IRI.AUC.G

DIRI.DG

Glucose.AUC

Glucose.Delta
Glucose.Slope

Insulin.0

Insulin.15

Insulin.30

Insulin.75

Insulin.AUC

Insulin.Delta

Insulin.Slope

OFT.Boli

OFT.CenterTime
OFT.TotalActivity
PAS.Ambulatory1
PAS.Ambulatory6
PAS.TotalAmbulatory
PAS.TotalFine
Pleth.EnhancedDiff
Pleth.base.BreathFrequency
Pleth.base.EnhancedPause
Pleth.base.ExpiratoryTime
Pleth.base.InspiratoryTime
Pleth.base.MinuteVolume
Pleth.base.TidalVolume
Pleth.meta.BreathFrequency
Pleth.meta.EnhancedPause
Pleth.meta.ExpiratoryTime
Pleth.meta.InspiratoryTime
Pleth.meta.MinuteVolume
Pleth.meta.TidalVolume

GENDER,EndNormalBW,Date.Month
GENDER,EndNormalBW,Date.Month
GENDER,EndNormalBW,Date.Month
GENDER,EndNormalBW,Date.Month
GENDER,EndNormalBW,Date.Month
GENDER,EndNormalBW,Date.Season,Date.Month
GENDER,EndNormalBW,Date.Month
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay

GENDER,EndNormalBW,Date.Month,Experimenter,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Experimenter,Date.StudyDay

GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay

GENDER,EndNormalBW,Experimenter,Date.Month,Date.StudyDay

GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay

GENDER,EndNormalBW,Date.Hour,Date.Month,Date.StudyDay

GENDER,EndNormalBW
GENDER,EndNormalBW,Experimenter,Date.StudyDay
GENDER,EndNormalBW,Experimenter,Date.StudyDay
GENDER,EndNormalBW,Date.Hour
GENDER,EndNormalBW,Experimenter,Date.StudyDay
GENDER,EndNormalBW,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay

GENDER,EndNormalBW,Date.Season,Date.Month,Date.StudyDay

GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.StudyDay

GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay
GENDER,EndNormalBW,Date.Month,Date.StudyDay



APPENDIX

BAGPHENOTYPE MAIN EFFECT QTL

These are the 294 main effect QTL identified using Bagphenotype, as referenced in §3.4.1.
The column headings are phenotype, chromosome, RMIP (QTL summary statistic, where
1is the highest possible score), and QTL start and end locations (in bp).
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phenotype
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Adrenal.AdrenalMeanWeight
Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALP

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT

Biochem.ALT
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

Biochem.HDL

chr

X X X

NNOOWNN

el
NuPhPwouuowowooo hw

e e
NOOCUDANWNNRERFRRFEUOUIUIWEE

RMIP

0.45
0.42
0.62
0.54
0.60
0.37
0.29
0.85
0.29
0.29
0.63
0.32
0.43
0.28
1.00
0.35
0.34
0.27
0.26
0.64
0.58
0.82
0.38
0.59
0.32
0.27
0.28
0.34
0.29
0.29
0.27
0.91
0.27
0.93
0.58
0.86
0.42
0.59
0.99
0.97
0.86
0.31
1.00
0.69
0.37
0.30
0.31
0.95
0.54
0.25
0.54
0.26

gtl.start

143786738
123481111
30845875
37481674
111851612
26528597
70720589
104889656
14519611
5977003
47278773
101637548
16837448
22966056
136594254
26751200
47596009
15152117
35408260
13253265
92076345
39063900
153522078
49663745
19748992
68011701
66144626
30872398
31809011
45708217
44199942
98742734
88047935
97507155
14958749
100641721
46946166
14612620
10064963
14525689
90596857
137706366
173512974
103746211
13792436
169938514
70005312
109541448
20753192
79382020
4107648
73194773

gtl.end

144359013
124239391
31266964
38079037
112321244
26701825
70880810
105127275
14903206
6575020
47610946
103052874
17297861
23212380
137031470
26802237
47907480
15355016
35965460
13691188
92458652
39314765
154738181
50441355
20920303
68666753
66474531
31644114
32371866
46204214
44429433
99036087
88522520
98035113
15072111
101275680
47173175
14997257
10826161
14812969
90759312
138014096
173631425
104669880
14231487
170413806
70392038
109908196
21119963
79759628
4607929
73426073



Biochem.HDL

Biochem.HDL
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Urea
Biochem.Urea
Biochem.Urea
Biochem.Urea
CD4.CD4Count
CD4.CD4Count
CD4.CD4Count
CD4.CD4Count
CD4.CD8Count
CD4.CD8Count
CD4.CD8Count
CD4.CD8Count
CD4.CD8Count
CD4.CD8Count
CD4.CD8Count
Context.Mean.Freeze
Context.Mean.Freeze
Context.Mean.Freeze
Context.Mean.Freeze
Context.Mean.Freeze
Context.Mean.Freeze
Cue.Mean.Freeze.Corrected.During
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea
EarPunch.EarHoleMeanArea

0.52
0.60
0.40
0.31
0.25
0.49
0.33
0.30
0.68
0.33
0.27
0.26
0.28
0.58
0.31
0.54
0.28
0.27
0.39
0.85
0.26
0.52
0.39
0.52
0.44
0.72
0.46
0.30
0.59
0.28
0.45
0.33
0.42
0.66
0.27
0.26
0.28
0.29
0.59
0.84
1.00
0.26
0.47
0.28
0.38
0.68
0.30
0.66
0.32
1.00
0.28
0.28
0.99

49778676
45798061
173513002
21134873
30713660
72978371
83877615
17721904
57512164
74213736
59402835
98035113
125265532
17847456
25413801
9913339
67378932
83876493
26160762
66188108
69224043
34176516
11898065
23258929
14777201
61696857
54177934
13792436
15279270
71875421
79976439
76886562
93855411
18026648
44064311
66474531
68395771
47911259
88032927
12707370
91147389
74335917
172771717
95279064
161813131
164778924
141912370
140166194
51803136
89219602
6312108
60881752
15600228

50078795
46060011
173679147
21848398
30958801
73223858
84433246
17962047
57639277
74541941
59680532
98131534
126021388
18178916
25519225
10160516
68051553
84841025
26442205
66339077
69829234
34498057
12509475
23565005
15152117
62013883
54783261
14231487
15690967
72485969
80258009
77135358
94394983
18524137
44443738
66890386
68814125
48107521
88037391
13178634
91723248
74488036
173148974
95905962
162215119
165221683
142235599
140528737
52069787
89628484
6513859
61574478
16015601



End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
End.Weight
FPS.Pre.Bang.Mean
FPS.Pre.Bang.Mean
FPS.Pre.Bang.Mean
FPS.Pre.Bang.Mean
FPS.Pre.Bang.Mean
FPS.Pre.Bang.Mean
FPS.Pre.Bang.Mean
FPS.Pre.Bang.Mean
Glucose.Glucose_75
Glucose.Glucose_75
Glucose.Glucose_75
Glucose.Glucose_75
Glucose.Glucose_75
Haem.BASabs
Haem.BASabs
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HCT
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH

=

0.54
0.41
0.54
0.41
0.49
0.26
0.31
0.44
0.97
0.27
0.32
0.35
0.68
0.72
0.41
0.26
0.28
0.43
0.98
0.49
0.39
0.27
0.96
0.49
1.00
0.49
0.38
0.92
0.37
0.32
0.50
0.42
0.35
0.69
0.26
0.28
0.28
0.29
0.30
0.37
0.31
0.44
0.82
0.60
0.99
0.47
0.28
0.67
0.44
1.00
0.25
0.84
0.63

156380260
80928334
98035113

150659678
37773315
21760276
27605607
65367018
38339766
53805218
39541226

113609980
53830588
92839368
76811277
15600228
48861550

3956242
87557243

108599580
59238150

108381128

116531783
81657003
91990394
78214131

128550917
84522419
94596852
72480554
16497086
38263045
30920314

191625780

159495462
74541941
33715275
58508797
80770639
56618586

133564393
78497194
84333438
92872959

111297435

123159343
92869685
84235111
66818506

108961792
82455510

5771004

101713427

156801190
81299007
98131534

151017396
38670260
22147944
28302421
65964613
38770767
53988266
40250023

113741390
53969744
93134753
77217163
16015601
49191214

4419602
88039370

108659081
59835072

108600081

116908402
81745113
92378459
78515909

128958345
84738519
95023409
73073329
16921354
38635892
30972624

191712842

159833677
74779333
33964549
58752187
81351500
56912584

133662206
78927614
84746715
93203361

111539097

123720769
93011781
84568855
67369013

109158429
82970768

6153573

102007903



Haem.MCH

Haem.MCH

Haem.MCH

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MCV

Haem.MPV

Haem.MPV

Haem.MPV

Haem.MPV

Haem.MPV

Haem.WBC

Haem.WBC

Haem.WBC

Haem.WBC

Haem.WBC

Haem.WBC

Haem.WBC
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4CD8Ratio
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD4inCD3XGeoMean
Imm.CD8inCD3YGeoMean
Imm.CD8inCD3YGeoMean
Imm.CD8inCD3YGeoMean
Imm.CD8inCD3YGeoMean

=
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12

1.00
0.51
0.36
1.00
0.44
0.33
0.63
0.92
0.50
0.70
1.00
0.83
0.34
0.33
1.00
0.28
0.38
0.53
0.45
0.47
0.67
0.42
0.53
0.49
0.90
0.49
0.29
0.62
0.98
0.54
0.43
0.44
0.97
0.99
1.00
0.29
0.32
0.34
0.25
0.42
0.74
0.61
0.60
0.50
0.40
0.45
0.35
0.59
0.31
0.40
0.33
0.44
0.89

70786590
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118419659
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88282967
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39493346
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125312051
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34517928
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4169609
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129804877
106769381
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82104520
47579405
107602250
32186535
50721050
144359013
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57941566
19181632
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0.55
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0.46
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0.43
0.39
0.53
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166455786
148792855
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18466041
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104949312
4408632
42903032
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APPENDIX

This is an appendix of the GxS interaction, male-only main effect, and female-only main
effect QTL identified by Bagphenotype, as referenced in §3.4.6.
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Phenotype Category Phenotype Chr Range1l (Mb) Range2 (Mb) RMIP type
anatomy AdrenalMeanWeight 2 121731696 124239391 0.31 female
anatomy AdrenalMeanWeight 2 138033487 145107318 0.26 female
anatomy AdrenalMeanWeight 4 122943300 125265532 0.45 female
anatomy AdrenalMeanWeight 6 34603223 38495238 0.5 female
anatomy AdrenalMeanWeight 7 24837074 27852765 0.32 female
anatomy AdrenalMeanWeight 7 111381390 114746266 0.28 female
anatomy AdrenalMeanWeight 129783295 133124932 0.79 female
anatomy AdrenalMeanWeight 7 17157622 17517603 0.93 intxn
anatomy AdrenalMeanWeight 14 118526480 118978067 0.35 intxn
anatomy AdrenalMeanWeight 1 130485574 135256658 0.31 male
anatomy AdrenalMeanWeight 3 29004632 39215658 0.3 male
anatomy AdrenalMeanWeight 6 38804725 40081576 0.31 male
anatomy AdrenalMeanWeight 7 3176074 6911682 0.28 male
anatomy End.Weight 3 140551055 142720742 0.5 female
anatomy End.Weight 5 20266652 22716575 0.42 female
anatomy End.Weight 5 136305277 138095206 0.55 female
anatomy End.Weight 13 88826415 93772727 0.32 female
anatomy End.Weight 129783295 132263611 0.27 female
anatomy End.Weight 5 59926204 60215583 0.77 intxn
anatomy End.Weight 6 19885952 20413391 0.72 intxn
anatomy End.Weight 19 39045504 39383344 0.77 intxn
anatomy End.Weight 132120831 132473737 1 intxn
anatomy End.Weight 5 57923864 65141892 0.4 male
anatomy End.Weight 6 19885952 22074735 0.39 male
anatomy End.Weight 10 36136190 36343122 0.44 male
anatomy End.Weight 19 3185700 3717162 0.48 male
anatomy End.Weight 148331809 150142966 0.26 male
anatomy Obesity.BMI 12 87124120 88386384 0.52 female
anatomy Obesity.BMI 1 84300299 90246244 0.32 male
anatomy Obesity.BMI 2 115248529 120302445 0.29 male
anatomy Obesity.BMI 2 126929073 128300235 0.5 male
anatomy Obesity.BMI 4 3630716 5606295 0.37 male
anatomy Obesity.BMI 6 90102227 91311931 0.34 male
anatomy Obesity.BMI 11 98342741 101112093 0.57 male
anatomy Obesity.BMI 14 21661895 24010972 0.31 male
anatomy Obesity.BodyLength 1 84300299 92906418 0.52 male
anatomy Start.Weight 1 32391447 33236435 0.4 female
anatomy Start.Weight 3 71909206 72462519 0.29 female
anatomy Start.Weight 3 90219126 90464434 0.42 female
anatomy Start.Weight 4 43742456 46764494 0.57 female
anatomy Start.Weight 8600783 9744195 0.25 female
anatomy Start.Weight 2 149804648 150657049 0.94 intxn
anatomy Start.Weight 1 15549818 18007464 0.38 male
anatomy Start.Weight 1 32391447 33302519 0.25 male
anatomy Start.Weight 3 113715126 116705235 0.54 male
anatomy Start.Weight 5 63372768 65070390 0.27 male
anatomy Start.Weight 6 92872959 95023409 0.32 male
anatomy Start.Weight 7 64962636 65964613 0.4 male
anatomy Start.Weight 8 13824360 18055828 0.53 male
anatomy Start.Weight 9 74735777 80151180 0.54 male
anatomy Start.Weight 12 3779593 7793844 0.35 male
anatomy Start.Weight 14 56241427 58557220 0.48 male
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0.31 male
0.27 male
0.45 male
0.29 female
0.38 female
0.94 female
0.28 male
0.83 male
0.27 female
0.28 female
0.39 female
0.31 male
0.78 male
0.47 male
0.31 male
0.43 male
0.47 male
0.77 female
0.37 male
0.35 male
0.33 male
0.35 male
0.26 female
0.34 female
1 female
0.67 intxn
0.7 intxn
0.99 male
0.35 female
0.35 female
0.61 female
0.51 male
0.26 male
0.31 male
0.32 male
0.27 male
0.25 male
0.33 female
0.36 female
0.28 female
0.33 female
0.28 male
0.33 female
0.6 female
0.3 female
0.25 female
0.31 male
0.33 male
0.61 male
0.52 female
0.26 female
0.91 intxn
0.57 male
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152016647
113197260
110196846
4131025
101266394
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108821923
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105975540
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92719757
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115597784
112023203
6312108
102063111
45448999
26728308
29807882
111397830
55615198
56783028
47579405
71293246
85601159

0.29 female
0.93 female
0.26 female
0.48 female
0.73 intxn
0.27 female
0.3 female
0.36 female
0.9 female
0.41 female
0.34 male
0.6 male
0.75 male
0.36 male
0.31 female
0.41 female
0.32 female
0.48 female
0.26 female
0.34 female
0.75 male
0.37 male
0.91 male
0.34 male
0.32 male
0.49 male
0.4 female
0.35 male
0.45 male
0.64 male
0.3 male
0.25 female
0.26 female
0.28 female
0.35 female
0.38 female
0.53 female
0.84 male
0.48 male
0.36 female
0.27 female
0.58 female
0.69 female
0.25 female
0.33 female
0.62 intxn
0.35 male
0.69 male
0.28 male
0.49 male
0.39 male
0.26 male
0.33 male
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0.72 female
0.31 female
0.51 male
0.32 male
0.27 male
0.25 male
0.55 male
0.59 female
0.31 female
0.38 female
0.4 female
0.51 female
0.29 female
0.26 male
0.26 male
0.52 male
0.26 female
0.76 female
0.45 female
1 female
0.83 intxn
0.31 male
0.48 male
0.62 male
0.25 male
0.27 male
1 male
0.99 male
0.3 male
0.38 male
0.31 female
0.47 female
1 female
0.81 intxn
0.78 male
0.48 male
0.7 male
0.3 male
0.97 male
1 male
0.25 female
0.6 female
0.31 female
0.85 intxn
0.6 intxn
0.58 intxn
0.69 male
0.25 female
0.39 female
0.28 female
0.37 female
0.37 female

0.3 female
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14
14

14

11
15

11
12
13
14

14
18

7420720
93051579
74735777
4408632
27138460
118393689
84968102
39045504
81884699
139321967
23652158
69953899
46583551
124274319
26185985
45737555
115226491
49388381
71067331
100461337
123170614
92666343
105905627
67347571
22375936
7420720
27436301
124928036
20853203

115226491

3397373
45566104

7832634
80950026
21655867
45826130
38908201

119355200

4187447
45448999
47173175
20218491
30285053

3046003

116619969

3667112
99912042
25413744
94443333
35141766

3667112

105941016
72568975

9657085
94926232
77217184
5429786
29118438
119173337
86131284
39383344
83521835
141506351
23915252
71545069
48727355
128446742
29619848
46978283
115957149
50804267
73604499
103823476
124772306
98931599
107825609
69773718
25668891
9954905
27554840
126249966
24079054

118645264

6645944
47260916
10142362
87055009
22652379
54936906
39961649

120110781

4318365
46175254
47652751
24572649
34371808
10142362

118686859
10749178
104023311
28507607
98040091
41430391
4318332
106668015
72861816

0.25 female
0.47 female
0.47 female
0.28 female
0.39 female
0.45 female
0.49 female
0.52 intxn
0.84 male
0.65 female
0.38 female
0.28 female
0.32 female
0.73 female
0.58 female
0.41 female
0.27 female
0.29 male
0.47 male
0.25 male
0.29 male
0.46 male
0.28 male
0.61 female
0.28 female
1 female
0.65 intxn
0.4 male
0.35 male
0.6 male
0.55 female
0.34 female
0.67 female
0.25 female
0.27 female
0.31 female
0.39 female
0.25 female
0.52 intxn
0.67 intxn
0.39 male
0.6 male
0.54 male
0.26 female
0.47 female
0.25 female
0.55 female
0.33 female
0.4 female
0.64 female
0.7 intxn
0.66 intxn

0.61 intxn



anxiety
anxiety
anxiety
anxiety
anxiety
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma

asthma

PAS.TotalFine
PAS.TotalFine
PAS.TotalFine
PAS.TotalFine
PAS.TotalFine
Pleth.base.BreathFreque
Pleth.base.BreathFreque
Pleth.base.BreathFreque
Pleth.base.BreathFreque X
Pleth.base.BreathFreque
Pleth.base.BreathFreque
Pleth.base.BreathFreque
Pleth.base.BreathFreque
Pleth.base.BreathFreque
Pleth.base.BreathFreque
Pleth.base.EnhancedPau
Pleth.base.EnhancedPau
Pleth.base.EnhancedPau
Pleth.base.EnhancedPau
Pleth.base.EnhancedPau
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.ExpiratoryTin
Pleth.base.InspiratoryTii
Pleth.base.InspiratoryTi1
Pleth.base.InspiratoryTi1
Pleth.base.InspiratoryTii
Pleth.base.InspiratoryTi1
Pleth.base.InspiratoryTi1
Pleth.base.InspiratoryTi1
Pleth.base.MinuteVolum
Pleth.base.MinuteVolum
Pleth.base.MinuteVolum
Pleth.base.MinuteVolum
Pleth.base.MinuteVolum
Pleth.base.TidalVolume
Pleth.base.TidalVolume
Pleth.base.TidalVolume
Pleth.base.TidalVolume
Pleth.base.TidalVolume
Pleth.EnhancedDiff
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17

14
16
11
12

15
16

28130643
104379829
104560215

29961592

26442205

63624905
148493933
109902083
162637797

74335917
133649413
190268338

57512164
107473108

3927809

91175280

22531208

42930156

65287142

98551075

26311456

62750655

52308561
147376306

87894371
109407139
117050539

4463972

73645168
133564393

57563965
113200134

92666343

86833310

91470264
148054146
109902083
189435268
106111465
122856564

3927809
28575749
5376317
117050539
147658707

30433259

24006175

92924770

34644286

95465648

89413198

32471847
144118797

28172741
105321384
106935972

32283162

26805976

66461385
149135934
110763328
163789960

76887544
137179674
191159138

58748595
108700691

5426959

92089638

24536944

48251240

69092547
101466172

27171199

66461385

54853162
149135934

91079516
113251562
119067079

5036704

76557445
135115263

58748595
113998284

95910003

87921720

93389102
149135934
113251562
190735257
106748034
123361348

5426959
29373829
6232263
119361386
149410472

31698942

24764645

96166802

37051142

97213397

89873413

35110554
147273762

0.76 intxn
0.94 male
0.43 male
0.55 male
0.37 male
0.34 female
0.73 female
0.28 female
0.61 intxn
0.37 male
0.31 male
0.4 male
0.39 male
0.32 male
0.25 male
0.51 female
0.27 female
0.39 male
0.25 male
0.58 male
0.3 female
0.55 female
0.43 female
0.78 female
0.28 female
0.38 female
0.34 female
0.41 female
0.4 male
0.37 male
0.31 male
0.48 male
0.77 male
0.27 male
0.38 male
0.53 female
0.51 female
0.78 male
0.31 male
0.48 male
0.32 male
0.6 male
0.34 female
0.33 female
0.36 male
0.42 male
0.25 male
0.66 female
0.25 female
0.63 male
0.37 male
0.35 male
0.34 female



asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma

asthma

Pleth.EnhancedDiff
Pleth.EnhancedDiff
Pleth.EnhancedDiff
Pleth.EnhancedDiff
Pleth.EnhancedDiff
Pleth.EnhancedDiff
Pleth.EnhancedDiff
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque X
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.BreathFreque
Pleth.meta.EnhancedPau
Pleth.meta.EnhancedPau
Pleth.meta.EnhancedPau
Pleth.meta.EnhancedPau
Pleth.meta.EnhancedPau
Pleth.meta.EnhancedPau
Pleth.meta.EnhancedPau
Pleth.meta.EnhancedPau
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.ExpiratoryTir
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.InspiratoryTi
Pleth.meta.MinuteVolum
Pleth.meta.MinuteVolum
Pleth.meta.MinuteVolum

Pleth.meta.MinuteVolum
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11
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70161473
140819613
64084780
100224573
56422669
30905773
49404168
144118797
110469016
107733362
39577766
126908217
42520890
108417099
106289356
30905773
52750785
25646615
14710093
144042787
72730481
124702258
70161473
141188524
100250921
56422669
50721050
141465582
118751926
131382302
109590865
126908217
132813297
23170215
76153308
27595271
74335917
147376306
19879576
31265392
49562269
147376306
190342085
68173658
97259653
98624873
52300225
28259743
88720555
67618256
46946166
25962994
10357457

71288882
142025996
72264312
105127275
61665885
35338547
54779006
147273762
113064325
111126430
40000413
127170858
45641714
111126430
110900130
33699903
55637822
30597319
16921354
144909460
72990649
130485541
71133199
142025996
105850994
58286624
54779006
142095083
119134752
135928182
110701061
127170858
133640518
27952444
78164064
30138131
77223961
149683429
24656630
32394877
54965922
147659124
190994061
71288882
98080805
101318682
54779006
30138131
89867333
69916453
47861053
27552504
10607023

0.25 male
0.38 male
0.25 male
0.56 male
0.78 male
0.25 male
0.81 male
0.29 female
0.94 female
0.74 female
0.54 female
0.86 intxn
0.33 male
0.72 male
0.3 male
0.27 male
0.83 male
0.26 male
0.28 male
0.3 female
0.73 intxn
0.26 male
0.26 male
0.31 male
0.39 male
0.37 male
0.49 male
0.31 female
0.33 female
0.4 female
0.43 female
0.82 intxn
0.74 intxn
0.46 male
0.86 male
0.47 male
0.36 female
0.48 female
0.26 female
0.36 female
0.41 female
0.62 intxn
0.33 male
0.52 male
0.39 male
0.25 male
0.87 male
0.3 male
0.36 male
0.32 female
0.32 female
0.86 female
0.39 female



asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
asthma
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry

biochemistry

Pleth.meta.MinuteVolum
Pleth.meta.MinuteVolum
Pleth.meta.MinuteVolum
Pleth.meta.MinuteVolum
Pleth.meta.MinuteVolum
Pleth.meta.MinuteVolum
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Pleth.meta.TidalVolume
Biochem.Albumin
Biochem.Albumin
Biochem.Albumin
Biochem.Albumin
Biochem.Albumin
Biochem.Albumin
Biochem.Albumin
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALP
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.ALT
Biochem.AST
Biochem.AST
Biochem.AST
Biochem.AST
Biochem.AST
Biochem.AST

17
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11
19
15

18

12
15
17

11
12

52300225
35090385
110701061
30780122
29519995
85150840
46946166
25612706
37340626
30905773
171780175
172563606
70535407
85678209
34333839
49404168
87800560
51021889
73785852
111302621
32646121
10248920
37299247
25691755
68674028
130668783
134974246
65434363
103527697
107058673
28975560
33517617
135525051
89422254
43905925
22628546
106221447
186627043
161278733
98027281
161278733
55615198
99934965
150449200
97507155
127685633
49663745
28979184
105860113
57574025
55550090
37372166
103604005

54128328
35935717
111255564
32860837
30771579
86749571
47589446
27552504
38455338
34993182
175295409
174553973
73915574
87870135
37015293
54433192
89867333
56744415
75283346
114213243
34127561
16955850
37710359
27943470
70283257
133564393
139804324
67053013
107607630
109140900
30896669
43780952
141170941
93062967
47731981
24783638
115361139
187552612
165221683
101301320
161565938
56469165
101301320
153029515
101413815
130281463
51078517
30845875
106368411
57644675
55988845
38555850
104015736

0.29 female
0.58 male
0.35 male
0.34 male
0.28 male
0.49 male
0.25 female
0.46 female
0.38 female
0.58 female
0.59 male
0.25 male
0.34 male
0.54 male
0.63 male
0.29 male
0.31 male
0.3 male
0.35 female
0.38 female
0.95 female
0.54 female
0.85 intxn
0.25 male
0.78 male
0.6 female
1 female
0.36 female
0.37 female
0.25 female
0.26 female
0.31 female
1 male
0.37 male
0.52 male
0.26 male
0.77 male
0.29 female
0.88 female
0.33 female
0.98 intxn
0.58 intxn
0.87 intxn
0.37 male
0.43 male
0.31 male
0.35 male
0.39 female
0.25 female
0.4 female
0.71 female
0.28 male
0.69 male



biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry

biochemistry

Biochem.AST
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Calcium
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Chloride
Biochem.Creatinine
Biochem.Creatinine
Biochem.Creatinine
Biochem.Creatinine
Biochem.Creatinine
Biochem.Creatinine
Biochem.Creatinine
Biochem.Creatinine
Biochem.Glucose

Biochem.Glucose
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67705817
138305655
11119213
148799645
15843635
73785852
116605948
147768302
113588467
73285454
124092229
97507155
5431978
101142950
58447977
8838458
73464630
52430672
80665579
10670977
148792855
47724730
10505166
18084710
34792252
18712951
74635389
52430672
147982503
114357138
16233475
69222854
61521914
26291450
124092229
144810472
97507155
5431978
45254182
90852652
67962799
4597936
66752114
145107318
23915252
31698271
80013484
92122215
15130657
98624873
68820867
17721904
127271445

69031637
141777975
19033618
152187052
20275251
74415713
116623304
147982503
113832244
73689769
126177730
98035113
8916439
105277540
64422310
10700907
75283346
53042542
81299007
13998275
150849955
49778676
15646749
20105239
39107143
22263388
74948665
53042542
148054146
114760348
16536522
69508434
61810249
26717265
126177730
145857974
98763055
8916439
49876647
93011781
72150322
11898065
68411183
145712235
24391217
33937411
80065966
92554542
17233143
101318682
72137571
19676382
129257291

0.3 male
0.67 female
0.27 female
0.47 female
0.33 female

0.9 intxn

0.8 intxn

0.8 intxn
0.85 intxn
0.75 intxn
0.95 intxn
0.73 male
0.66 male
0.33 male
0.57 male
0.38 male

0.3 female
0.34 female
0.28 female
0.26 female
0.41 female

0.4 female
0.33 female
0.27 female
0.33 female
0.61 female

0.8 intxn
0.78 intxn
0.95 intxn
0.86 intxn
0.82 intxn
0.75 intxn
0.66 intxn
0.82 intxn
0.98 intxn

0.3 male
0.67 male
0.29 male
0.33 male
0.46 male
0.57 male
0.38 male
0.25 male
0.25 female
0.27 female
0.28 female
0.74 intxn
0.91 male
0.33 male
0.43 male
0.26 male
0.27 female
0.83 female



biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry

biochemistry

Biochem.Glucose
Biochem.Glucose
Biochem.Glucose
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.HDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.LDL
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous

Biochem.Phosphorous
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52039468
18927810
81061515
173512974
80665579
108770805
114037242
31205452
73843465
48616114
43355687
68029824
44316600
153742601
133401871
60744554
113588467
132205716
28739110
92498332
32232369
73285454
39577766
171235205
103313211
128047790
45986359
101837924
62952529
81657003
184271870
89292013
128200051
24760691
77135358
83406529
23295631
23295631
185385632
156698689
98811889
32327598
40783983
38269852
93538251
80279943
89362055
48448264
36091355
86709915
130913579
6240949
147672016

52720464
22640318
85631824
175295409
81299007
111199155
117083314
31244528
76700446
53645706
44882191
70917635
49028056
156801190
133564393
61072070
113832244
132496708
29112775
92775317
32471847
73689769
40000413
173631425
110238889
135611538
51845790
102461576
63489848
85458326
185401055
91009109
133435313
31562855
81657003
85165653
26429667
23661236
186627043
158683823
109541448
37271257
41907956
40396917
96039450
87142544
89533020
48972782
38382286
87781832
131555056
7869718
149016561

0.57 female
0.93 male
0.28 male
1 female
0.63 female
0.62 female
0.35 female
0.43 female
0.34 female
0.34 female
0.27 female
0.44 female
0.29 female
0.57 female
0.79 intxn
0.88 intxn
0.41 intxn
0.68 intxn
0.86 intxn
0.88 intxn
0.69 intxn
0.69 intxn
1 intxn
1 male
0.68 male
0.44 male
0.27 male
0.37 male
0.32 male
0.34 male
0.46 female
0.29 female
0.26 female
0.27 female
0.46 female
0.35 female
0.5 female
0.72 intxn
0.38 male
0.46 male
0.52 male
0.41 male
0.33 female
0.33 female
0.38 female
0.48 female
0.62 intxn
0.66 intxn
0.56 male
0.31 male
0.29 male
0.27 male
0.26 male



biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry

biochemistry

Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Phosphorous
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Sodium
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Cholesterol
Biochem.Tot.Protein
Biochem.Tot.Protein
Biochem.Tot.Protein
Biochem.Tot.Protein
Biochem.Tot.Protein
Biochem.Tot.Protein
Biochem.Tot.Protein
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides
Biochem.Triglycerides

Biochem.Urea
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13824360
112348235
36127399
82049630
74415713
100055311
145979296
47724730
30610787
127442520
74635389
135137887
116605948
147982503
113588467
114357138
73285454
124092229
133748072
97507155
3968674
89143688
11226896
87559483
172980758
83732214
8331330
124579015
61597351
173171049
103116893
39052660
13604916
90148649
117662831
98811889
36869955
68376449
23915122
32283162
27868813
78863357
31220697
76635293
132726486
111836341
58293740
155234947
66810493
54124947
11750190
90183557
117626679

15993277
115055684
39837716
89873413
74948665
101656677
150210576
51298931
36662957
130309973
74948665
135469618
116623304
148054146
113832244
114760348
73689769
126177730
135758294
98131534
8916439
92120795
11370513
93218794
173631425
86549892
12971988
125265532
63947477
173631425
104379829
47861053
16233475
90789877
120068815
99169792
37230672
69819671
24365592
34447594
29670024
81299007
38888026
77309744
134927348
113842314
61269680
155495757
69633779
55212325
12887956
95472354
120636961

0.6 male
0.32 male
0.39 male
0.44 male
0.55 female
0.25 female
0.36 female
0.29 female
0.31 female
0.26 female
0.86 intxn
0.76 intxn
0.54 intxn
0.97 intxn
0.94 intxn
0.81 intxn
0.66 intxn
0.96 intxn
0.35 male
0.39 male
0.45 male
0.33 male

0.3 male
0.32 female

1 female
0.88 female

0.5 female
0.64 intxn
0.35 male

1 male
0.56 male
0.26 male
0.25 male
0.54 male
0.32 female

0.9 intxn
0.68 intxn
0.27 male
0.29 male
0.27 male
0.67 male
0.52 female
0.48 female
0.34 female
0.28 female
0.41 female
0.57 male
0.27 male
0.66 male

0.7 male
0.66 male
0.35 male
0.34 female



biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
biochemistry
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes

diabetes

Biochem.Urea
Biochem.Urea
Biochem.Urea
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
FaecalSteroid
AUC.IRLAUC.G
AUC.IRLAUC.G
AUC.IRLAUC.G
AUC.IRLAUC.G
AUC.IRLAUC.G
DIRLDG
DIRLDG
DIRLDG
DIRLDG
DIRLDG
DIRLDG
DIRLDG
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_0
Glucose_15
Glucose_15
Glucose_15
Glucose_15
Glucose_30
Glucose_30
Glucose_30
Glucose_30
Glucose_30
Glucose_30
Glucose_30
Glucose_75
Glucose_75
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10
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10
11
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82393634
131483657
66543092
133662206
50804267
20631993
190852896
167879623
27874393
48899643
70759715
53066091
25722834
80763536
130529794
79559924
105321384
119467629
67288919
59795986
57970867
15498164
105321384
67288919
102255071
59795986
7852779
118580076
160636812
25789217
53518649
22652379
128785590
54371892
111761160
102217793
19163210
62802636
5429786
47816920
104434921
32875693
57903543
76481364
127760938
29004632
127074444
19883071
99342120
57604413
83470807
127433785
103283648

82599332
132263611
67059205
137706366
53701581
28524660
191159138
168349019
28537266
49601364
71133199
53485558
26076172
81386979
130913280
79734252
105559686
119754487
67739161
60567967
58525051
15801632
105559686
67739161
108647759
60567967
8402142
120179440
161566006
30655403
56717200
24119207
129089561
55758009
112051764
102322554
21265573
63772977
5855027
49506830
106174095
33590127
61598711
87389606
128523738
32476036
129250674
21338976
100829374
58988207
87389606
129249377
104607924

0.56 intxn
0.7 intxn
0.36 male
0.584 female
0.28 female
0.352 female
0.88 intxn
0.83 intxn
0.69 intxn
0.72 intxn
0.94 intxn
0.77 intxn
0.81 intxn
0.79 intxn
0.79 intxn
0.57 male
0.68 intxn
0.62 intxn
0.61 intxn
0.43 male
0.25 male
0.66 intxn
0.83 intxn
0.68 intxn
0.37 male
0.33 male
0.26 male
0.25 male
0.5 female
0.84 female
0.4 female
0.54 female
0.84 intxn
0.68 intxn
0.67 intxn
0.72 intxn
0.46 male
0.27 male
0.35 male
0.33 male
0.28 female
0.26 female
0.39 male
0.87 male
0.39 female
0.64 female
0.43 female
0.33 female
0.25 male
0.91 male
0.42 male
0.69 female
0.46 female



diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes

diabetes

Glucose.AUC
Glucose.AUC
Glucose.AUC
Glucose.AUC
Glucose.AUC
Glucose.AUC
Glucose.AUC
Glucose.AUC
Glucose.DeadFromAnest
Glucose.DeadFromAnest
Glucose.DeadFromAnest
Glucose.Delta
Glucose.Delta
Glucose.Delta
Glucose.Delta
Glucose.Delta
Glucose.Delta
Glucose.Delta
Glucose.Delta
Glucose.Delta
Glucose.Slope
Glucose.Slope
Glucose.Slope
Glucose.Slope
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.0
Insulin.15
Insulin.15
Insulin.15
Insulin.15
Insulin.15
Insulin.15
Insulin.15
Insulin.30
Insulin.30
Insulin.30
Insulin.30
Insulin.30
Insulin.30
Insulin.30
Insulin.30

Insulin.75
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11
11
10
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10
12

11
14

127074444
13823258
126492366
166455786
129249377
3626116
62522641
14719531
34593191
66144626
125312051
27500105
126021388
13823258
126492366
166455786
129249377
3626116
62432859
14719531
30043246
69809557
12243418
21057841
18686059
118436245
54213999
63950799
33372577
118108777
81908118
118883462
161064795
120528725
20198538
33281475
157365793
92011514
33372577
133413512
30911190
16536522
6167305
60256730
104621794
112505105
120416799
106267042
78704835
145932188
6513859
70786590
86363506

129607739
18071808
127638433
166801701
129285361
3667112
65367018
17739797
35090385
66474531
130435791
30281954
130636710
18734641
127638433
166801701
129285361
3667112
65367018
17739797
35252542
70194903
14731777
23916928
20031913
123488018
59570930
64579934
33910931
118651588
82353886
119337339
161702633
122902059
23011973
36173613
158163919
94443333
33910931
138557721
35509600
18512682
8585238
60812438
106921083
115578692
120708725
106640985
79273031
148608536
8402142
75319087
87703689

0.86 female
0.39 female
0.4 female
0.72 intxn
0.84 intxn
0.65 intxn
0.82 male
0.87 male
0.45 female
0.83 male
0.84 male
0.25 female
0.79 female
0.35 female
0.4 female
0.76 intxn
0.65 intxn
0.62 intxn
0.92 male
0.88 male
0.41 male
0.43 male
0.46 male
0.26 male
0.57 female
0.95 female
0.6 female
0.81 intxn
0.96 intxn
0.94 intxn
0.84 intxn
0.89 intxn
0.62 intxn
0.67 male
0.38 male
0.26 male
0.78 male
0.56 female
0.69 intxn
0.28 male
0.45 male
0.43 male
0.31 male
0.33 male
0.34 female
0.29 female
0.69 intxn
0.63 intxn
0.61 intxn
0.67 male
0.69 male
0.27 male
0.79 female



diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
diabetes
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology

immunology

Insulin.75
Insulin.75
Insulin.75
Insulin.75
Insulin.75
Insulin.75
Insulin.75
Insulin.75
Insulin.75
Insulin.75
Insulin.AUC
Insulin.AUC
Insulin.AUC
Insulin.AUC
Insulin.AUC
Insulin.AUC
Insulin.AUC
Insulin.AUC
Insulin.Delta
Insulin.Delta
Insulin.Delta
Insulin.Delta
Insulin.Delta
Insulin.Delta
Insulin.Delta
Insulin.Delta
Insulin.Slope
Insulin.Slope
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
CD4Count
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22828132
109744558
130138355

22158385
140892941

86363506
107538924

66732817
161329328

93599787
113741390
119467629

62797457
143156917
161565938
104187278

59795986
118295239
115114816
113741390
105321384

62797457
143156917
108383360

59795986
118393689

89479905
148799645

46065650
111297435

13010473

20971210

74895730
134344946
127433785

28035962

35541626
115055684

20971210
114532522

7021088

51355279

49855424

30090763

16153309

13253142

28165863
109059308

14696094

23258929

59934477

52660661

68909584

23647416
112919282
132751097

22671798
141093822

86831692
107783029

66934385
164215797

94633816
115578692
119754487

63048550
143984017
162677301
108752970

60567967
120179440
115487784
114730591
105559686

63048550
143984017
108647759

60567967
120179440

92011514
149316468

49959139
114746266

15693572

21502038

75971158
134712780
127707242

28333984

35854858
115141806

21502038
114757274

7420720

51948312

50013941

30522137

16761520

14804960

29413722
111537717

15152117

24559322

65397435

54980347

75435371

0.45 female
0.67 female
0.25 female
0.71 intxn
0.71 intxn
0.68 intxn
0.59 intxn
0.86 intxn
0.58 male
0.32 male
0.37 female
0.78 intxn
0.72 intxn
0.85 intxn
0.37 male
0.41 male
0.33 male
0.42 male
0.42 female
0.4 female
0.71 intxn
0.7 intxn
0.91 intxn
0.36 male
0.34 male
0.41 male
0.44 female
0.67 intxn
0.26 female
0.5 female
0.37 female
0.25 female
0.47 female
0.89 intxn
0.64 intxn
1 intxn
0.93 intxn
0.64 intxn
0.83 intxn
0.77 intxn
0.69 intxn
0.9 intxn
0.63 intxn
0.78 intxn
0.57 intxn
0.29 male
0.27 male
0.34 male
0.44 male
0.45 male
0.46 male
0.26 male
0.27 male



immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology

immunology

CD8Count
CD8Count
CD8Count
CD8Count
CD8Count
CD8Count
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
EarHoleMeanArea
Haem.BASabs
Haem.BASabs
Haem.BASabs
Haem.BASabs
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HCT
Haem.HGB
Haem.HGB
Haem.HGB
Haem.HGB
Haem.HGB
Haem.HGB
Haem.HGB
Haem.LYMabs
Haem.LYMabs
Haem.LYMabs
Haem.LYMabs
Haem.LYMabs
Haem.LYMabs
Haem.LYMabs
Haem.LYMabs
Haem.LYMabs
Haem.MCH
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54656264
16225937
16220992
14758999
63105448
88158178
159872834
186268950
123478649
101882585
139583632
88739954
6153573
49175417
15166567
76154729
43702338
69618402
92906418
160302534
172771717
164200011
141912370
50880971
89127286
15408156
39952114
41357732
3484561
41357732
163955713
63514332
89105622
166801701
73675097
34306545
165540465
167838459
139536184
88977887
168410156
80478769
56618586
135137887
28318348
9430856
30655403
107112442
9425077
64914027
74802356
39493346
128625610

56982171
18676154
16515714
15993277
64881411
94690274
163488843
187710901
125123408
106748034
140528737
91417412
8402096
54944833
16097068
76305568
44053606
69968920
95933814
160621550
173155436
165221683
144143601
56035903
90186386
22319899
40253282
41840966
7341224
46090064
169192742
65312870
89761781
168792085
78034163
41426435
166007751
169192742
141093822
89938811
168762829
81351500
58717432
135592454
29763500
10276927
33964549
115597784
11494028
65833577
75435371
43610777
141417567

0.67 female
0.68 female
0.38 male
0.52 male
0.33 male
0.51 male
0.36 female
0.29 female
0.32 female
0.34 female
0.27 female
1 female
0.54 female
0.3 female
0.54 female
0.94 intxn
0.61 intxn
0.79 intxn
0.27 male
0.33 male
0.43 male
0.43 male
0.46 male
0.43 male
1 male
0.66 male
0.81 intxn
0.88 intxn
0.25 male
0.72 male
0.45 female
0.35 female
0.4 female
0.26 male
0.25 male
0.31 male
0.28 female
0.45 female
0.27 female
0.49 female
0.66 intxn
0.51 male
0.4 male
0.46 female
0.3 female
0.34 female
0.28 male
0.26 male
0.64 male
0.25 male
0.37 male
0.86 male
0.81 female



immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology
immunology

immunology

Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCH
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCHC
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MCV
Haem.MONabs
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99880059
83505914
75173575
83200393
107917976
82455510
69379696
78989686
6800199
10248920
137910289
83292891
113660134
125471492
5535137
99302132
70786590
3187380
51370220
139323656
32203892
42066624
107607630
24826085
26263345
99370053
134541457
140528737
47596009
99053757
112321244
109691426
96942297
49412403
151385933
128523738
128047779
83200393
108991958
5535137
69379696
126861851
12728906
79559924
128464682
72933792
17204963
94170898
51202517
68750445
86187292
9972150
146800236

102108827
84840195
80766342
84568855

111255564
83110573
72653712
87306911

7127334
10670607

138602978
84746715

117906779

128414758

6167305

104023311

71177943
7241664
56168362

141900317
35912769
44334296

110930280
29129769
26632973
99591254

135324681

141900317
48992700

101442149

114512448

110380515

102007903
51078517

152885686

135115263

128958345
84644018

113824027

6153573
72989668

127059593
12912587
79734252

134993149
75021839
18566602
96470882
51637210
71177273
87234247
12068136

147391248

0.44 female
0.38 female
0.48 female
0.59 female
0.97 female
0.32 female
0.64 female
0.52 female
0.85 intxn
0.82 intxn
0.79 intxn
0.51 male
0.85 male
0.5 male
0.63 male
0.45 male
0.95 male
0.3 female
0.26 female
0.25 female
0.66 female
0.38 female
0.7 female
0.29 female
0.56 intxn
0.85 intxn
0.61 intxn
0.53 male
0.52 male
0.47 male
0.63 male
0.26 male
1 male
0.35 male
0.73 male
0.99 female
0.3 female
0.38 female
1 female
0.34 female
0.89 female
0.86 intxn
0.6 intxn
0.59 intxn
0.97 male
0.4 male
0.37 male
0.41 male
0.79 male
0.26 male
0.94 male
0.7 male

0.87 intxn
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81061772
86437448

93167493
35541626
29449239
20753709
81485364
176723784
14887794
66377177
17827135
110701061
47467088
139242562
143400677
142430268
173155436
11989969
120302483
152287221
138420378
12887956
188452609
136775221
34074222
147391248
114439571
22640984
90148649
50013941
39383344
83524951
132515586
55060180
34646073
114385312
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51559741
104434921
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174420652
29112775
57397815
64232516
87302984
14123091
100250921
6270679
169192742
168323042
105113154
105850994
37610827
83225930
88522520

0.67 intxn
0.92 intxn
0.66 intxn
0.95 intxn
0.98 intxn
1 female
0.47 female
0.57 female
0.41 female
0.39 female
0.69 female
0.29 female
0.67 intxn
0.43 male
0.98 male
0.62 male
0.26 male
0.42 male
0.34 male
0.26 male
0.37 female
0.26 female
0.54 female
0.88 intxn
0.67 intxn
0.92 intxn
0.72 intxn
0.94 intxn
0.52 intxn
0.55 male
0.25 male
0.29 female
0.33 female
0.41 female
0.25 female
0.32 male
0.72 male
0.48 male
0.59 female
0.3 female
0.46 female
0.25 female
0.36 male
0.48 male
0.69 male
0.31 male
0.77 female
0.91 intxn
0.94 intxn
0.75 intxn
0.84 intxn
0.3 male

0.36 male
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21134873
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55043651
59435875
16842022
115597784

0.76 male
0.29 female
0.37 female
0.69 female
0.52 female
0.41 female
0.59 female
0.45 female
0.73 intxn
0.94 intxn
0.56 intxn
0.56 male
0.98 male
0.25 male
0.99 male
0.7 male
0.75 male
0.29 male
0.26 female
0.26 female
0.53 female
0.27 female
0.49 female
0.27 female
0.29 male
0.36 male
0.64 male
0.51 male
0.29 male
0.68 male
0.37 female
0.81 female
0.27 female
0.25 female
0.56 male
0.38 male
0.4 male
0.51 male
0.47 male
0.26 male
0.3 male
0.35 female
0.71 female
0.57 male
0.3 male
0.25 male
0.45 male
0.32 male
0.37 male
0.38 female
0.27 female
0.29 female
0.48 female
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91607832
56035903
112837135

0.5 female
0.54 female
1 female
0.48 female
0.36 female
0.58 intxn
0.97 intxn
0.63 intxn
0.63 intxn
0.74 intxn
0.25 male
0.3 male
0.26 male
0.49 male
0.36 male
0.3 male
1 male
0.36 female
0.53 female
0.59 female
0.42 female
0.59 female
0.78 female
0.65 intxn
0.75 male
0.32 male
0.4 male
0.31 male
0.79 male
0.42 male
0.26 male
0.28 female
0.36 female
0.66 female
0.57 male
0.27 male
0.38 male
0.6 male
0.26 male
0.48 male
0.38 male
0.3 male
0.29 female
0.32 female
0.32 female
0.67 intxn
0.6 intxn
0.72 intxn
1 intxn
0.67 intxn
0.26 male
0.46 male

0.3 male
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74148367
35323596
101541181
119361386
75068826
37748928
37583470
52276420
77716516
114910345
74638679
95234080

0.72 male
0.34 female
0.31 female
0.47 female
0.26 female
0.43 female
0.91 female
0.37 female
0.69 intxn
0.73 intxn
0.88 male
0.33 male
0.89 male
0.41 male
0.38 male
0.39 male
0.4 male
0.76 male
0.25 male
0.74 male
0.41 female
0.39 female
0.55 female
0.31 female
0.85 female
0.32 female
0.54 female
0.31 female
0.71 intxn
0.86 intxn
0.87 intxn
0.26 male
0.68 male
0.52 male
0.36 male
0.3 female
0.29 female
0.26 female
0.26 female
0.58 female
0.96 intxn
0.99 intxn
0.56 intxn
0.31 male
0.35 male
0.54 male
0.99 male
0.29 male
0.29 male
0.38 female
0.58 female
0.29 female
0.33 female
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48002496
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117385434
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9787412
73776008
47075366
6513859
37658709
130928323
178339586
75834607
135272017
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29344130
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54906618
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74706180
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169890101
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7285878
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75834607
95234080
38311620
42580589
48002496
11092377
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15652327
59823859
105083552
6774647

1 female
0.43 female
0.99 intxn
0.67 intxn
0.69 intxn
0.43 male
0.33 male
0.32 male
0.25 male

0.7 male
0.53 male

1 male
0.25 female
0.44 female
0.54 female

0.7 female
0.91 female
0.43 female
0.34 female

1 female

1 female
0.86 intxn
0.99 intxn
0.65 intxn
0.83 intxn
0.77 intxn
0.92 intxn
0.77 intxn
0.93 intxn
0.73 intxn
0.94 intxn
0.48 male
0.44 male

0.4 male
0.89 male
0.38 male

1 male
0.51 male
0.44 female
0.36 female

0.3 female
0.38 female
0.53 female
0.52 female

1 female
0.59 female
0.27 female

0.6 intxn
0.98 intxn
0.62 intxn
0.74 intxn
0.46 male

0.6 male
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150458854
139970587
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113032555

37570713
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153699184
142082080
126387272

62244134

0.31 male
1 male
0.4 female
0.7 female
0.55 female
0.34 female
0.42 male



APPENDIX

GXE QTL

This is an appendix of the GXE QTL identified by Bagphenotype, as referenced in §3.4.7.
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Phenotype Interacting Covariate Chr Range1l (Mb) Range2 (Mb) RMIP

Context.Mean.Freeze CoatColour 2 178047052 178451924 0.37
Context.Mean.Freeze Date.Month 1 20257883 20623798 0.95
Context.Mean.Freeze Date.Month 1 151676987 151748240 0.81
Context.Mean.Freeze Date.Month 4 43561953 43742456 0.64
Context.Mean.Freeze Date.Month 4 55589355 56035903 0.68
Context.Mean.Freeze Date.Month 5 100055311 100477533 0.54
Context.Mean.Freeze Date.Month 6 30039897 30515836 0.47
Context.Mean.Freeze Date.Month 10 117560527 118063735 0.41
Context.Mean.Freeze Date.Month 11 45707542 45737555 0.37
Context.Mean.Freeze Date.Month 13 73431400 73846529 0.78
Context.Mean.Freeze Date.Month 18 68820867 69067790 0.69
Context.Mean.Freeze Date.Month 18 77875926 78482335 0.53
Context.Mean.Freeze Date.Month 19 58202917 58785753 0.48
Context.Mean.Freeze Date.Month X 50688037 53468970 0.54
Context.Mean.Freeze Date.Month X 113547981 113965360 0.99
Context.Mean.Freeze Date.Month X 126830139 127179924 1
Context.Mean.Freeze Date.Month X 141449633 143400677 0.77
Context.Mean.Freeze EndNormalBW 3 92941948 93061548 0.95
Context.Mean.Freeze EndNormalBW 5 12819202 13091879 0.81
Context.Mean.Freeze EndNormalBW 10 109577782 109905492 0.67
Context.Mean.Freeze EndNormalBW 15 40584414 40742342 0.65
Context.Mean.Freeze Experimenter 2 157456246 157711471 0.49
Cue.Boli Date.Month 17 73037965 73262801 0.55
Cue.Boli EndNormalBW 17 48739076 49108349 0.96
Cue.Mean.Freeze.Correct CoatColour 15 89413198 89873413 0.76
Cue.Mean.Freeze.Correct EndNormalBW 13 57354450 57659623 0.65
Cue.Mean.Freeze.Correct FPS.TrainingChamber 15 89413198 89873413 0.77
Cue.Mean.Freeze.Post ~ Date.Month 1 15549818 16119367 0.57
Cue.Mean.Freeze.Post ~ Date.Month 6 50950045 51147754 0.61
Cue.Mean.Freeze.Post  Date.Month 9 86947323 87332004 0.53
Cue.Raw.Activity.Before.” Date.StudyDay 1 158916022 159139592 0.89
Cue.Raw.Activity.Before.” Date.StudyDay 2 129049109 129125435 0.69
Cue.Raw.Activity.Before.” Date.StudyDay 4 62368191 63036729 0.66
Cue.Raw.Activity.Before.” Date.StudyDay 8 96189776 96772693 0.81
Cue.Raw.Activity.Before.” Date.StudyDay 9 77779177 78050617 0.96
Cue.Raw.Activity.Before.” Date.StudyDay 9 111560213 111761160 0.75
Cue.Raw.Activity.Before.” Date.StudyDay 11 108750591 109194140 0.66
Cue.Raw.Activity.Before.” Date.StudyDay 17 52436869 52750785 0.82
EPM.ClosedArmDistance Date.StudyDay 5 40330530 40810823 0.99
EPM.ClosedArmDistance Date.StudyDay 7 30807821 31205452 0.86
EPM.ClosedArmDistance EndNormalBW 6 94255381 94633816 0.65
EPM.ClosedArmDistance Experimenter 1 194439329 194834128 0.43
EPM.ClosedArmDistance Experimenter 5 10166057 12371056 0.95
EPM.ClosedArmDistance Experimenter 5 108405952 108813581 0.86
EPM.ClosedArmDistance Experimenter 6 98258473 98363418 0.51
EPM.ClosedArmDistance Experimenter 11 93622508 93851434 0.37
EPM.ClosedArmDistance Experimenter 17 33077989 33247064 0.7
EPM.ClosedArmDistance Experimenter 17 43371875 43563829 0.58
EPM.ClosedArmDistance Experimenter 17 67450921 67854480 0.44
EPM.ClosedArmDistance Experimenter 18 34860451 35366059 0.54
EPM.ClosedArmEntries Date.Month 3 107244456 107273951 0.75
EPM.ClosedArmEntries Date.Month 17 39314765 40807075 0.66
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APPENDIX

HIPPOCAMPUS GENE CO-EXPRESSION
MODULES

These are the (rather lengthy, sorry) details of the both-sexes-together hippocampus gene
co-expression modules identified in Chapter 4 using weighted gene co-expression network
analysis. See Figure 4.7 for a summary of the network modules. The probes are sorted by
Ensembl mouse gene IDs (Kinsella et al., 2011). There were roughly 200 probes for which
no Ensembl ID was assigned, so I provided these at the end of this appendix, ordered al-
phabetically by gene names as per Barbosa and colleagues (2010). Probes identified as
being in the “grey” module were in fact not assigned to a specific module.
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Ensembl_gene_id

ENSMUSG00000000078
ENSMUSG00000000088
ENSMUSG00000000126
ENSMUSG00000000131
ENSMUSG00000000134
ENSMUSG00000000171
ENSMUSG00000000194
ENSMUSG00000000197
ENSMUSG00000000223
ENSMUSG00000000282
ENSMUSG00000000295
ENSMUSG00000000295
ENSMUSG00000000296
ENSMUSG00000000296
ENSMUSG00000000326
ENSMUSG00000000326
ENSMUSG00000000346
ENSMUSG00000000355
ENSMUSG00000000374
ENSMUSG00000000399
ENSMUSG00000000420
ENSMUSG00000000439
ENSMUSG00000000441
ENSMUSG00000000531
ENSMUSG00000000532
ENSMUSG00000000532
ENSMUSG00000000563
ENSMUSG00000000567
ENSMUSG00000000568
ENSMUSG00000000594
ENSMUSG00000000600
ENSMUSG00000000605
ENSMUSG00000000631
ENSMUSG00000000632
ENSMUSG00000000738
ENSMUSG00000000738
ENSMUSG00000000743
ENSMUSG00000000751
ENSMUSG00000000753
ENSMUSG00000000787
ENSMUSG00000000792
ENSMUSG00000000794
ENSMUSG00000000804
ENSMUSG00000000805
ENSMUSG00000000823
ENSMUSG00000000826
ENSMUSG00000000827
ENSMUSG00000000861
ENSMUSG00000000861
ENSMUSG00000000881
ENSMUSG00000000902
ENSMUSG00000000915
ENSMUSG00000000934
ENSMUSG00000000948
ENSMUSG00000000948
ENSMUSG00000000948
ENSMUSG00000000959
ENSMUSG00000001016
ENSMUSG00000001017
ENSMUSG00000001017
ENSMUSG00000001025
ENSMUSG00000001036
ENSMUSG00000001036
ENSMUSG00000001036
ENSMUSG00000001039
ENSMUSG00000001054
ENSMUSG00000001056
ENSMUSG00000001082
ENSMUSG00000001089
ENSMUSG00000001098
ENSMUSG00000001100
ENSMUSG00000001105
ENSMUSG00000001105
ENSMUSG00000001120
ENSMUSG00000001128
ENSMUSG00000001134
ENSMUSG00000001143
ENSMUSG00000001158
ENSMUSG00000001173
ENSMUSG00000001211
ENSMUSG00000001227
ENSMUSG00000001229
ENSMUSG00000001240
ENSMUSG00000001270
ENSMUSG00000001280
ENSMUSG00000001285
ENSMUSG00000001289
ENSMUSG00000001289
ENSMUSG00000001300
ENSMUSG00000001305
ENSMUSG00000001313
ENSMUSG00000001323
ENSMUSG00000001334
ENSMUSG00000001366
ENSMUSG00000001415
ENSMUSG00000001416
ENSMUSG00000001418
ENSMUSG00000001424
ENSMUSG00000001435
ENSMUSG00000001440
ENSMUSG00000001445
ENSMUSG00000001467
ENSMUSG00000001472
ENSMUSG00000001507
ENSMUSG00000001524
ENSMUSG00000001525
ENSMUSG00000001525
ENSMUSG00000001665
ENSMUSG00000001666
ENSMUSG00000001687
ENSMUSG00000001707
ENSMUSG00000001741
ENSMUSG00000001751
ENSMUSG00000001755
ENSMUSG00000001761

gene_symbol
KIfe
Cox5a
Wnt9a
Xpo6
Tcfe3
Sdhd
Gpr107
Nalen
Drp2
Mnt
Hddc2
Hddc2
Tpds2I1
Tpds2I1
Comt1
Comt1
Dazap2
Mcts1
Trappcl0
Ndufa9
Galntl
Mkrn2
Rafl
Grasp
Acvrib
Acvrib
Atp5fi
Sox9
Hnrnpd
Gm2a
Krit1
Clen4-2
Myo18a
Sez6
Spg7
Spg7
Chmpla
Rpal
Serpinfl
Ddx3x
Slc5a5
Kenn3
Usp32
Car4
Gm632
Dnajc5
Tpds212
Bcllla
Bcllla
Dig3
Smarcb1
Hip1r
Topimt
Snrpn
Snrpn
Snrpn
Oxall
1If2
2500003M10Rik
2500003M10Rik
S100a6
Epn2
Epn2
Epn2
B9d1
RmndSb
Nhp2
Mfsd10
Luzp1
Kctd10
Poldip2
Ift20
Ift20
Pcbp3
Cfp

Uxt
Lman2|
Snrnp27
Ocrl
Agpat3
Semaéb
Dpp9
Ramp2
Ckb

Spl
Mygl
Pfdn5
Pfdn5
Efnb2
Rrp15
Rnd2
Srr
Fndc5
Fbxo9
Smg5
Cet3
0610031J06Rik
Snd1
Coli8al
Kpnb1
Mrpl10
Cyp51
Tef25
Itga3
Gtf2h4
Tubb5
Tubb5
Gstt3
Ddt
ubl3
Eeflel
116
Naglu
Coasy
Smo

probe_name
5cl023849.4_8-S
5cl36904.3.10_19-S
5cl41503.4_653-S
scl30696.27.1_29-S
scl55073.12_278-S
5cl35879.4_19-S
5cl0277463.18_58-S
5cl0268777.1_108-S
5cl54634.28.1_195-S
5cl41278.6_6-S
5cl0003806.1_19-S
5cl39038.6.1_21-S
5cl0003909.1_5-S
5cl38077.4.1_28-S
5cl0012846.1_253-S
scl48681.7.1_1-S
5cl023994.4_204-S
scl54976.5.1_9-S
GI_38090558-1
5cl066108.3_20-S
5cl014423.11_27-S
5cl29606.9_357-S
5cl28523.18.1_12-S
5cl056149.9_314-S
5cl0002445.1_75-S
5cl47487.1.1186_63-S
scl21701.9.1_3-S
5cl40760.4_18-S
5cl0004214.1_77-S
scl41542.4_321-S
5cl079264.1_0-S
5cl012727.1_314-S
5cl41225.47_412-S
scl41217.17_5-S
scl33214.20.1_19-S
5cl000671.1_1-S
5cl0234852.1_50-S
5cl39937.19_289-S
5cl020317.1_68-S
5cl55039.15_103-S
5cl34686.15_590-S
5cl0002105.1_331-S
5cl0237898.1_282-S
scl41114.9.1_30-S
GI_38075785-S
5cl0013002.2_72-S
5cl19764.11_583-S
5cl0014025.1_244-S
5cl0001352.1_150-S
scl54747.23_352-S
scl37807.8.1_23-S
scl27228.32_300-S
scl47063.13.1_72-S
5cl000252.1_5-S
5cl0020646.1_10-S
5cl000186.1_92-S
5cl000292.1_12-S
scl067781.14_22-S
5cl0066511.2_56-S
5cl0066511.2_242-S
5cl22942.3.1_64-S
5cl000078.1_211-S
5cl000088.1_36_REVCOMP-S
5cl40126.18_106-S
5cl41466.6.1_80-S
scl40257.8.9_25-S
5cl052530.1_22-S
5cl26700.8.1_2-S
5cl00269593.1_72-S
5cl26184.7_56-S
5cl41198.10_516-S
5cl0001329.1_110-S
scl41197.5.1_16-S
scl37789.23.1_65-S
scl54357.9.1_59-S
5cl022294.1_13-S
5cl0214895.1_30-S
5cl28746.7_64-S
scl54954.24_73-S
scl37771.20_206-S
5cl49772.19.1740_17-S
5cl49771.23.1_24-S
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APPENDIX

GENE ONTOLOGY ENRICHMENT FOR
GENE EXPRESSION MODULES

These are the details of any Gene Ontology terms that I found to be enriched in the both-
sexes-together hippocampus gene co-expression modules identified in Chapter 4, ranked
by p-value in Figure 4.16 and illustrated graphically in a series of figures (4.17 to 4.26).
Any terms with p-value < .001 are included here. From 31408 tests across eleven network
modules, a total of 101 GO term-module pairs were below this threshold.
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greenyellow
greenyellow
purple
purple
purple
purple
purple

G0:0043209
G0:0044304
G0:0043218
G0:0002020
G0:0019911
G0:0046513
G0:0032432
G0:0042805
G0:0051393
G0:0017022
G0:0016021
G0:0031224
G0:0044425
G0:0007275
G0:0048856
G0:0009653
G0:0048731
G0:0040013
G0:0007431
G0:0007435
G0:0022612
G0:0060445
G0:0032281
G0:0031623
G0:0048710
G0:0044419
G0:0034109
G0:0032501
G0:0044057
G0:0004871
G0:0060089
G0:0004707

cellular_component
cellular_component
cellular_component
molecular_function
molecular_function
biological_process
cellular_component
molecular_function
molecular_function
molecular_function
cellular_component
cellular_component
cellular_component
biological_process
biological_process
biological_process
biological_process
biological_process
biological_process
biological_process
biological_process
biological_process
cellular_component
biological_process
biological_process
biological_process
biological_process
biological_process
biological_process
molecular_function
molecular_function
molecular_function

myelin sheath

main axon

compact myelin

protease binding

structural constituent of myelin sheath
ceramide biosynthetic process

actin filament bundle

actinin binding

alpha-actinin binding

myosin binding

integral to membrane

intrinsic to membrane

membrane part

multicellular organismal development
anatomical structure development
anatomical structure morphogenesis
system development

negative regulation of locomotion
salivary gland development

salivary gland morphogenesis

gland morphogenesis

branching involved in salivary gland morphogenesis
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid selective glutamate recej
receptor internalization

regulation of astrocyte differentiation
interspecies interaction between organisms
homotypic cell-cell adhesion
multicellular organismal process
regulation of system process

signal transducer activity

molecular transducer activity

MAP kinase activity

1.03E-06
3.86E-05
8.59E-06
0.000571638
8.59E-06
0.000892269
0.000389065
0.000117397
0.000117397
0.000720643
0.000409198
0.000660879
0.000921095
0.000933589
0.000601646
0.000129953
0.000212369
0.000466454
0.000824082
0.000431903
0.000269783
0.000253515
0.000992085
0.000544971
0.000544971
0.000595725
8.83E-05
6.81E-05
0.00036657
0.000377376
0.000377376
0.000671814



APPENDIX

HIGHEST-WEIGHTED GENE
EXPRESSION PROBES

As detailed in §5.2.4, a Bayesian computational technique, SPIV, was used to identify the
hippocampus RNA expression probes with the strongest relationships with a given pheno-
type. The relationship of a given phenotype to these probes, as well as to genetic markers
and unmeasured latent variables, were simultaneously modelled so the relationship of a
single probe to a phenotype might be dramatically different than if that relationship were
examined in isolation. Weights are given in ©;4p and any probes with @y4p > .001 (1
=190) are shown here. Sixteen phenotypes were analysed with SPIV and all of them bar
“corticosterone levels after fear-associated cue” had probes above that ®;4p threshold.
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Phenotype

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Adrenal Gland Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Burrowed Pellet Weight

Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Freeze Time to Fear-Associated Context
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Boli Produced after Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time to Fear-Associated Cue
Freeze Time after Fear-Associated Cue
Freeze Time after Fear-Associated Cue
Freeze Time after Fear-Associated Cue

Gene_name
Slc25a37
Lclatl
Mtmrll
Phf20
Gipcl
wdra1
Olfr713
Ptcra
Sec13
D430041D05Rik
Ap2b1l
Gprin3
Ss18I1
Kif5c
AK018435
Sf3b5
Dgki

Lfng

Caly
Spsb4
MtPolB
Ezr
AK030605
Arrdc4
Exd2
Lman2l
Darc
Cyplb1l
5930434B04Rik
Glt8d1
Psmd8
Frasl
Ablim3
Sdccag3
Fpr.rs6
Btn2a2
Pax2
AK033222
Gcehfr
Slc35b3
Slc35b3
Oaslc
Mettl1
Maff
AK020086
Cmtm2b
Slc25a37
Ddx55
Acol

Dtx2
AK005784
Ppp1r2
CLCN3
Mrgprx1
Znhit6
Fzd3
Kengl
B930095G15Rik
Tcergl
Zfhx3
Dclrelc
Ppm1b
Ptpre
P4htm
Myolc
Thpk2
Spag4
Uts2

Calu

Probe_name
scl000296.1.62-S
GI1.38083242-S
scl0001985.1.48-S
scl20034.12.12.31-S
scl000630.1.212-S
scl0003723.1.3-S
scl9369.1.1.297-S
scl019208.2.25-S
scl28535.9.1.27-S
GI.38074999-S
scl0001360.1.1-S
scl28954.1.1.54-S
scl0003207.1.594-S
scl20943.27.672-S
GI1.38080828-S
scl0066125.2.261-S
scl29141.35.1.23-S
scl0016848.2.246-S
scl30520.6.1.21-S
scl35482.3.1.198-S
scl39434.9.1.18-S
scl0022350.2.262-S
scl30343.1.26.89-S
scl066412.2.22-S
scl43030.13.217-S
scl0214895.1.30-S
scl15911.2.36-S
scl0013078.2.259-S
scl0003131.1.3-S
scl46500.10.1.48-S
scl0057296.1.256-S
scl27563.74.239.16-S
scl00319713.1.52-S
scl0003280.1.90-S
scl0321020.1.67-S
scl44215.8.45-S
scl018504.9.4-S
scl077994.4.29-S
scl0003189.1.25-S
scl0003682.1.25-S
scl44068.10.181-S
scl26108.8.1.25-S
scl0003887.1.47-S
scl47746.6.104-S
scl28604.1.1.315-S
scl33443.4.1.10-S
scl000296.1.62-S
scl0067848.2.220-S
scl25550.21.1.18-S
scl27123.13.129.18-S
scl069349.3.0-S
scl0066849.1.145-S
scl000703.1.52-S
GI1.46430535-S
scl069746.7.1-S
scl45417.7.1.19-S
scl0016535.1.193-S
scl00320268.2.218-S
scl056070.7.28-S
scl000049.1.523-S
scl0227525.14.166-S
scl0001709.1.980-S
scl00018.1.3-S
scl35348.11.1.65-S
scl41255.35.202-S
scl36454.7.1.119-S
scl20038.8.1.45-S
scl0002834.1.11-S
scl0001174.1.68-S

Weight

0.05641
0.03898
0.03882
0.01636
0.01156
0.00948
0.00823
0.00492
0.00485
0.00431
0.00243
0.00224
0.00207
0.00167
0.04364
0.03605
0.03195
0.02379

0.0224
0.02039
0.01109
0.01011
0.00465
0.00282
0.00245
0.00144
0.00105
0.00104
0.02487
0.01145
0.00892

0.0037
0.00357
0.00333
0.00286
0.00201
0.00125
0.09165
0.05504
0.04019
0.03846
0.03578
0.03267
0.02788
0.02482
0.02095
0.02078
0.01807
0.01578
0.00697
0.00655
0.00168
0.06643
0.06056
0.04856
0.04738
0.03613
0.02275

0.0214
0.01731
0.00664
0.00568

0.0032

0.0026
0.00165
0.00116
0.02006
0.01824
0.01261



Freeze Time after Fear-Associated Cue
Freeze Time after Fear-Associated Cue
Freeze Time after Fear-Associated Cue
Freeze Time after Fear-Associated Cue
Freeze Time after Fear-Associated Cue
Freeze Time after Fear-Associated Cue
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Closed Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Distance Travelled in EPM Open Arm
Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Faecal Corticosterone

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

Startle Response

KI-67 Antigen

KI-67 Antigen

KI-67 Antigen

KI-67 Antigen

KI-67 Antigen

KI-67 Antigen

KI-67 Antigen

KI-67 Antigen

KI-67 Antigen

AK052547
Lactb

Fezl
Npdcl
OIfr1006
Nfatc3
Renbp
Ube2t
Sult2b1
Fos
Pdel0a
Edem2
Duspl
Dhx30
Gpr108
Slc22a20
Slc35a2
4930579]09Rik
Polr3gl
Rnf43
Tspan33
Tnrcé6c
Tlk2
Slc27a2
Abcc4
QBRICK
Bcl9
Akap12
Znf580
Mtmrll
Wdr91
I122ra2
Agfg2
Psmb8
Accs

Gpx7
2610018G03Rik
AK012573
Osbpl6
Fga
Zcchce8
2310033P09Rik
Igsfi

Fafl
Crebbp
Rfc4

Gyk
Abi3bp
Prpf38a
Itch

Rprm
Ube4a
AK032347
Cdh10
Zyglla
Gdf3
D11Wsu47e
Gpri83
AK014628
Sec63
Ambral
AK006049
Zbtb2
Cdrt4
Ccdc137
Ptpn12
Pde4d
Prcl

Padil
Kcnk2

scl19270.1.616.146-S
scl35671.6.128-S
scl37121.13.1.3-S
scl012496.9.212-S
scl4354.1.1.53-S
scl0018021.2.84-S
scl54150.7.1.69-S
scl17444.7.1.197-S
scl000224.1.0-S
scl42959.4.58-S
scl51145.31.1.12-S
scl0003019.1.66-S
scl50147.4.283-S
scl0003426.1.85-S
scl078308.1.13-S
scl0381203.8.26-S
scl55066.4.1.68-S
scl52752.15.5.7-S
scl21804.7.1.3-S
scl41080.12.669.137-S
scl30285.8.1.23-S
scl40682.19.710-S
scl0001496.1.12-S
scl20335.12.1.10-S
scl45160.32.9-S
scl0230344.1.198-S
GI.23621231-S
scl30597.2.2-S
scl33120.2.1.47-S
scl0001985.1.48-S
scl29164.14.1.54-S
scl39112.5.1.8-S
scl0004142.1.42-S
scl0016913.2.8-S
scl18975.13.1.98-S
scl24011.4.1.9-S
scl54935.14.15.299-S
scl0067192.1.182-S
scl0099031.1.295-S
scl0001939.1.45-S
scl0004095.1.33-S
scl41505.7.1.14-S
scl0002911.1.19-S
scl25126.19.1.29-S
scl48815.9.1.11-S
scl0001885.1.11-S
scl0002927.1.17-S
scl00320712.1.171-S
scl0002736.1.2-S
scl016396.2.0-S
scl19271.1.36.133-S
scl35939.21.232-S
GI.38086173-S
scl012551.6.46-S
scl24014.12.1.0-S
scl28440.3.153-S
scl40755.5.1.55-S
scl45133.3.447-S
scl24879.1.1.0-S
scl0140740.24.211-S
scl20622.20.179-S
GI1.20891894-S
GI.38088886-S
scl41438.2.1.10-S
scl0067291.1.12-S
scl0004009.1.14-S
scl0238871.11.15-S
scl32477.13.570-S
scl23605.18.1.327-S
scl016526.1.311-S

0.01245
0.00421
0.00199
0.00178
0.00141
0.00126
0.07557
0.05065
0.04182
0.03059
0.02055
0.01467
0.01344
0.01127
0.00759

0.0044
0.00377
0.00257
0.00193
0.00114

0.0011
0.05438
0.03787
0.03286

0.0319
0.02967
0.02612
0.02326

0.0231
0.01744
0.01734
0.01654
0.01404
0.01015
0.00167

0.0508
0.05046
0.01911
0.01323
0.01298
0.01169
0.00852
0.00784
0.00412
0.00343
0.00343
0.00327
0.00133
0.00115
0.04509
0.01303
0.01268
0.01112
0.00796

0.0076
0.00667

0.0049

0.0028
0.00227
0.00176
0.00124
0.04745
0.04355
0.02628
0.02602
0.02102
0.01507
0.01453
0.00871
0.00798



KI-67 Antigen

KI-67 Antigen

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Time Spent in Centre of Open Field Test
Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Activity in Open Field Test

Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage
Total Ambulation in New Home Cage

Ttr

Srpl4
Tbec
Gatad2b
Lxn
AK034614
Dctn4
1117rb
Psgl6
Tulp3
Ubxn11l
AK045440
Atp6v0al
AK051928
Frasl
Vpreb1
Krecl
Pde4d
Tatdn2
Kank4
Ahil
Sorbs2
Slc38a7
Rbm39
Tubgcp2
Ankrd11
Rab5b
Trmt2a
Olfr571
Elmo1
Ppfibp1
Olfr315
Ap3b1l
Supt4hl
Bend6
Kank4
Cryz
Wnk2
9030025P20Rik
AK018519
Wdr67
1117rb
Ttc21a
Mfsd2
Elmo1
Myst4
Emd

Cpt2
AK017390
Fam107a

scl52209.6.1.16-S
scl020813.1.157-S
scl50668.1.78.47-S
scl00229542.2.217-S
scl22088.5.1.88-S
scl0170624.1.278-S
scl00319993.1.165-S
scl45778.11.1.135-S
scl0026436.1.186-S
scl28366.14.261-S
scl24852.14.1.95-S
scl42407.1.1.107-S
scl011975.20.15-S
scl078495.2.180-S
scl27563.74.239.16-S
scl0022362.1.271-S
scl29903.3.37-S
scl0238871.11.15-S
GI.38084987-S
scl0242553.1.69-S
scl39099.27.528-S
scl000668.1.6-S
scl34448.12.474-S
scl0170791.2.95-S
scl30523.17.39.21-S
GI.38089455-S
scl37351.6.4-S
scl0001815.1.4-S
scl8889.1.1.230-S
scl0003672.1.54-S
scl29349.27.37-S
scl41515.1.1.98-S
scl44512.30.1.14-S
scl41079.4.35-S
scl16889.8.555-S
scl0242553.1.69-S
scl0002125.1.16-S
scl43996.22.1.91-S
scl078483.8.30-S
scl47627.1.1.171-S
scl0002526.1.32-S
scl45778.11.1.135-S
scl36345.29.1.111-S
scl23864.14.1.204-S
scl0003672.1.54-S
scl0054169.1.231-S
scl54837.5.1.4-S
scl24019.5.109-S
scl47301.1.1.254-S
scl45912.6.183-S

0.00199
0.00152
0.08166
0.07145
0.07039
0.06697
0.04805
0.03956
0.03942
0.03571
0.01922
0.01658
0.01593
0.01382
0.00876
0.00834
0.00621
0.04699
0.04294
0.03179
0.03129
0.02816
0.00994
0.00493
0.00339
0.00127
0.06017
0.05098
0.04856
0.04069
0.03282
0.02965
0.02351
0.02057
0.00621
0.00531
0.0045
0.00209
0.00108
0.0456
0.03095
0.02759
0.02204
0.01737
0.01347
0.01317
0.00475
0.00382
0.0023
0.002



APPENDIX

PLOTS OF SUPPORT FOR CAUSALITY

As referenced in §5.3, these are the full results of SPIV’s causal modelling across the
top 109 hippocampus gene expression probes. On the y axis, the maximum likelihood
for causal models has the maximum likelihood for all other models subtracted from it
(max(ML;gysar)-max(MLyper)), such that a more positive value indicates more support
for a causal model where the gene expression probe appears to cause variation in the phe-
notype. For each phenotype-probe pair, this maximum likelihood statistic is shown across
six weights of the confounder variable prior.
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PAS.TotalAmbulatory: Support for causality
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APPENDIX

TABLE OF “CAUSAL”-FLAGGED GENES
AND THEIR EXPRESSION

This is a table of the “causal’-flagged genes in Figure 5.12, but with more detail, specif-
ically columns indicating the full names of gene expression probes and data how much
these probes were expressed in the hippocampi of the Oxford HS mice. The “n_express”
column indicates how many mice had significant expression levels for a given probe in the
hippocampus while the “pct_express” column is the same statistic expressed as a percent-
age of the 468 mice that had hippocampus gene expression assayed.
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Phenotype_long

Boli Produced in Open Field Test

Boli Produced in Open Field Test
Burrowed Pellet Weight

Distance Travelled in EPM Closed Arm
Time Spent in Centre of Open Field Test
Burrowed Pellet Weight

Boli Produced in Open Field Test

Boli Produced in Open Field Test

Boli Produced after Fear-Associated Cue
Total Activity in Open Field Test
Distance Travelled in EPM Open Arm
Total Ambulation in New Home Cage
Total Activity in Open Field Test

Faecal Corticosterone

Freeze Time to Fear-Associated Cue
Adrenal Gland Weight

Freeze Time to Fear-Associated Cue
Burrowed Pellet Weight

Boli Produced in Open Field Test

Total Activity in Open Field Test

Freeze Time to Fear-Associated Context
Time Spent in Centre of Open Field Test
Total Ambulation in New Home Cage
Total Activity in Open Field Test

Total Ambulation in New Home Cage
Boli Produced in Open Field Test

Total Activity in Open Field Test

Gene_name
Psgl6
AK051928
Ezr

Renbp
Pde4d
Lfng
1117rb
AK045440
Slc25a37
Olfr571
Agfg2
Ttc21a
Trmt2a
Osbpl6
Fzd3
Gipcl
Znhit6
Sf3b5
Atp6v0al
Ap3b1l
Glt8d1
Kank4
Elmo1
Supt4hl
AK018519
Gatad2b
Olfr315

Probe_name
scl0026436.1_186-S
scl078495.2_180-S
scl0022350.2_262-S
scl54150.7.1_69-S
scl0238871.11_15-S
scl0016848.2_246-S
scl45778.11.1_135-S
scl42407.1.1_107-S
scl000296.1_62-S
scl8889.1.1_230-S
scl0004142.1_42-S
scl36345.29.1_111-S
scl0001815.1_4-S
scl0099031.1_295-S
scl45417.7.1_19-S
scl000630.1_212-S
scl069746.7_1-S
scl0066125.2_261-S
scl011975.20_15-S
scl44512.30.1_14-S
scl46500.10.1_48-S
scl0242553.1_69-S
scl0003672.1_54-S
scl41079.4_35-S
scl47627.1.1_171-S
scl00229542.2_217-S
scl41515.1.1_98-S

conf_1.0

5.01
9.16
5.29
4.11
5.36
9.94
4.48
7.63
5.31
1.01
5.4
-1.84
2.88
11.87
7.08
2.03
7.6
5.67
4.21
1.78
-1.72
-5.41
0.08
3.07
6.08
5.95
2.46

conf_0.5

4.47
6.82
7.59
7.48
10.25
9.5
-0.3
3.9
-5.98
3.28
3.35
3.52
-0.47
8.24
9.52
0.55
1.79
4.69
1.26
4.22
0.3
-2.15
-0.07
-0.3
2.65
-0.87
4.52

conf_0.1
6.97
7.42
5.71
7.38
9.44
8.42
1.83
5.69
-0.75
4.03
0.36
2.14
3.64
8.75
11.81
0.26
3.33
9.93
2.25
2.13
-0.6
-1.52
-0.99
1.44
2.31
-0.1
1.92

conf_0.05

8.13
8.18
7.86
8.15
9.63
8.31
4.9
6.3
-0.99
3.97
0.99
5.34
1.83
9.57
9.21
1.61
3.6
6.88
0.92
0.2
0.28
-0.73
1.32
-1.82
1.84
2.01
2.06

conf_0.01

4.87
7.49
6.08
8.74
10.33
8.06
2.85
6.72
-0.16
4.74
1.43
6.48
2.21
10.74
10.79
2.99
0.79
8.8
5.73
1.41
-0.48
-1.47
2.5
0.77
3.61
-0.57
3.02

conf_0.0001 conf_max

35.57
32.11
30.6
30.46
27.46
26.52
21.64
21.33
15.66
15.21
14.81
13.66
12.5
-11.75
5.34
11.01
10.15
9.26
9.76
8.96
8.8
8.22
7.87
7.45
2.11
-3.74
5.62

35.57
32.11
30.6
30.46
27.46
26.52
21.64
21.33
15.66
15.21
14.81
13.66
12.5
11.87
11.81
11.01
10.15
9.93
9.76
8.96
8.8
8.22
7.87
7.45
6.08
5.95
5.62

n_express
78
381
468
166
160
43
63
62
93
24
119
40
366
468
244
132
467
468
468
468
468
53
347
71
459
48
59

pct_express
16.7
81.4
100
35.5
34.2
9.2
13.5
13.2
19.9
5.1
25.4
8.5
78.2
100
52.1
28.2
99.8
100
100
100
100
11.3
74.1
15.2
98.1
10.3
12.6



