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“Symmetry is what we see at a glance; based on the fact that there is no reason for

any difference...”

— Blaise Pascal, Pensées
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understand) the nod of thanks; | feel that, as scientists, it's important for us not to forget the fact that

laboratory animals are not thoughtless robots, which exist only for our benefit.

Secondly, having given a sincere offering of gratitude to the powerless, I'd like to also present an
insincere one to the powerful. The second part of my dedication is given to Cthulhu. Like us

humble men of science, may you never stop dreaming.



Abstract

Asymmetries have long been known about in the central nervous system. From gross
anatomical differences, such as the presence of the parapineal organ in only one hemisphere
of the developing zebrafish, to more subtle differences in activity between both hemispheres,
as seen in freely roaming animals or human participants under PET and fMRI imaging
analysis. The presence of asymmetries has been demonstrated to have huge behavioural
implications, with their disruption often leading to the generation of neurological disorders,
memory problems, changes in personality, and in an organism's health and well-being.

For my Ph.D. work | aimed to tackle two important avenues of research. The first being
the process of input-side dependency in the hippocampus, with the goal of finding a key gene
responsible for its development (Gene X). The second project was to do with experience-
induced laterality formation in the hippocampus. Specifically, how laterality in the synapse
density of the CAL stratum radiatum (s.r.) could be induced purely through environmental

enrichment.

Through unilateral tracer injections into the CA3, | was able to selectively measure the
properties of synapses within the CA1 and investigate how they differed based upon which
hemisphere the presynaptic neurone originated. Having found the existence of a previously
unreported reversed (left-isomerism) i.v. mutant, through morpholocal examination of
labelled terminals in the CAL s.r., | aimed to elucidate a key gene responsible for the process
of left or right determination of inputs to the CAl s.r.. This work relates to the previous
finding of input-side dependent asymmetry in the wild-type rodent, where the origin of the
projecting neurone to the CA1 will determine the morphology of a synapse, to a greater
degree than the hemisphere in which the projection terminates. Using left- and right-
isomerism i.v. mice, in combination with whole genome sequence analysis, | highlight
Ena/VVASP-like (Evl) as a potential target for Gene X. In relation to this topic, I also highlight
my work in the recently published paper of how knockout of PirB can lead to a lack of input-
side dependency in the murine hippocampus.

For the second question, | show that the environmental enrichment paradigm will lead
to an asymmetry in the synapse densities in the hippocampus of mice. | also highlight that the

nature of the enrichment is of less consequence than the process of enrichment itself. |
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demonstrate that the CA3 region will dramatically alter its projection targets, in relation to
environmental stimulation, with the asymmetry in synaptic density, caused by enrichment,
relying heavily on commissural fibres. | also highlight the vital importance of input-side
dependent asymmetry, as a necessary component of experience-dependent Ilaterality
formation in the CA1 s.r.. However, my results suggest that it isn't the only cause, as there
appears to be a CAl dependent mechanism also at play. Upon further investigation, |
highlight the significant, and highly important, finding that the changes seen in the CA1l s.r.
were predominantly caused through projections from the left-CA3, with the right-CA3 having

less involvement in this mechanism.
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Chapter 1

Brief summary

Asymmetry, both in morphology and in behaviour, is a very common condition for a
biological organism. Although the effects are often obvious, such as in the body axis laterality
of a mammal, with the laterality of visceral organs (such as the heart) being established early
on, many asymmetries are far more subtle. One example is input-side dependency in the
hippocampus (Shinohara 2008). In this phenomenon, the hemispheric origin of the inputs to
the CA1 will determine the nature of the terminals, not the specific hemisphere in which the
projection does finally terminate. This has been demonstrated in rodents and has been
suggested to play a role in memory, a process which has already been found to be highly
lateralized (Kawakami 2008, Shinohara 2012, Shipton 2014a). Various mutant mice have
been developed to study this process, of note is the inversus viscerum (i.v.) mutant. This
mouse has randomized laterality in its visceral organs. Interestingly, it has also been found to
lack input-side dependency, with all the inputs from the CA3 to the CAL displaying a
morphology similar to those originating from the right-CA3 in wild-type mice (Kawakami

2008). This leads to the classification of this mouse as a 'right-isomerism' mutant.

This chapter demonstrates the existence of a previously unreported left-isomerism
mouse mutant, which lacks input-side dependency in hippocampal CA3 to CA1 pyramidal
cell connections. Through selectively crossing left- and right-isomerism i.v. mutant mice, in
combination with whole genome sequence analysis, | aim to highlight a potential gene
responsible for left or right determination. Finally, I will discuss the effect of PirB on the

generation of input-side dependent asymmetry in the hippocampus.

Asymmetry in nature

Asymmetries can take the form of either morphological (Brueckner 1989), or functional
(Arjmand 2017, Piazza 2014), differences between the two halves of the body. Although it
appears that asymmetry is a very common condition, its purpose is often disputed. There is
strong evidence that the attractiveness of an individual can be determined by how
symmetrical it appears (Perett 1999, Rhodes 1998), with this phenomenon being detectable in
other primates also (Waitt 2006). One of the prevailing suggestions for this has been that
symmetry is often a determinant of the overall good health of an organism (Jones 2001,
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Manning 1998). This might lead one to expect that asymmetry is just an undesired
consequence of age or health. This is especially true when we consider that evolutionary
forces should surely be driving individuals towards greater and greater levels of symmetry.
However, contrary to this belief, it is now evident that asymmetry is more than just an
interesting phenomenon, but is rather an integral feature of the healthy workings of an
organism. This is most evident in the central nervous system, where changes to the
underlying asymmetries can lead to the formation of numerous neurological disorders,
including schizophrenia, anxiety, and autism spectrum disorder (Dougherty 2016, Francks
2007, Facchin 2015, Hall 2012, Herbert 2005). It appears that symmetry, like beauty, could

be considered as being 'only skin deep'.

The laterality of language in the brain (left-hemisphere being responsible) is such a
familiar concept that many people might know of its existence, even without the most basic
understanding of the morphological or physiological underpinnings. Some of the earliest
identifiers of the laterality of language in the brain were the discovery of specialized brain
regions, such as Wernicke’s and Broca’s areas, which have been found to be implicated in the
processing and formation of language. Evidence for the existence of these specialized areas
came in the 1860s, from autopsies performed on patients suffering with aphasia (Dronkers
2007). Damage to either of these important regions can lead to impairments in both language
speech and comprehension, without causing changes to memory, personality, intelligence, or
motor function (Bogen 1976, Fridriksson 2015). Asymmetries in hemispheric dominance
have been found in other animal species, outside of humans, including in mice, frogs, various
songbirds, monkeys, and chimpanzees (Corballis 2014, Oviedo 2016, Poremba 2013,
Taglialatela 2009, Yue 2017). There appears to be a link between hand-preference and
language laterality. One example being that the degree of asymmetry in the arcuate fasiculus
(axonal fibres connecting Broca's and Wernicke's areas) has been found to correspond well
with the stability of handedness (Propper 2010).

Limb-preference is another of the more colloquially well-known asymmetries, as it is
easy to identify and examine. It is possible for humans to self-diagnose, as it is implicated in
the vast majority of manual dexterity tasks which we might perform. Although handedness is
a well-known phenomenon in humans, it has also been witnessed in other mammals (Giljov
2015), including in primates (Hopkins 2011) and rodents (Fu 2003, Ribeiro 2011, Sullivan

2012). However, studies into limb-preference have turned up some rather unexpected
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implications. For example, left-handedness has been linked with increased risk of depression
(Elias 2001, Soyman 2015) and anxiety (Wright 2009). Handedness has also been linked to
increased risk of diseases such as cancer (Miller 2018), as well as to various neurological
disorders, including schizophrenia (Brandler 2014, Razafimandimby 2011, Somers 2009) and
autism (Markou 2017). However, although numerous diseases which have been found to be
associated with language lateralization in the brain have also been linked to handedness, it
has been found that the genes involved in the development of hand-preference and language-
lateralization in the brain are likely wholly unrelated (Schmitz 2017). Outside of purely
genetic causes, environmental factors have also been implicated in determining limb-
preference (Ribeiro-Carvalho 2010). This demonstrates the apparent complexity of

handedness, suggesting there to be both internal as well as external causes.

The generation of functional and morphological asymmetries can be induced through
both environmental stimulation (Govind 1992, Ribeiro 2014), genetic stimulation (Bartoloni
2002, Jahanshad 2010, Moskal 2006), or perhaps a combinatorial affect from both
(Ocklenburg 2010). Two of the most cited examples of an environmentally- or a genetically-
driven asymmetrical development would be the development of the thalamofugal visual
pathway in chickens (Rogers 2008) and the epithalmic asymmetry in the zebrafish
(Roussigné 2009), respectively.

In the developing chick, the driving force for the formation of visual lateralization is the
stimulation of the optic nerves by the sun (Rogers 1999). Due to the head position within the
shell, the right-eye is exposed to the light (passing through the thin shell of the egg). The left-
eye, however, is pressed against the chick's body, so receives no light stimulation. This leads
to an imbalance in the strength of the projections from the thalamus to the hyperstriatum,
with more passing contralaterally from the left, than contralaterally from the right. This
asymmetry has been found to be involved in the perception of motion (Rugani 2015) and
object discrimination (Rogers 2008), using the right eye preferentially for object
discrimination and left eye preferentially for detection of motion. Light stimulation during
development has also been implicated in a chicken's behaviour in later life, particularly in
response to stress (Archer 2014). Light-driven lateralization has also been detected in other
avian species, such as the pigeon (Buschmann 2006, Freund 2016, Manns 2014).

The zebrafish, however, develops an asymmetry in its epithalamus purely through
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genetic stimulation. In brief, a preferentially left-sided expression of Nodal drives early
development of neurones in the left habenula, as well as driving the left-ward migration of
parapineal cells, through Fgf8 signalling. This leads to a left-sided parapineal organ, which
has been further implicated in the acceleration of neurogenesis in the left habenula, through
Wnt and Notch signalling. This early neurogenesis in the left-habenula drives preferential
projections towards the dorsal IPN. The later-developing right-habenula will then project
predominantly to towards the ventral IPN (for more in-depth reviews on zebrafish
development please see: Concha 2009, Roussigné 2011). The asymmetrical positioning of the
parapineal organ has been found to be vital to later asymmetrical development, with reversal
of parapineal positioning leading to a reversal in the properties of habenular neurones
(Dreosti 2014). This asymmetry has been found to have numerous behavioural implications,
such as those to do with predator avoidance (Dadda 2010), as well as to different forms of

sensory stimulation (Dreosti 2014).

It is possible to divide asymmetries into two separate categories, those being ‘class 1'
and ‘class 2' (Concha 2012). Class 2 asymmetries are often easy to diagnose, as they are
structures which are located in only one hemisphere of the body. Class 1 asymmetries,
however, consist of similar structures being detectable on both sides of the body, albeit with
one side being more developed (Maguire 2000, Saenger 2012), or are preferentially
activated/used during specific tasks (Jeong 2016). These are especially common in the central
nervous system, and are often much more subtle as they can superficially appear very similar,
with evidence for their existence being often only suggested through underlying functional
differences between both hemispheres. This tends to make them much more difficult to
isolate and examine and as the precision of the techniques open to scientists increases, many
more class 1 asymmetries have been found. The prevalence of asymmetry in the brain leads
to important questions as to whether the asymmetry drives the function of the system, or

whether it is the function itself which generates the asymmetry.

The hippocampus

The hippocampus is one of the most studied areas of the vertebrate brain. The name
‘hippocampus’ derives from the Greek word 'inndéxapmoc' meaning 'sea horse', and is a fitting
description of its three-dimensional shape. Of particular interest are its roles in memory

formation, processing, and consolidation, as well as its role in spatial navigation (Barker
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2011, Bird 2017, Voss 2017, Zemla 2017). Although it is often described as a single structure,
the hippocampus is actually constructed of a series of highly specialized and interconnected
areas (Figure 1). These include the dentate gyrus (DG) and the Cornu Ammonis (CA) areas,
which typically is further subdivided into the CA1, 2, and 3. Historically, a CA4 region was
also identified, lying between the CA3 and the DG, however recent findings suggest that this
is likely a part of the polymorphic layer of the DG (Andersen 2007). These regions can all be
isolated through their functional and morphological differences. Information tends to flow
from one region to another, with one of the most important, and studied, pathways being the
trisynaptic circuit. In this circuit, information from layer 2 of the entorhinal cortex passes
through the DG, to the CA3, and finally onto the CAL, before leaving the hippocampus (Jones
2011, Stepan 2015).

The dentate gyrus is comprised of three distinct regions, these are termed the molecular,
the granule, and the polymorphic, cell layers. For a long time it was believed that the only
substantial input to the DG was from the endorhinal cortex. However, an inhibitory projection
pathway from the CA3 region, contra to the well-established uni-directional flow of
information along the trisynaptic circuit, has been identified (Scharfman 2007). Excluding
connections within the DG, the main output of the DG granule cells is to pyramidal cells
within the CA3 region, through what are known as 'mossy fibers'. Granule cells can be
characterized by an extremely sparse firing rate, it has been suggested that this could aid in
their efficiency to temporally encode information in the DG (Pernia-Andrade 2014). The DG
has been implicated in spatial and associative learning, particularly in pattern separation, as
well as in the discrimination of similar contexts (Hunsaker 2008, Lopez-Rojas 2016, Rolls
2017). Rats with lesions to the DG have been found to have impairments to their ability to
detect environmental changes (Hunsasker 2008). Interestingly, the granule cell layer of the
DG has been identified as a site for adult neurogenesis, using neuroneal progenitor cells from
the subgranular zone. This process has been found to be upregulated by the enriched
environmental paradigm, and has been implicated in spatial memory processing (Nilsson
1999).

The CAS3 region plays a role in the rapid associative encoding and recall, particularly to
do with novel spatial and emotional cues (fear conditioning, NOL task, novel environment),
of short-term memory information. The CA3 has also been suggested to play an important

role in recording environmental layout, in cooperation with the dentate gyrus (Kesner 2007).
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Similar to the CA1, the CA3 region has been found to hold place cells. However, unlike the
CALl, it has been demonstrated that CA3 place fields will rapidly shift upon exposure of an
animal to a novel environment (Lee 2004), further reinforcing the importance of the CA3 in
enabling the animal to quickly adapt to environmental novelty. Morphologically, the CA3 can
be further subdivided into 3 distinct regions, labelled CA3a, b, and c, with CA3a bordering
the CA2 and CA3c the dentate gyrus. It receives the majority of its input from the medial and
lateral entorhinal cortex, via the perforant path, from the dentate gyrus granule cell layer, via
mossy fibers, as well as from recurrent collaterals from the CA3 itself (Kesner 2013). One of
its main outputs is to the CA1 pyramidal cell layer, via the Schaffer collaterals (Kesner 2007).
It is these connections, from the CA3 to CA1 pyramidal cell neurones, which are the main
topic of this thesis; as it is here where we are able to detect the phenomenon of input-side
dependent asymmetry.

One of the key features of the CAL is the presence of specialized neurones which will
fire at precise environmental locations (Mayford 2012). These neurones were classified as
‘place cells', as they appeared to encode just one specific place in the environment. When the
animal moves to a different environment, these cells have to reorganize in a process called
“remapping” (Latuske 2018). Projecting to the subiculum and endorhinal cortex, the CA1 can
be seen as the major output from the hippocampus, to the rest of the brain; with its major role
being often described as one of retrieval of information to the neocortex (Rolls 2017). The
CAL, like the CAS3, has been implicated in the processing of temporal and spatial information
about contextual information (Dimsdale-Zucker 2018, Rampon 2000). However, whereas the
CA3 deals with changes within a single context, the role of the CAl is to compare and
contrast between different unrelated contexts. Following spatial learning, it is possible to
detect dynamic remodelling of synapses and increased spine density on CAl pyramidal
neurones, which was different between basal and apical dendrites (Moser 1994, Moser 1997).
Pyramidal cell neurones in the CA1 receive input from two different pathways. The 'indirect
pathway' to the CAL s.r.,, and the ‘temperommonic pathway' to the CA1l I.m.. Whilst the
'indirect pathway' consists of the Schaffer collaterals from the CA3, the temperoammonic
pathway projects from the entorhinal cortex layer Ill. Interestingly, a difference in the
plasticity of NMDA receptors between synapses in the CAl s.r. and the CA1 I.m., from the
same neurone (Fitzjohn 2016). The CA1 is heavily involved in the formation and recall of

many different memory processes including object location, recognition, contextual fear,
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spatial, and non-spatial association, with some evidence that learning and memory function
might be lateralised within this area (Farovik 2010, Haettig 2013, Ivanova 2009, Maren 2008,
Montgomery 2007).

The CA2 is a small region separating the CA1 from the CAS3. It is often overlooked due
to the apparent difficulty in identifying its borders (Lein 2005), and has been described as
potentially more of a transitional barrier between the CA1 and CA3 (Mercer 2007). It can be
morphologically identified due to its lack of mossy fiber inputs, as well as being the only
region of the Cornu Ammonis to receive input from supramammilary nucleus fibers (Mercer
2007). The CA2 has been shown to be more-easily affected by temporal, social, or emotional
events, than contextual or spatial ones (Chevaleyre 2016, Hitti 2014, Mankin 2015). This
feature could enable it to play an important role in identifying and remapping memories when

they are found to conflict with immediate events (Wintzer 2014).
A simplified schematic of these different fields is provided below. Due to differences in

synapse size and area within the CA1 s.r., all analysis in this project was conducted within the

inner 1/3™ (marked in red).
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Figure 1

Basic schematic of hippocampal fields

Hippocampus proper

Simple schematic to show the basic layout of the hippocampus proper - showing the position of the dentate gyrus
(DG) as well as the Cornu Ammonis regions CA1, CA2 and CA3 (CA4 - the hilus - is considered as part of the
DG, and is not labelled on this schematic).

CA1 subfields

The right half of the schematic displays the position of the stratum oriens (s.0), stratum radiatum (s.r.), and
stratum lacunosum-moleculare (I.m.), subfields of the CA1

All analysis of the CA1 s.r. was performed in the inner 1/3rd - area marked in red
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Although they can be found throughout the mammalian central nervous system
(Watkins 2001), one area where asymmetries are of particular interest is in the hippocampus.
This region is essential in short- and long-term, as well as working memory, formation and
consolidation (Zemla 2017). The hippocampus displays many of the characteristics of a class
1 asymmetry, showing strong laterality its activation during various memory tasks. For
example, place recall and route planning has been shown to have a strong right-side bias in
activation of the hippocampus (Maguire 1997). It has also been shown that there might be a
strong right-dominance in spatial memory processing in the right hippocampus, although this
effect only appears in the absence of commissural fibres (Shinohara 2012b). However, there
is disagreement over how strong this effect is, with hippocampal lesion studies showing less
convincing results (Gerlai 2002). Morphologically, the hippocampus has a strong asymmetry
in its volume, with the tendency to be significantly larger in the right hemisphere than the left
(Pedraza 2004, Shi 2009). Interestingly, it appears that this asymmetry is restricted to the
anterior hippocampus, with the degree of asymmetry being a significant correlate for

increased cognitive function (Woolard 2012).

Input-side dependent asymmetry

One particularly interesting feature of the rodent hippocampus is the phenomenon of
input-side dependent asymmetry (Kawahara 2013, Kawakami 2003, Kawakami 2008). In
hippocampal pyramidal cell neurones, in relation to connections terminating in the CA1, the
hemisphere where the synapse eventually develops is of far less consequence than the
hemispheric origin of the presynaptic input. One of the key features of this asymmetry is a
differential expression of the N-methyl-D-aspartate (NMDA) receptor NR2B in projections
from either hemisphere.

NMDA receptors are known to be involved in the synaptic plasticity and regulation of
memory processing in the hippocampus (Shipton 2014b). Through LTP and LTD activity,
based on the differential expression of receptor subunits, they are able to facilitate the
insertion and removal of AMPA receptors from the post-synaptic membrane (Malenka 2004).
NR2A and NR2B are the most commonly found subunits in the hippocampus, with the ratio
of NR2A:NR2B being dynamically altered based upon development, experience, and
plasticity (Yashiro 2008). NR2B has been found to be asymmetrically expressed in the

hippocampus, based upon the input-origin of the CA3 presynaptic location (Kawakami
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2003). Due to the higher capacity for LTP seen in relation to increases in NR2B density, an

asymmetry in the plasticity of synapses, based upon input-side, has been suggested.

Differences in NR2B density, between left and right projections, leads to some
interesting physiological consequences. For example, it was reported that suppression of the
left, but not the right, hippocampus could impact long-term memory retention in mice (Klur
2009, Shipton 2014a). It has also been demonstrated that stimulation of the left CA3 will
generate more LTP at the CA1, than stimulation of the right CA3 (Kohl 2011). These findings
suggest that the previously reported asymmetries detected in memory function and activity
within the hippocampus could be related to differences in input-origin. The morphological
consequences of this asymmetry include changes in the PSD area, the spine head volume, as
well as the percentage of synapses with a perforated phenotype, all being entirely dependent
on the localization of the projecting CA3 (Shinohara 2008). Figure 2 shows a simple
schematic representation of input-side dependency in a wild-type mouse. It has also been
demonstrated that projections from the right CA3-CA1 tend to be larger, more mature, and
have a higher density of GIuR1, than those from the left CA3 (Shinohara 2008). Although the
absolute expression of NR2B doesn't differ between left or right projections, the density
changing as a result of changes in synapse size, the expression of GIuR1 appears to increase

exponentially along with increases in synaptic area.

Of critical importance to the process of input-side dependent asymmetry formation is
the dodecameric serine/threonine protein kinase CaMKII. Through activity-dependent
activation, CaMKII has been found to dynamically alter the size of synapses, with activity
driving an increase in synaptic size (Pi 2010). NMDA receptors have been implicated as
critical binding partners for CaMKI|I, ensuring that it is strongly expressed in dendritic spines
(Hell 2014). The binding of CaMKII to the C-terminal tail of GIuUN2B has been shown to be
critical to its function. Without which, CaMKII might not be able to actively relocate towards
the PSD area, in response to the LTP-driven influx of calcium. CaMKII has been implicated
in both synapse perforation, as well as transportation of GIuR1 to the synapse (Hayashi 2000,
Majima 2009). There is a suggestion that, following LTP, synaptic insertion of GIuR1 can
permit spine enlargement. This is done through the stabilizing of protein complexes that
promote spine-growth, and is accompanied by an increase in synaptic strength (Kopec 2007).
However, although perforated spines have been discovered to be more stable and longer

lasting, than their unperforated conspecifics, perforation has been proposed to be only a
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temporary state, in response to synaptic activation via NMDA driven LTP (Neuhoff 1999,
Sorra 1998).
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Figure 2

Left CA3 Right CA3

CA1 pyramidal cell

(identical for both left and right CA1 areas)

NR2B dense NR2B less-dense
PSD area ~ 0.04 pm? PSD area ~ 0.06 pm?

from the left CA3 from the right CA3

(both ipsilateral and contralateral

(both ipsilateral and contralateral
projections)

projections)

Input-side dependent asymmetry

Simple schematic to display input-side dependent asymmetry in the hippocampus. Above shows a schematic
for the projections from the left and right CA3. Below shows a simple schematic of connections from CA3 to
CA1 pyramidal cells. Inputs from the left CA3 are in blue, inputs from the right CA3 are in red. Yellow depicts
small, thin, NR2B dense spines. Purple depicts larger, mushroom-type, NR2B less-dense spines.
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Left-right input-side dependent asymmetry appears to be a fundamental feature of the
hippocampus, involved in memory formation as well as the regulation of synaptic plasticity
(El-Gaby 2015). This is a critical process, the absence of which could lead to critical deficits
in spatial and working memory processing (Goto 2010, Shimbo 2018). However, it's possible

that its true implications are yet to be fully realised.

Symmetry breaking

Input-side dependent asymmetry appears to be a fundamental feature of the murine
hippocampus. Due to its potential importance, various mutant models have been developed,
which lack this phenomenon; one prime example being the inversus viscerum (i.v.) mutant.
The i.v. mouse line was generated through the introduction of a point mutation in the gene
encoding Left-right dyenine (Lrd) (Bartoloni 2002, Supp 1997). Lrd is a motor protein,
expressed at embryonic day 7.5 in a region called the node. Here, it controls the rotation of
cilia, generating a leftward expression of key developmental proteins, including Lefty and
Nodal. Through the introduction of a missense mutation, the nodal cilia in the i.v. mutant are
rendered immobile. This means that the leftward flow of extraembryonic fluid, vital to the
localized expression of developmental proteins, is not present, with the morphological
consequences of this being a randomized laterality of visceral organs (McGrath 2003). A
process of biased chromatid segregation, involving a hypothetical left-right axis development
1 (Iral) gene, rather than the more established Nodal, has been suggested as a possible
explanation for visceral organ laterality (Sauer 2012). This model, although unproven, has the
benefit of accounting for the huge embryonic lethality found in the i.v. mutant . The pups
born from i.v. parents will fall into two distinct categorizations, based upon their visceral
organ laterality; those being, Situs Solitus (where the visceral organs have the conventional
positioning) and Situs Inversus (where the positions of the visceral organs are located in a
complete mirror image). Figure 3 shows a simplified schematic of these two phenotypes. As
the reversal in visceral organ laterality is complete, the condition is not lethal. Interestingly,
the i.v. mutant has been found to lack the input-side dependent laterality found in CA3 — CAl
pyramidal-cell synapses, with the original i.v. mouse line displaying a 'right-isomerism’
(Kawakami et al. 2008). This means that irrespective of which hemisphere the projecting
CAZ3 is located within, the resultant connection in the CAL will have a phenotype similar to

the right-CA3 originating projections in the wild-type mouse (see figure 2 — red projection).
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Figure 3

Situs Solitus Situs Inversus

Heart

Liver

Situs solitus and situs inversus
Simple schematic to display body axis laterality. Situs inversus is a complete inversion of visceral organ

laterality (though only the heart and liver are shown in the above diagram) and is therefore not lethal. Situs
solitus is the natural wild-type state.
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Determining isomerism by morphology alone
1:1

Input-side dependent asymmetry is a phenomenon which causes changes in the synaptic
connections of CA3 to CA1 pyramidal cells. This process had already been identified through
targetted injections into the CA3 and careful inspection of the terminals in the CA1, through
electron microscopy (Shinohara et al. 2008), as well as through electrophysiological
examination (Kawakami et al. 2003). As | had no previous training with electrophysiology;, |
directed my investigations towards electron microscopical analysis of the synapses within the
CAL s.r.. Previously, it had been found that the i.v. mouse lacked input-side dependent
asymmetry in hippocampal connections (Kawakami et al. 2008), meaning that it wouldn't
matter from which hemisphere the projections into the CA1 originated, they would all
terminate in connections which were similar to those from the right CA3 in wild-type mice.
This was termed as 'right-isomerism'. We had also recently discovered the existence of a left-

isomerism i.v. mouse line.

The first thing which | aimed to investigate was whether | could demonstrate and
characterise the left-isomerism phenotype using only analysis of the synapses within the CAl
s.r. through measuring the PSD area of synapses from TEM images. Although CA3 — CA1l
morphological asymmetry had been displayed in the right-isomerism i.v. mouse, | decided
that it would be important to perform unilateral injections of a tracer into the CA3, then |
would only measure and characterise labelled terminals in the CAL s.r.. The tracer used in
this experiment was a biotinylated dextran amine with a molecular weight of 10,000 (BDA
10k). This provided highly detained labelling of both axons and terminals.
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Methods and results

Methods used: Unilateral injections into the CA3 (method 1), transcardial perfusion
(method 2), preparation of mouse brain for analysis under TEM (method 3), dissector

analysis (method 4).

Mice were housed in standard mouse cages (for an image, please see figure 28 NENR),

cages were changed once a week, and food and water were supplied ad libitum.

9 — 10 week old i.v.4 mice were used in this experiment.

Using unilateral CA3 injections and measuring only labelled terminals (figure 5), | was
able to selectively measure the PSD area from the CA3 in each hemisphere (figure 6).
Although I did not measure the synapse density, | used the dissector method instead to ensure
an unbiased detection of labelled terminals. This meant that | would image a sequential series
and only measure the length of newly appearing synapses (figure 4). This helped to minimize
size bias, as otherwise larger synapses were more likely to appear in images (as smaller
synapses would be present in fewer serial images). | also ensured to only measure intact
PSDs, as if the PSD was still visible in the first, or last, image of the series, | could not be

sure that my measurements were complete for that synapse.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 4

Non-perforated PSD

Potential shape of PSD

Potential shape of PSD

PSD area measurements

Synapses were only measured if the entire length of the PSD could be seen in all images in a series (dissector
analysis was used to determine the appearance of a PSD to be measured). Non perforated synapses were
categorised via an unbroken PSD in all images. Perforated synapses were categorised by a broken PSD which
joined in at least one image of the series. Red lines on TEM images depict measured lengths. Red shape depicts
idea of what the PSD may look like if reconstructed from the image series (though this is not to be taken as an
entirely accurate depiction). Scalebars measure 500 nm.
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Figure 5

Labelled terminals

Upper schematic shows the hippocampus, with 'i' depicting sight of injection (unilateral injections into CA3 area)
and 'm' showing sites of measurement (m.1 and 2 are ipsilateral and contralateral respectively. Only labelled
terminals were measured in the CA1 stratum radiatum). Lower images show example EM images of 4 different
labelled terminals.
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Figure 6
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Ipsilateral PSD area from unilaterally injected left-isomerism i.v. mice

Upper chart shows average PSD area from labelled terminals in unilaterally injected i.v. mice. Left injected n =
3, right injected n = 3. Error bars display SEM and empty circles show average values for individual mice.

Lower chart boxplots of PSD are from lebelled terminals for individual mice. The upper chart is an average of
the lower values. For both charts, open box denotes density in left CA1, filled box denotes density in right CA1.
PSD area was calculated from serial sections. Only synapses with complete PSDs were measured. Synapses
were identified using the unbiased dissector analysis technique. Students T-test used for statistical analysis

with no significance detectable.
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Measuring only intact terminals, | ended up with an average PSD area measurement of
around 0.04 um? from projections originating in both the left- and right-CA1 (figure 6). This
is comparable to the area found from left-originating projections in the wild-type mouse
(Shinohara et al. 2008). As the hemisphere of injection had no significant effect on PSD area,
I can confirm that this mouse line (like the original i.v. line) also lacked input-side dependent
asymmetry. | therefore term this line as being ‘left-isomerism’. Importantly, these results

clearly highlight TEM as a viable method for determining left- or right-isomerism.

Finding a right-isomerism 1.v. mouse line close to the

spontaneous right to left-isomerism switch
1:2

The aim of this project was to determine a key gene responsible for input-side
dependent asymmetry. One useful route to solving this problem would be through a whole
genome sequence analysis study. However, before | proceeded towards that, | determined that
it would be important to find a right-isomerism i.v. mouse, which was more closely related to
the left-isomerism mouse used in experiment 1. If we were able to produce mixed litters
(containing pups which were left- and right-isomerism), this would enable us to more-easily
detect any key genes responsible for the switch, as there would be fewer differences between
the siblings (i.v.3 being more-genetically similar to i.v.4 than the original i.v. line [i.v.0]). This
meant that any mutations we did find, which are found only in left- or right-isomerism, are
more likely to be interesting.

Unfortunately, we are not sure when the right-isomerism i.v. mouse line spontaneously
switched into left-isomerism, through backcrossing with C57bl/6J. Therefore | chose an i.v.
line (i.v.3) which had been backcrossed 5 times. To compare with the original i.v. mouse, |
asked our collaborator in Japan (Professor Ito) to send me some fixed i.v.0 mouse brains,

which | also analysed.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for

analysis under TEM (method 3), dissector analysis (method 4).

As we know that the i.v. mouse lacks input-side dependent asymmetry, we felt that the
injection of a tracer (as performed in experiment 1) was not necessary. Therefore, steps 2 — 6

of method 3 were omitted in this experiment.

Mice were housed in standard mouse cages (for an image, please see figure 28 NENR),

cages were changed once a week, and food and water were supplied ad libitum.

9 — 10 week old i.v.3 and i.v.0 mice were used in this experiment.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 7
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PSD area differences between the original i.v. and the i.v.3 mouse

Upper chart shows the average PSD area for synapses within the CA1 s.r. from i.v.0 and i.v.3 mice. Error bars
display SEM and empty circles show average values for individual mice. Lower boxplot shows PSD area for
individual mice. Upper chart is an average of the lower chart's values. For all charts open box denotes density in
left CA1 s.r., filled box denotes density in right CA1 s.r.. PSD area was calculated from serial sections. Only
synapses with complete PSDs were measured. Synapses were identified using the unbiased dissector analysis
technique. Mann Whitney test used for statistical analysis with no significance detectable. If we assume normal
distribution and use the Students T-test used p < 0.05 between i.v.0 and i.v.3 for both left and right hemispheres.
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Figure 8
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Differences in synapse perforation between the original i.v. and the i.v.3 mouse

Upper left chart shows the average percentage of synapses within the CA1 s.r.,, from  iv.0 and /i.v.3 mice, that
have a perforated PSD. The upper right chart shows the PSD area for  i.v.0 and i.v.3 mice subdivided based
upon whether the synapses were perforated (perf.) or non-perforated (non-perf). Error bars display SEM and
empty circles show average values for individual mice. Lower boxplot shows PSD area for individual mice,
subdivided based upon whether the PSD was perforated or not. For all charts open box denotes density in left
CA1 s.r., filled box denotes density in right CA1 s.r.. PSD area was calculated from serial sections. Only
synapses with complete PSDs were measured. Synapses were identified using the unbiased dissector analysis
technique. For charts displaying averages, Wilcoxon matched-pairs signed rank test used for statistical analysis,
with no significance detectable. If normality assumed and Students T-test used p < 0.05 between non-perforated
synapses in the left and right for both /.v.0 and i.v.3, as well as between non-perforated and perforated synapses
for both the left and right, for both i.v.0 and for i.v.3. For individuals the Mann Whitney test was used with ****
depicting p < 0.0001
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Measuring only intact terminals in the i.v.3 mouse, | ended up with an average PSD
area measurement of around 0.06 pm? from both the left- and right-CA1 s.r.. (figure 7). I also
found that around 35% of the synapses in either CA1 s.r. were perforated. | found no
significance in either PSD area or synapse perforation between either hemisphere. These are
comparable to the values found from right-originating projections in the wild-type mouse
(Shinohara et al. 2008). When | compared these results to the original i.v. mouse, I couldn’t
detect any significant differences between these two mutants. If | assumed a Gaussian
distribution, I could find significant differences in PSD area from both hemispheres, as well a
significant difference in synaptic perforation evident in the right hemisphere. As the PSD area
of the i.v.3 mouse is more similar to the size of right-originating projections previously
reported by Shinohara et al. | believe that this difference is more likely a difference in
perfusion quality, than in any fundamental difference between either mouse line. Another
interesting finding is that | could identify a significant difference in the PSD area size of non-
perforated synapses. This has not previously been reported, but as the hemisphere which
contains the larger area is different between both i.v.0 and i.v.3 (larger in the right and left
hemispheres respectively), it's possible that it could be an artefact of the small number of
mice used in the experiment (three mice used per line). As expected, there's a significant
difference in the size of perforated and non-perforated synapses found in both hemispheres,

for both lines.

Comparing left- and right-isomerism i.v. mice
1:3
As | had not performed injections when determining the phenotype of the i.v.3 mouse
line, I perfused and stained 3 i.v.4 mice, of a similar age as the i.v.3 mice previously examined
and repeated the experiment 2 on these mice. This enabled me to compare the two lines more

reliably than if I had used my previous results from experiment 1.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for

analysis under TEM (method 3), dissector analysis (method 4).

To reliably compare with the results from experiment 2, steps 2 — 6 of method 3 were

omitted in this experiment.

Mice were housed in standard mouse cages (for an image, please see figure 28 NENR),
cages were changed once a week, and food and water were supplied ad libitum.

9 — 10 week old i.v.4 mice were used in this experiment.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)

44



Figure 9
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PSD area differences between left- and right-isomerism i.v. mouse lines

Upper chart shows the average PSD area for synapses within the CA1 s.r. from  /.v.3 and i.v.4 i.v. mice. Error
bars display SEM and empty circles show average values for individual mice. Lower boxplot shows PSD area for
individual mice. Upper chart is an average of the lower chart's values. For all charts open box denotes density in
left CA1 s.r., filled box denotes density in right CA1 s.r.. PSD area was calculated from serial sections. Only
synapses with complete PSDs were measured. Synapses were identified using the unbiased dissector analysis
technique. Mann Whitney test used for statistical analysis with no significance detectable. If normality assumed
and Students T-test used for statistical analysis with p < 0.0001 for both left and right hemispheres between i.v.3

and i.v. 4.
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Figure 10
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Differences in synapse perforation between left- and right-isomerism i.v. mice

Upper left chart shows the average percentage of synapses within the CA1 s.r., from /v.3 and i.v.4 mice, that
have a perforated PSD. The upper right chart shows the PSD area for iv.3 and /i.v.4 mice subdivided based
upon whether the synapses were perforated (perf.) or non-perforated (non-perf). Error bars display SEM and
empty circles show average values for individual mice. Lower boxplot shows PSD area for individual mice,
subdivided based upon whether the PSD was perforated or not. For all charts open box denotes density in left
CA1 s.r., filled box denotes density in right CA1 s.r.. PSD area was calculated from serial sections. Only
synapses with complete PSDs were measured. Synapses were identified using the unbiased dissector analysis
technique. For the averages, both the Wilcoxon matched-pairs signed rank and Mann Whitney tests were used
for statistical analysis, with no significance detectable. If normality assumed and Students T-test used for
statistical analysis, p value < 0.0001 can be detected between /.v.3 and i.v.4 for the % of perforated synapses in
both the left and right. Assuming normality, p < 0.05 can be detected between the left and right non-perforated in
i.v.3, as well as between the non-perforated and perforated for both left and right in /.v.3 and the left in i.v.4. For
the right non-perforated to perforated PSD area in i.v.4, the p < 0.01. For the individuals, the Mann Whitney test
was used, with ** denoting p < 0.01, *** denoting p < 0.001, and **** denoting p < 0.0001.
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Figure 11

Left CA3 Right CA3

Left-isomerism Right-isomerism
NR2B dense NR2B dense NR2B less-dense NR2B less-dense
PSD area ~ 0.04 pm? PSD area ~ 0.04 pm? PSD area ~ 0.06 pm? PSD area ~ 0.06 pm?

CA1 pyramidal cell

CA1 pyramidal cell
(identical for both left and right CA1 areas) (identical for both left and right CA1 areas)

Left- and right-isomerism i.v. mutants

Simple schematic to display the lack of input-side dependent asymmetry in the hippocampus in left- and
right-isomerism i.v. mice. Above shows a schematic for the projections from the left and right CA3. Below shows
a simple schematic of connections from CA3 to CA1 pyramidal cells. Inputs from the left CA3 are in blue, inputs
from the right CA3 are in red. Yellow depicts small, thin, NR2B dense spines. Purple depicts larger,

mushroom-type, NR2B less-dense spines.
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Measuring only intact terminals in the i.v.4 mouse, | ended up with an average PSD
area measurement of around 0.04 pm? from both the left- and right-CA1 s.r.. (figure 9). I also
found that around 15-20% of the synapses in either CAL s.r. were perforated (figure 10). |
found no significance in either PSD area or synapse perforation between either hemisphere.
These are comparable to the values found from experiment 1. When | compared these results
to the results from the i.v.3 mouse, | couldn’t detect any significance unless I assumed a
Gaussian distribution. With this assumption, | could find significant differences in PSD areas,
as well as synaptic perforation, from both hemispheres. This is expected and correlates nicely
with the findings from Shinohara et al. (2008). Although I did not measure the density of
NR2B, if the i.v.3 and i.v.4 mouse follow the same morphological rules as the wild-type
mouse does, then it is likely that I'd detect symmetry in its density in both hemispheres,
comparable to those seen from right- or left-originating projections in the wild-type mouse
(Kawakami et al. 2003). This is certainly likely in the i.v.3 mouse line, as NR2B symmetry
has already been demonstrated in the original i.v. mouse line (Kawakami et al. 2008). A

simple schematic of the difference between left- and right-isomerism is shown as figure 11.

Crossing left- and right-isomerism i.v. mice
1:4
Now that I had two closely related i.v. lines (separated by around 5 back-crossings) with
differing isomerism, the next step was to cross them together and investigate the resulting
pups. The aim was to produce a mating pair which would produce mixed litters (containing
both left- and right-isomerism offspring), for whole genome sequence analysis. Therefore |

crossed a left-isomerism male with a right-isomerism female.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for

analysis under TEM (method 3), dissector analysis (method 4).

As before, steps 2 — 6 of method 3 were omitted in this experiment.

Mice were housed in standard mouse cages (for an image, please see figure 28 NENR),

cages were changed once a week, and food and water were supplied ad libitum.

At 9 — 10 weeks old the F1 pups were perfused and their synaptic morphologies

investigated.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 12
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Crossing left- and right-isomerism i.v. mice - percentage of perforated synapses in F1

Upper chart shows the percentage of synapses with a perforated PSD within the CA1 s.r. from the F1 generation
of a left- and right-isomerism breeding pair (father is left-isomerism). Error bars display SEM and empty circles
show average values for individual mice. Lower boxplot shows the same data, subdivided based upon organ
laterality. For all charts open box denotes perforation in the left CA1 s.r., filled box denotes perforation in right
CA1 s.r.. Perforated synapses were calculated from serial sections. Only synapses with complete PSDs were
measured. Synapses were identified using the unbiased dissector analysis technique. Students T-test used for
statistical analysis with no significance detectable.
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When | examined the percentage of perforated synapses (figure 12) | found that, for all
the mice from the F1 litter, greater than 30% of their synapses had a perforated PSD. This is
comparable to the right-isomerism phenotype. As expected, | found no significant difference
between mice with regular (situs solitus), or inverted (situs inversus), body axis laterality.

This suggests that right-isomerism might be dominant phenotype.

Back-crossing the pups from the F1 generation with
their father to investigate whether a single gene is

responsible for left-right determination
1:5
In generating the left-isomerism i.v. mouse line, we back-crossed the original i.v. mutant

over 10 times with the C57bl/6J wild-type mouse. This meant that the two parents, from the
i.v.3 and i.v.4 lines, were reasonably closely related. If it was a single-gene (Gene X)
responsible for the difference between the left- and right-isomerism phenotypes, then it is
possible that the right-isomerism mother was homozygous dominant for that gene (XX) and
the left-isomerism father was homozygous recessive for that gene (xx). This would make all

the pups from the F1 generation heterozygous dominant (Xx).

To investigate this possibility, | back-crossed a female from the F1 generation with her
father (figure 13). If my hypothesis was correct, it would mean that, for Gene X, the F2 litter
would be a mix of homozygous recessive left- (xx) and heterozygous dominant (Xx) right-

isomerism pups.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for

analysis under TEM (method 3), dissector analysis (method 4).

As before, steps 2 — 6 of method 3 were omitted in this experiment.

Mice were housed in standard mouse cages (for an image, please see figure 28 NENR),

cages were changed once a week, and food and water were supplied ad libitum.

At 9 — 10 weeks old the F2 pups were perfused and their synaptic morphologies

investigated.

Before perfusing, tail biopsies were taken from each mouse. These were stored at -20
°C.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 13
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Breeding schemes for F1 and F2

Top scheme shows the breeding plan for the F1 generation. A left-isomerism (i.v.4) male (red) and a
right-isomerism (i.v.3) female (blue) were crossed. All pups in F1 were found to be right-isomerism. Bottom
scheme shows the breeding plan for the F2 generation. The father (i.v. 4) was crossed with a female from
the F1 generation.
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Figure 14
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Crossing father with offspring from F1 generation - PSD area in F2

Upper chart shows the average PSD area for synapses within the CA1 s.r. from the F2 generation of a
left-isomerism mouse (the father) and its female pups from the F1 generation (F1 produced by crossing father
with right-isomerism female i.v. mouse). The father and mother are included in the dataset. Mice have been
divided into left- or right-isomerism based upon PSD area and the % of perforated synapses in both
hemispheres. Error bars display SEM and empty circles show average values for individual mice. Lower boxplot
shows the data for individuals. P denotes a pup, F. denotes the father, and M. denotes the mother. For all charts
open box denotes PSD area in the left CA1 s.r., filled box denotes PSD area in right CA1 s.r.. PSD
measurements were calculated from serial sections. Only synapses with complete PSDs were measured.
Synapses were identified using the unbiased dissector analysis technique. Mann Whitney test used for

statistical analysis with * denoting p < 0.05.
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Crossing father with offspring from F1 generation - synapse perforation in F2

Upper left chart shows the average percentage of synapses within the CA1 s.r., from F2 mice and parents, that
have a perforated PSD. The upper right chart shows the PSD area for F2 mice and parents, subdivided based
upon whether the synapses were perforated (perf.) or non-perforated (non-perf). Error bars display SEM and
empty circles show average values for individual mice. Lower boxplot shows PSD area for individual mice,
subdivided based upon whether the PSD was perforated or not. F. denotes father, M. denotes mother, L.
denotes mouse determined to be left-isomerism, and R. denotes mouse determined to be right-isomerism. For all
charts open box denotes density in left CA1 s.r., filled box denotes density in right CA1 s.r.. PSD area was
calculated from serial sections. Only synapses with complete PSDs were measured. Synapses were identified
using the unbiased dissector analysis technique. Mann Whitney test used for statistical analysis with * denoting p
< 0.05 and **** denoting p < 0.0001.
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When | examined the PSD area (figure 14) | found that I could divide the pups into two
groups, those with an average PSD area, in either hemisphere, of less than 0.05 um? and those
with an average PSD area, in either hemisphere, of greater than 0.05 um?. When I checked
the percentage of perforated synapses between these pups, | found that the mice with an
average PSD area of less than 0.05 pm? also had a perforation percentage of less than 22%,
whereas all the other mice had perforation percentages of over 30% (figure 15). This gave me
confidence to classify the two groups as 'predicted-left' and 'predicted-right’. To ensure that
the parents had the phenotypes | expected, | also perfused and analysed them and found that
they also fit nicely into their expected PSD and percentage perforated values; therefore |

grouped their data into the average graphs shown in figures 14 and 15.

When we compare the average values for the predicted-left (left isom.) and predicted-
right (right isom.) groups, we find clear significance between both hemispheres in both PSD
area size (figure 14) as well as the percentage of synapses with a perforated PSD (figure 15).
Both the PSD area, as well as the perforation percentage, measurements fall neatly into the
expected values for left- and right-isomerism i.v. mice (as shown in experiments 1 and 2, and
summarized in figures 9 and 10). Interestingly, when we subdivide the PSD area
measurements into those for non-perforated and perforated synapse types, we find a
significant difference between the predicted-left and -right groups in their non-perforated
synapses. This finding was not previously detected in the unrelated i.v.3 and i.v.4 mice (figure

10), however.

These findings give me confidence that a single gene might be responsible for the
switch from right- to left-isomerism which was seen in the i.v. mouse line. As | was able to
produce a mixed litter, containing pups of both phenotypes, I felt confident to move onto

whole genome sequence analysis for these mice.

Whole genome sequence analysis of parents and
offspring to try and isolate Gene X
1:6

If I were to assume that a single gene (Gene X) was responsible for the determination
of left- or right-isomerism in i.v. mice, then | could predict that both parents must have

differences in this gene. | could also predict that the predicted-left mice should share a similar
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genetic sequence as their father, and the predicted-right as their mother. Finally, if my
hypothesis about Gene X being homozygous recessive in the left-isomerism and
heterozygous dominant in the right-isomerism pups was correct, | should be able to detect

this within the individual mouse genomes.

To test this, | decided to perform whole genome sequence analysis of all the pups and

both parents.

Methods and results

Methods used: DNA isolation from tail biopsies (using DNeasy blood and tissue Kit:
Full protocol available here:
https://www.qiagen.com/at/resources/resourcedetail?id=6b09dfb8-6319-464d-996c¢-
79e8c7045a50&lang=en).

To isolate high-quality DNA for sequencing | used the DNeasy blood and tissue kit
(QIAGEN), then I sent off the DNA to my collaborator, Professor Shuji Shigenobu (NIBB,

Okazaki, Japan), for production of the Illumina next-generation sequencing (NGS) libraries.

Following this, | could download the sequences from the NIBB database and perform
further processing, before I could view and analyse the sequence to try and isolate Gene X.

Programs used:

For pre-processing reads, | used Cutadapt (Martin 2011)
For mapping the sequences to the mm210 genome, | used Bowtie 2 (Langmead 2012)
For calling up and investigating SNPs, | used SAMtools (Li 2009, Li 2011)
For visualizing the mapping data, | used the Interactive Genomics Viewer (IGV)
software (Robinson 2011, Thorvaldsdottir 2013)
For restricting my search to only SNPs which appeared within genes on chromosome
12, 1 used a python script which was written for me by my colleague David Kleindienst
(figure 16).
For scoring my mutations, | used the following rules, to give a total score (out of 7) for
each mutation found:

1. Both parents must not share a similar mutation (if they do, score the mutation

as 0)
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2. For each predicted-left pup which shares a similar mutation with the left-
isomerism parent, score +1
3. For each predicted-right pup which shares a similar mutation with the right-
isomerism parent, score +1
For comparing the genomes of different mice, | used Varscan v2.4.2 (Koboldt 2009,
Koboldt 2012, URL:http://varscan.sourceforge.net)

Unfortunately, when | checked the depth and mapping ratios of the mice, the coverage was

not high enough for my purposes.

Mouse Mapping ratio
Pup 1 88.8668%
Pup 2 89.8637%
Pup 3 88.7383%
Pup 4 88.2467%
Pup 5 87.2704%
Pup 6 89.8369%
Pup 7 91.5117%
Father 93.8035%
Mother 93.7387%

It was possible that, should a region of a mouse's genome not be sequenced correctly, | might
have missed the mutation of interest in Gene X. Therefore, | asked Professor Shigenobu to

perform additional runs on the same DNA, to increase the coverage to a more reliable value.

Cutadapt sequences

Cutadapt is a tool designed to remove leftover adapter sequences from the 3' end of the DNA
(Martin 2011), which remain from the creation of the Illumina libraries. As these nucleotide
sequences are not part of the original genome of the mouse, it is important to remove them
before further analysis can be performed. I used the following sequences with the Cutadept
script:

UNIV_ADAPTER_COMP =
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATC
ATT

IDX_CONS = AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
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Figure 16

#!/usr/bin/env python2
# -*- coding: utf-8 -*-

Created on Fri Sep 8 13:05:57 2017

@author: David Kleindienst

# File with locations of all genes

genesFile="L:\genes.qgtf'

#example line:

#chrl unknown exon 3214482 3216968 . - . gene_id "Xkr4"; gene_name "Xkr4"; p_id
"P15391"; transcript_id "NM_001011874"; tss_id "TSS27105";

#File containing SNPs of a particular mouse

inputFile="Mouse SNP_LIST'

#example line:

#chrl0 3104323 A -C */-C:13:5:9:64.29%:2.8986E-4 Pass:1:4:6:3:1E0 0 1 0
*/-C:13:5:9:64.29%:2.8986E-4

outputFile=inputFile[0:-4]+'_genes.txt'

Genes=dict()
Output="

#From Gene File: Generate a dictionary with chromosomes as keys,
#values being list of [start, stop, gene name, exon/intron] for each gene

with open(genesFile,'r) as f:
line=f.readline()
while line!=":
line=line.strip(\n")
I=line.split('\t")
#Make new key for chromosome or append, if the key already exists
if I[0] in Genes.keys():
Genes[1[0]].append([int(I[3]),int(I[4]),1[8].split("")[11,1[2]])
else:
Genes[I[O]]=[[int(1[3]),int(1[4]),1[8].split("")[1].1[2]1]

line=f.readline()

with open(inputFile,'r") as f:
line=f.readline()
while linel=":
line=line.strip(\n")
I=line.split(‘\t")
#Search through genes of the corresponding chromosome
for i in range(len(Genes[I[0]])):
#If the SNP is within a gene
if int(1[1])>Genes[I[0]][i][0] and int(I[1])<Genes[I[O1][i1[1]:
Output=Output+I[0]+\t+I[1]+\t+I[2]+\t+1[3]+\t'+Genes[I[0]][i][2]+\t+Genes[I[O]][i][3]+\n"
#Add the relevant information about the SNP, the gene-name and information if it's exon or intron to the output
break

line=f.readline()
#Write the output to file

with open(outputFile,'w") as f:
f.write(Output)
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file:///L:/genes.gtf

Restricting search for SNPs to only those found within genes on chromosome 12
To narrow down the search to investigate only mutations found within genes on chromosome

12, my colleague, David Kleindienst, wrote this python script. Red text dictates the SNP list
for a mouse, whereas the blue text dictates the genes list (obtained from the IGV software).
The position of each mutation on chromosome 12 is compared to the list obtained from the
IGV software and, if it falls within the region dictating a gene, it is kept, otherwise it is
ignored. The script will then output a file with the positions, mutations, and the genes they

are found within.
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Figure 17
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Score for mutations within chromosome 12 in F2 mice

Chart depicting score for mutations found within genes on chromosome 12, in pups from the F2 generation of
left- and right-isomerism i.v. mouse crossing. Score is determined based upon the following. If both parents
share a similar mutation, score = 0. If a right-isomerism pup shares a mutation with the right-isomerism parent
(mother), score +1. If a left-isomerism pup shares a mutation with the left-isomerism parent (father), score +1.
Max score per mutation = 7 (7 pups). Black marks on the X axis depict different genes found to contain
mutations by whole genome sequencing. 6 genes of interest (containing mutations with scores of 6+) are
marked, as is the Lrd gene (Dnah11 - responsible for the i.v. mutation).
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Figure 18
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Region of very high mutation

Top figure shows chromosome 12 with regions with high mutations within genes highlighted. Chart depicts
score for mutations found within genes on chromosome 12, in pups from the F2 generation of left- and
right-isomerism i.v. mouse crossing. Purple denotes large area of chromosome 12 with very low score. Green
denotes small area with high number of mutations and a high score. Blue denotes region with high mutation,
but similarity between both left- and right-isomerism mice. Red denotes Lrd gene.

62



Having removed any unrelated nucleotides from the sequences, | then had to align them
to the mouse genome. | used the Bowtie 2 algorithm for this purpose (Langmead 2012). |
decided that it would be best to align the sequences from my individual mice to the mm10
reference genome, as this is currently the most complete genome sequence for the C57bl/6J
mouse. Following this, I used SAMtools (Li 2009, Li 2011) to convert and sort the sequences.
SAM tools is a software package containing various tools for sorting manipulating DNA
sequence alignments. After sorting the sequences, | used the Interactive Genomics Viewer
(IGV) software (Robinson 2011, Thorvaldsdéttir 2013) to visualise them.

To narrow down my search, | used three separate methods. Firstly | used the Varscan
software (Koboldt 2009, Koboldt 2012) to compare the genomes of different mice. Following
the assumption that all left- or all right-isomerism mice should have a similar sequence in
Gene X, | created files containing all the mutations which were present in any left- or right-
isomerism mouse, as well as files listing all the mutations which were present in every mouse
in the left- or right-isomerism groups. | then used Varscan to create files which contained
either mutations which all left-isomerism mice had, but no right-isomerism mice, or
mutations which all right-isomerism mice had, but no left-isomerism mice. I also tried
searching for specifically homozygous mutations which all left-isomerism mice had, which
were also heterozygous in all right-isomerism mice. The second approach | used was to
restrict my search to include only SNPs which appeared within genes on chromosome 12. To
do this I used a python script which was written for me by my colleague David Kleindienst
(figure 16). The final method I used was to manually apply a score to each mutation | found
(from O, where either no pups share the mutation with the expected parent, or where both
parents share the mutation, to 7, where every pup shares the mutation with the parent which
has the similar isomerism). This enabled me to score each mutation, found within genes
within chromosome 12 (figure 17), so | could restrict my future searches to only high-scoring

regions.

Due to the issue of a particular mutation not being covered in the sequencing, it is
possible that I might have missed Gene X through this scoring method. Another possible
reason to miss Gene X would be if it was either not located within a gene, or it was located
on a chromosome other than 12. However, | decided that, should I include other
chromosomes/regions not restricted to within genes, then the number of SNPs would be

vastly increased. Therefore, | started my search with this limited search strategy.
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By assigning a score of 0 to 7 to each SNP, it was possible to see three distinct regions
within chromosome 12 (figure 18). The region close to the Dnah11 gene (the blue region)
contained mutations which tended to have a rather low score (0 — 3). This was because the
mutations which were found within genes tended to be shared by both parents. The majority
of these mutations were also found to be shared with the offspring as well. As i.v. mice were
always genotyped for a point mutation in the Lrd gene, it is hardly surprising that there would
be a bias for similarity in the surrounding region of the chromosome. Next to this is a region
which contains many mutations of very high score (the green region). It is possible that this is
due to a crossover event between an I.v. mouse and the C57bl/6J line and it seems to
potentially be an interesting region for Gene X. The final region (the purple region) contains
many mutations, but these tend to be of a very low score. This is due to them being mutations
limited to individual mice, rather than being shared between all predicted-left or predicted-

right mice.

Of the mutations found within the central (the green) region, there are two genes which
were found to contain mutations with scores of 7; these genes are the B-Cell CLL/Lymphoma
11B (Blc11b) and the Enah/Vasp-Like (Evl) genes. I also found some mutations of lower
scores within the Bcl11b gene.

Confirming the high-scoring mutations within the
genes Bclllb and Evl, using unrelated left- and

right-isomerism I.v. mice
1:7

Although I had found mutations in both the Bcl11b and Evl genes, within my 9 mice
analysed, | wanted to confirm that I could find similar mutations within unrelated i.v.
mutants. This was because, if either of these 2 genes is Gene X, then that specific mutation,
within that gene, must be retained in all left- or right-isomerism i.v. mice. To investigate this,
| decided that the most simple step to start with would be to design primers around the
mutations, then amplify the regions of interest using the polymerase chain reaction (PCR) so
that | could sequence the products and confirm if they fit the sequences expected for left- or

right-isomerism mice.
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The assumption was that all left-isomerism (i.v.4) and all right-isomerism (i.v.3) i.v.
mice should have similar mutations to those found in the predicted-left and predicted-right
genomes respectively. If I did not find the results that | expected, then it was likely that the

mutation I was investigating was not the one | am searching for.
Methods and results
Methods used: DNA isolation from tail biopsies (using DNeasy blood and tissue Kit:

Full protocol available here:
https://www.giagen.com/at/resources/resourcedetail ?id=6b09dfb8-6319-464d-996¢-

79e8c7045a50&lang=en), PCR and gel electrophoresis examination of interesting mutations
(method 5).

Unrelated i.v. mice were obtained from our animal storage facility

Mice were housed in standard mouse cages (for an image, please see figure 28 NENR),

cages were changed once a week, and food and water were supplied ad libitum.

At 9 — 10 weeks old the tail biopsies were taken and genomic DNA was extracted using

the DNeasy blood and tissue Kit.

Primers were designed by me and produced by Integrated DNA Technologies
(www.idtdna.com)

Sequencing of fragments was performed by LGC genomics

(https://shop.lgcgenomics.com/)

Sequence was analysed using the SnapGene software (http://www.snapgene.com/)
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Figure 19

Sequence - Bcll1b_3_fw

Sequence - Bcl11b_3_rv

5'- GCA GCA ATC CCC CTT TAA ACCC-3'

Properties

5'- AGG TGG GTT AAA CTG TAA GGG AC -3'

Amount Of Oligo Properties Amount Of Oligo
Tm (50mM NoCl)*: 58.9 °C 44= 219 =015 Tm (50mM NaCl)*: 56.5 °C 45= 189 =0.14
GC Content: 54.5% OD2g0 nmoles mg GC Content: 47.8% OD240 nmoles mg

Molecular Weight: 6,584.3
nmoles/OD260: 5.0
ug/OD260: 33.0
Ext. Coefficient: 199,500 L/(mole-cm)

s dary Structure Calculati

For 100 UM: add 219 pL

Lowest folding free energy (kcal/mole): 2.17 at 25 °C
Strongest Folding Tm: -70.6 °C

Molecular Weight: 7,192.7
nmoles/OD260: 4.2
ug/OD260: 30.2
Ext. Coefficient: 237,800 L/(mole-cm)

For 100 UM: add 189 pL

dary Structure Cals

Lowest folding free energy (kcal/mole): -0.12 at 25 °C
Strongest Folding Tm: 27.1 °C

Oligo Base Types Quontity Oligo Base Types Quantity
DNA Bases 22 DNA Bases 23
Modifications and Services Quantity Maodifications and Services Quantity
Standard Desalting 1 Standard Desalting 1

Bcl11b

PCR amplification of 7, 6, and 4, score regions in Bcl11b gene, for sequence analysis

Bottom image shows gel electrophoresis for a PCR amplification from primers (top image) designed around the

7, 6, and 4, score regions in the Bcl11b gene. Red arrows show band of interest (extracted for sequence
analysis). Primers produced by Integrated DNA Technologies (www.idtdna.com)
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Figure 20
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Mutations found within Bcl11b gene - score 7 in pups
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Right-
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Left

Top image shows an insert found within the gene encoding Bcl11b, for three of the F2 pups (two which were
determined to have a right-isomerism and one which was determined to have a left-isomerism morphology).
Below shows the similar position within 18 unrelated i.v. mice (9 right-isomerism [i.v.4] and 9 right-isomerism
[1.v.3]) through sequence analysis of PCR amplified DNA. Red circles represent mutations contrary to

predictions. * denotes sequencing with the reverse primer, lack of * represents sequencing with the forward

primer. Square brackets (or single line) denote individual mice.
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Figure 21
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Mutations found within Bcl11b gene - score 6 and 4 in pups

Top image shows an insert found within the gene encoding Bcl11b, for three of the F2 pups (two which were
determined to have a right-isomerism and one which was determined to have a left-isomerism morphology).
Below shows the similar position within 18 unrelated i.v. mice (9 right-isomerism [i.v.4] and 9 right-isomerism
[1.v.3]) through sequence analysis of PCR amplified DNA. Red circles represent mutations contrary to
predictions. * denotes sequencing with the reverse primer, lack of * represents sequencing with the forward
primer. Square brackets (or single line) denote individual mice. GTT in lower figure not detected in any F2
pups whole genome sequence analysis (top figure)
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| designed forward and reverse primer sequence pair which surrounded three of the
mutations | had previously found in the Bcl11b gene (figure 19). Importantly, the region to be
amplified included the 7 score region, as well as a region including a score of 6. Following
gel electrophoresis of the amplified region, | was able to produce clean single bands for
sequencing, suggesting that the PCR was a success. Unfortunately, although the mutation
with a score of 7 was visible with the F2 pups (top image figure 20) in the previous
experiment, through this experiment | found that some of the unrelated right-isomerism mice
had a similar mutation to left-isomerism mice (red circles, bottom image figure 20). If my
hypothesis was correct, then none of the right-isomerism mice should have a similar mutation
as is found in the left-isomerism, so this particular mutation is probably not the one | am
looking for. As expected, when | then investigated the regions with lower scores, they also
did not follow the expected pattern; with some right-isomerism mice showing the 6 score
mutation, and the 4 score mutation being in a completely different place in the sequence
(figure 21).

With the highest scoring region of the Bcl11b gene not looking as promising as | had

hoped, | then moved on to investigate the 7 score mutations within the Evl gene.
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Figure 22

Sequence - Evl_fw

Sequence - Evl_rv

5'- CTA GAT GCC TTT ATC TCT GCC TGT -3'

5'- AGG TAG GTG GTC AAT TCT GAG T -3'

Properties Amount Of Oligo Properties Amount Of Oligo
Tm (50mM NaCl)*: 56.2 °C 49= 233 =017 Tm (50mM NaCl)*: 55.3 °C 36= 164 =0.11
GC Content: 45.8% OD2gp  nmoles mg GC Content: 45.5% OD2gp  nmoles mg
Molecular Weight: 7,260.7 Molecular Weight: 6,845.5
For 1 IM: For 1 IM: 164 UL
nmoles/OD260: 4.7 or100 i gdd 233 1L nmoles/OD260: 4.5 or100 Wi add T4 1

ug/OD260: 34.4
Ext. Coefficient: 211,100 L/(mole-cm)

< e Teuslati
y C

Lowest folding free energy (kcal/mole): -0.62 at 25 °C
Strongest Folding Tm: 31.2 °C

Oligo Base Types Quantity
DNA Bases 24
Modifications and Services Quantity
Standard Desalting 1

ug/OD260: 30.9

Ext. Coefficient: 221,600 L/(mole-cm)

I dary St Caleulati

Lowest folding free energy (kcal/mole): 0.30 at 25 °C

Strongest Folding Tm: 19.4 °C

Oligo Base Types

Quantity

DNA Bases
Modifications and Services

22

Quontity

Standard Desalting

Evl

- D e N— s W s \— S—

W3 —— b v —

NL AZ M3 MG

—

Mt RZ 1T My M.ASV

PCR amplification of 7 score region in Evl gene, for sequence analysis

1

Bottom image shows gel electrophoresis for a PCR ampilification from primers (top image) designed around the
7 score region in the Evl gene. Red arrows show band of interest (extracted for sequence analysis). Primers
produced by Integrated DNA Technologies (www.idtdna.com)
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Figure 23
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BTTTGTTTCCCCTTTOTCTCTGOTTCAGCTTCCTTTTCCTGTTTGOTTTTTAAGAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTGTGGTCTT
. 1 L ’ i L n } i

t t
CAAACAAAGGGGAAACAGAGACCAAGTCGAAGGAAAAGGACAAACCAAAAATTCTTCTCAGATTTAGGATCGAC AG AAGTCTCCCAAACACCAGAA

BTTTGTTTCCCCTTTOTCTCTGOTTCAGCTTCCTTTTCCTOTTTGGTTTTTAAGAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTOTGETCTT

GTTTGTTTCCCCTTTGTCTCTGGTTCABCTTCCTTTTCCTGTTTGGTTYTBABAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTGTGGTCTT

BTTTGTTTCCCCTTYOTCTCTGBTTCAGCTTCCTTTTCCTBTYTOGTTTTBAGAAGAOTCTAAATCCTAG(B} TC TTCAGAGGGTTTGTGGTCTT '3
OYYYOTTTCCCCTYTOYCTCTBOTTCAOCTTCCTTTYCCYBY7TOGTTTTEhAGAAOAOTCTAAAYDCYAOCTO TOAOOGTTTGYDOYCTT Ep
GTYTGTTTCCCCTYYGTCTCTOGTYCAGCTYCCTTTTCCYBYYTGGTTT@AGAAOAGTCTAAATCCTAGCTO TD@\OAOGGTYTGTGGTCTT ‘q-)
OYYTGYYTCCCCYTYOYCTCTGGYTCABCYYCCYTYTCCTGYYYGGYYY]‘BABAAOAGTCYAAAYCCYAGCYG TC @AOAGGGYYYOYOGTCTY g
GTTTGTTTCCCCTTTGTCTCTGGTYCAGCTYCCTTTTCCTBTTTGGTTY@AGAAGAGTCTAAATCCTAGCTCAGAGGGTYYGTGGTCTT ,!..’
GTTTGTTTCCCCTTTGTCTCTGGTTCAGCTTCCTTTTCC'I'BTTTGGTTTTBAGAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTGTGGTCTT %
OTTYOTTTCCCCTYTOYCTCTGGTTCAOCYYCCTTTYCCYBYYTOGTTTT@ABAAOAGTCTAAATCCYAOCYG TC TTCAGAGGGTTTGTGGTCTT =
| SosessesT T asto s sTIRE e TS T AT S AT GTASCYS, 0 TISMMASSRTNISTOMTELY |
GTTTGTTTCCCCTTTGTCTCTGGTTCAGCTTCCTTTTCCTGTTTGGTTTTTAAGAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTGTGGTCTT :
GTTTGTTTCCCCTTTGTCTCTGOTTCAGCTTCCTTTTCCTGTTTGGTTTTTAAGAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTGTGGTCTT g
GTTTGTTTCCCCTTTGTCTCTGGTTCAGCTTCCTTTTCCTGTTTGGTTTTTAAGAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTGTGGTCTT ‘q_-,
GTTTGTTTCCCCTTTOGTCTCTGGTTCAGCTTCCTTTTCCTGTTTGGTTTTTAAGAAGAGTCTAAATCCTAGCTG TC TTCAGAGGGTTTGTGGTCTT g
GYYTBTTTCCCCYYYGYCTCTOGTYCAGCTYCCTTTTCCYGYYTGGTTTTYAAGAAOAGTCTAAATCCT@TO TC TTCAGAGGGTTTGTGGTCTT -07’
OTYTGYYTCCC@YOYC@GYTC@TYCCYTYTCCTGTTYGGTYYTTAABAAGAGTCTAAAYCCYAGCYG TC TTCAGAGGGTTTGTGGTCTT -‘:;,
[+4

Mutations found within Evl gene

Top image shows an insert found within the gene encoding Evl, for three of the F2 pups (two which were
determined to have a right-isomerism and one which was determined to have a left-isomerism morphology).
Below shows the similar deletion found within 15 unrelated i.v. mice (9 right-isomerism [i.v.4] and 6
right-isomerism [i.v.3]) through sequence analysis of PCR amplified DNA.
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Figure 24
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aagtaagtTGTCCTTTGACCCCTCGAACTCCAACGGTCAGAGCCCGGATCCGTCGTCTAG AGTCGGTGGGBTGTGACCACCCCGGGATACGACAATCGAA

ttcattcaACAGGAAACTGGGGABCTTGAGGTTGCCAGTCTCGGG6CCTAGGCAGCAGATC TCAGCCACCCACACTGGTGGG6GCCCTATGCTGTTAGCTT

YTCATTCAACAGGAAACTBGGGAGCTTBAGBTTBCCAGTCT@GCCTAOGCAOCAGAT@CAGCCACCCACACTOGTOGGOCCCTATGCTGTTAGCTT

TTCATTCAACAOGAAACTBGGOAGCTTBAGBTTBCCAGTCT@OCCTAGGCAGCAGAT@CAGCCACCCACACTOGTGBGGCCCTATGCTBTTAGCTT

TTCATTCAACAO0AAACTBGOGAGCTTGAGGTTBCCAGTCT@OCCTAOBCAGCAGAT@CAGCCACCCACACTGBTGGGGCCCTATGCTBTTAGCTT

TTCATTCAACAGGAAACTGGGGAGCTYGAGﬂTTGCCAGYCT(@;GCCTAGGCABCAGAT@CAOCCACCCACACTGGTQGGOCCCTATGCTBTTAGCTY

TYCAYYCAACAGGAAACTGGGGAGCYTGAGGYTGCCABYCT@!GCCYAGGCAGCAGAY@CAGCCACCCACACTGGYGBGGCCCYAYGCYGYTAGCYY

YTCATTCAACAGGAAACTBGGGAGCTTBAGGTTBCCAGTCT@GCCTAGOCAGCAGAT@CAGCCACCCACACTGBTGGGGCCCTATGCTBTTABCTT

TTCATTCAACAGGAAACTBGBBAGCTTBAGBTTBCCAGTCT@BGCCTAGGCAGCABAT@CAGCCACCCACACTGGTGBGGCCCTATGCTBTTAGCTT

TTCATTCAACAGGAAACTGGGGAGCTTGAGGTTGCCAGTCTCEGCCTAGGCAGCAGATCEITCAGCCACCCACACTGGTGGGGCCCTATGCTGTTAGCTT

I-TTCATTCAACAGGAAACTGGOGAGCTTBAGGTTBCCAGTCT@BCCTAGBCAGCAGAT@TCAGCCACCCACACTOBTBGOGCCCTATGCTBTTABCTT

TTCATTCBELAGAGTTE TiAB 6 offisc TToT Tl Tieh c eTir deTb66CC TAGACAGCAGATC TCAGCCACACACACTGGTGBBGCCCTATGCTGTTAGCTT

TTCATTCAACAGGAAACTGGGGAGCTTGAGGTTGCCAGTCTCGBGCCTAGGBCAGCAGATC TCAGCCACCCACACTGGTGGBGCCCTATGCTGTTAGCTT

........................................... JBGCCTAGGCAGCAGATC TCAGCCACACACACTGGTGGGGCCCTATGCTGTTAGCTT

TTCATTCAACAGGAAACTGGGGAGCTTGAGGTTGCCAGTCTCGGGCCTAGGCAGCAGATC TCAGCCACCCACACTGGTGGGGCCCTATGCTGTTAGCTT

TTCATTCAACAGGAAACTGGGGAGCTTGAGGTTGCCAGTCTCGGGCCTAGGCAGCAGATC TCAGCCACCCACACTGGTGGGGCCCTATGCTGTTAGCTT

TTCATTCAACAGGAAACTGGGGAGCTTGAGGTTGCCAGTCTCGGGCCTAGGCAGCAGATC ﬁGCCACCCACACTGGTGGGGCCCTATGCTGTTAGCTT

Mutations found within Evl gene (2)

Left-isomerism i.v.

Right-isomerism i.v.

Top image shows an insert found within the gene encoding Evl, for three of the F2 pups (two which were
determined to have a right-isomerism and one which was determined to have a left-isomerism morphology).

Below shows the similar insertion found within 15 unrelated i.v. mice (9 right-isomerism [i.v.4] and 6

right-isomerism [i.v.3]) through sequence analysis of PCR amplified DNA. The G->C point mutation was not

detected in any of the F2 pups, through whole genome sequencing analysis.
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Similar to my plan for investigating the mutations within Bcl11lb, | designed my primer
pair to surround the two 7 score mutations | had found within the Evl gene (figure 22 top
image). These primers also appeared to specifically target my region of interest, as seen by
the clean single band following gel electrophoresis (figure 22 bottom image). When |
analysed the unrelated left- and right-isomerism i.v. mice, | found that all the mice analysed
contained similar mutations as expected from the mutations found within the F2 generation
(figures 23 and 24). Through this second sequencing analysis, we also identified a base pair
change (G to C), which appeared to follow the similar pattern, but this was not seen in any of
the mice of the F2 generation, analysed using whole genome sequencing (figure 24). | further
confirmed this finding by re-running the mice from the previous experiment (the F2 pups and
their parents), using the same primers for Evl, and found similar results to the unrelated i.v.

mice.

Interestingly, when we look at the whole genome sequences for both the F2 pups and
their parents, we notice that only half of the reads did in the predicted-right group, with the
other half showing the wild-type sequence, whereas every read performed showed the
mutations expected in the predicted-left (figures 23 and 24). This fits nicely with the idea that
the mutation is homozygous in the left-isomerism mutant, whilst (according to our hypothesis
of the F1 mother being heterozygous dominant) the right-isomerism mice would all be

heterozygous in this particular experiment.

These findings are highly encouraging and, combined with the fact that we know Evl to
be strongly expressed in the hippocampus in in-situ hybridization experiments (as
demonstrated in the Allen brain atlas: http://mouse.brain-

map.org/experiment/show?id=69838381), and known to have an effect in neuritogenesis

(Kwiatkowski 2007) and axonal maintenance in hippocampal neurones (Franco 2010), make

Evl to appear a promising candidate for Gene X.

The next step was to find out more about the position of these mutations within the Evl

gene, so that we might predict what kind of effect they are having on the gene itself.
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Using the elEnsemble website, | could identify that the two mutations which | had
previously identified were located within the promoter region of the Evl gene. This suggests
that if one, or both, of them is the mutation | am searching for, it is possible that Evl being
differentially expressed between left- or right-inputs to the CA1 s.r. could be responsible for

the difference in spine morphology which takes the form of input-side dependent asymmetry.

Further analysis to investigate differences in Evl expression, such as QRT PCR, or in
situ analysis, should be conducted to investigate this possibility. Following that, the next step
would be to generate knock out mice, for these particular mutations, within a right-isomerism
i.v. mouse mutant, to see if it would be possible to switch the phenotype from right- to left-

isomerism purely through introduction of an insertion and/or a deletion into the Evl gene.

Investigation into the effect of PirB knockout on

Input-side dependent asymmetry
1:8
This work was part of a collaboration and was published in PLoS ONE (Ukai 2017).
Although it doesn't directly link with the work | have already presented in this chapter, it is
related to the left-right input-side dependent asymmetry process, which | have been

investigating.

Through the majority of my studies, | have mainly focussed on how a point mutation in
the gene encoding left-right dynein (Lrd), a motor protein involved in the establishment of
the internal body axis, could lead to a loss of hippocampal asymmetry formation. Namely a
loss of the input-side dependent asymmetry found in the projections from the CA3 to the
CAL. However, recently, it was also ascertained that the major histocompatibility complex
class 1 (MHC I) molecule might also be involved in the control and formation of input-side
dependent asymmetry. This was demonstrated through the use of p2-microglobulin (f2m)-
deficient mice (Goto 2017, Kawahara 2013). f2m is necessary for the cell surface expression
of the heavy chain of the MHC I protein (the complex consisting of a soluble 2m light
chain, a transmembrane heavy chain, and a short peptide antigen) (Bijlmakers 1993). Mice
deficient in B2m lack the stable cell surface expression of MHC I seen in wild-type mice, as
well as the input-side dependent asymmetry seen in wild-type mice (Kawahara 2013).

Interestingly, however, although these mice show symmetry in their hippocampal
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connections, these mice have a slightly different phenotype from the i.v. mutant. f2m-
deficient mice were found to be similar to the left-isomerism i.v. mouse in their connections
to apical dendrites in the CA1 (forming smaller and NR2B dominant synapses, characteristic
of projections from the left CA3 in wild-type mice). However, p2m-deficient mice also were
found to form smaller NR2B dominant synapses on their basal dendrites (Kawahara 2013).
This phenomenon is similar to that of right-isomerism i.v. mice (left-isomerism having larger
less-dense synapses in basal dendritic connections). Like i.v. mice (Goto 2010), f2m-
deficient mice have been found to have impairments to their working memory retention, as
demonstrated by their performance on the delayed nonmatching-to-position (DNMTP) task
(Goto 2017).

Another molecule which plays a vital role in the function of the MHC | complex is the
paired immunoglobulin-like receptor (Pir). There are two different paired immunoglobulin-
like receptors which have been identified in mice, PirA and PirB, both allow the binding of
various MHC | molecules, including p2m as well as a variable MHC | heavy chain, to their
extracellular domains (Nakamura 2004). PirA and PirB have been found to play important
roles in the recognition of foreign infections (Takai 2005). Most importantly they enable the
initiation of intracellular signalling cascades, something MHCI can not itself do due to the
length of its cytoplasmic tail. PirB is found throughout the mammalian central nervous
system, including in the visual cortex and hippocampus, where it has been implicated in the
regulation of neuroneal plasticity (Bochner 2014, Syken 2006). PirB has being localized to
neuroneal somata, axons and dendrites, with a particularly high expression within the CAl
and CA3 pyramidal cell layers of the hippocampus (Starkey 2012). Interestingly, PirB has
been found to be involved in the control of spine and excitatory synapse density on pyramidal
neurones, with total knockout of PirB resulting in a significant increase in number (Bochner
2014, Djurisic 2013). Although PirB can be detected near synapses, it is unclear whether it is
pre- or post-synaptically localised (Raiker 2010).

Methods and results

Methods used: Preparation of mouse brain for analysis under TEM (method 3),

dissector analysis (method 4).

Fixed brains were shipped from our collaborators in Japan. Brains had been fixed in 4%

PFA containing 0.05% glutaraldehyde solution
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Measurements of TEM images were conducted using the Reconstruct software (Fiala 2005)
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Figure 26
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Upper chart shows average PSD area from PirB ko mice. Error bars display SEM and empty circles show

average values for individual mice. Lower chart boxplots of PSD are from individual mice. The upper chart is an
average of the lower values. For both charts, open box denotes density in left CA1, filled box denotes density in
right CA1. PSD area was calculated from serial sections. Only synapses with complete PSDs were measured.
Synapses were identified using the unbiased dissector analysis technique. Students T-test used for statistical

analysis with no significance detectable.
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Figure 27
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Perforated synapses in PirB ko mice

Upper chart shows average percentage of perforated synapses in PirB ko mice. Lower right chart boxplots for
PSD area from perforated and non-perforated synapses from individual mice. The bottom left chart is an
average of the bottom right chart's values. For the top and bottom left charts, open box denotes density in left
CAA1, filled box denotes density in right CA1. Error bars display SEM and empty circles show average values for
individual mice. PSD area was calculated from serial sections. Only synapses with complete PSDs were
measured. Synapses were identified using the unbiased dissector analysis technique. Students T-test used for
statistical analysis with * denoting p < 0.05, ** denoting p < 0.01, *** denoting p < 0.001, and **** denoting p <

0.0001.

79



As part of this collaboration, | was able to demonstrate that the PirB knockout mouse
mutant lack input-side dependent asymmetry in the morphology of the synapses formed on
the post-synaptic neurone in the CA1 stratum radiatum. This mutant displays a left-isomerism
phenotype, having an average PSD area size of around 0.04 um? with around 15% of the
synapses forming a perforated PSD. These anatomical findings were in accordance with the
electrophysiological findings of my collaborators on the paper. They found that, through the
use of an NR2B-selective blocker, Ro 25-6981, (Fischer 1997) and the VHCT operation
(method 6), NMDA EPSC peak amplitude would be reduced to a similar degree in
hippocampal slices obtained from either hemisphere. However, when they performed a
similar experiment on VHCT operated wild-type mice, they could detect a significant
difference between slices obtained from the left or right hemisphere. They also ruled out any
effects of the VHCT procedure on detected Ro 25-6981 sensitivity, finding that it was
comparable for both Schaffer and commissural fiber synapses. This was similar in both apical
and basal synapses, suggesting that the phenotype in the PirB knockout mouse is more
similar to that of the f2m-deficient than the i.v. mutant. The findings suggest that PirB is
critical for transducing the MHCI signalling required for the generation of asymmetrical

input-side dependent synapse formation in the hippocampus.
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Chapter 1 experimental flowchart

Left-isomerism mouse identified
1

Left-isomerism was a spontaneous mutation, caused via

sequential backcrossing with C57BL6J. | wanted an i.v.

mouse with right-isomerism which was more genetically
similar to the left-isomerism mutant

Right-isomerism mouse in similar background chosen
2,3

i.v.3 (chosen right-isomerism mutant) was 5-6x back
crossed with C57bl6J [from the original i.v. mutant]).
Both i.v.3 and i.v.4 (right- and left-isomerism
respectively) should be genetically very similar

Crossing left- and right-isomerism i.v. mice
4

All the pups from the F1 turned out to be right-isomerism
[determined via morphological analysis using TEM].
Possible that a single gene responsible for
right-isomerism phenotype (dominant). If so, F1 pups
may be heterozygous for this mutation

Back-crossing F1 daughters with left-isomerism father
5

F2 litter contained a mix of left- and right-isomerism pups.
Furthering possibility of single gene being responsible
(left-isomerism homozygous, right-isomerism
heterozygous)

Whole genome sequence analysis to find Gene X
6

Whole genome sequence analysis turned up some
interesting candidates for Gene X. Strongest candidates
were checked in un-related left- and right-isomerism i.v.

mice

Confirming potential mutations via gel extraction
7
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Chapter Summary

This chapter is focussed on the investigation of the process of input-side dependent
asymmetry formation in the hippocampus. This appears to be a fundamental feature of the
murine hippocampus, leading to an imbalance in the size of synapses, as well as the density
of the NR2B receptor, depending on the hemispheric origin (Kawakami 2003, Shinohara
2008, Shinohara 2009). This asymmetry has been shown to lead to an asymmetry in the
propensity for LTP between left and right originating projections, with synapses formed from
left-CA3 projections potentially being more susceptible to NMDA receptor-dependent
synaptic plasticity (Kawakami 2003, Kohl 2011). This phenomenon appears to be vital to
hippocampal memory processing and formation, as shown by both the importance of the left-
CAS3 for long-term memory formation, as well as it being vital to experience-driven laterality
formation, a process | will describe in chapter two (Shipton 2014a). The importance of input-
side dependency in hippocampal memory formation is further emphasised through the
findings that the i.v. mouse, a mutant which lacks input-side dependent laterality, has severely

compromised spatial learning and working memory (Goto 2010).

The original i.v. mouse mutant was characterised as having right-dominancy. This
meant that irrespective of the hemispheric origin of the CA3, the projections into the CAl
would terminate in synapses similar to those originating from the right-CA3 in wild-type
mice (Kawakami 2008). In this chapter I highlight the novel finding of a left-isomerism i.v.
mouse mutant. This was a spontaneous mutation, generated through the backcrossing of the
original i.v. mutant with the C57BL/6J mouse line. Through unilateral viral injections into the
CA3, and the measurement of only the labelled terminals, | found that the average PSD area
in the CAL s.r. was around 0.4 pm?. Later measurements of unlabelled terminals confirmed
this measurement, as well as highlighting that the percentage of synapses with a perforated
percentage was below 20%. All of these recordings align nicely with the size and perforation
values obtained previously from left-CA3 originating projections in wild-type mice
(Shinohara 2008). Having identified a left-isomerism mutant, one important question which
could be asked is whether this mutant also suffers from learning and memory deficits, similar
to the right-isomerism line. Knowing that there is a difference in NMDAR-related LTP
between left and right-CA3 projections to the CA1 (Kohl 2011), and that suppression of the
left, but not right, CA3 will cause an impairment in hippocampal memory processing

(Shipton 2014a), it is possible that the left-isomerism mutant will not suffer the working-
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memory deficits which the right-isomerism mutant does. One additional question which
needs to be investigated is the question of the nature of synapses in the CA1l s.o.. Is the left-
isomerism i.v. mutant a complete inversion of the right-isomerism mutant, with CA1 s.o.
terminals in the left-isomerism mutant having a similar morphology to the terminals found
from left-CA3-originating projections into the CA1 s.o. of the wild-type mouse? Or is the
left-isomerism i.v. mutant more similar to the p2m or PirB knockout mutants, where the
terminals in the CA1 s.o. mirror those found in the CA1 s.r. (both being small and NR2B-
dense)?

Through the selective crossing of two closely related (as determined by their
generational distance from the original i.v. mutant) left- and right-isomerism i.v. mouse lines,
it was possible to investigate the dominance of the left and right phenotype. Analysis of all
the pups from the F1 generation proved right-dominancy in input-side dependent
asymmetrical development. Following back-crossing of F1 female pups with their father, it
was possible to generate a mixed population of left- and right-isomerism pups. This
demonstrates that the left-isomerism phenotype is recessive. More importantly, in accordance
with simple Mendelian inheritance ratios, it suggests the possibility of a single gene (Gene X)

being responsible for left or right determination.

Whole genome sequence analysis has proven to be a powerful tool in the investigation
of genetic influences in disease and development, as well as in examining genetic inheritance
between individuals and within species. Turning these tools towards the examination of Gene
X, through whole sequence analysis of the parents and pups from the F2 generation, it was
possible to identify some prospective genes which could be responsible for the determination
towards a left- or a right-isomerism phenotype in CA3-CAL synapse morphology. Through
further investigation of the candidates, with targetted PCR and gel electrophoresis, | was able
to exclude many of these, leaving Ena/Vasp-like (Evl) as a prime candidate for future
investigation. Ena/\VVASP proteins have been attributed to many different processes within the
nervous system, including neuritogenesis, axon guidance and maintenance (Drees 2008,
Franco 2010, Kwiatkowski 2007). Importantly, Evl has also been found to be a component of
the PSD of inhibitory synapses (Uezu 2016) and could therefore be involved in modulating
synaptic plasticity. As the mutations in Evl appear to be located in the promoter region, the
first question which needs to be asked is whether this mutation has any effect on its

expression, and whether the levels of Evl could drive the difference between the phenotypes
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of synapses originating from the left and right CA3. This is an important question as the
expression levels of ENA/VASP proteins have already been attributed to neuroneal
degeneration and axonal maintenance in hippocampal neurones (Franco 2010). Another
important avenue for future investigation would be the targetted modification of the Evl gene
using the CRISPR/Cas system (Zhang 2014). Both of the promising mutations in Evl were
detected in the left-isomerism i.v. mouse. Therefore, one question which could be asked
would be whether the selective introduction of these mutations into the right-isomerism i.v.

mutant could cause a switch of phenotype to left-isomerism.

The final part of this chapter deals with the recent publication about the importance of
PirB in the formation of input-side dependent asymmetry formation in the hippocampus.
PirB, like B2m, is involved in the function of the MHCI complex (Shatz 2009). It turns out
that a knockout of PirB will lead to a similar synaptic phenotype to a knockout of $2m
(Kawahara 2013). Interestingly, although both of these knockout mice lack input-side
dependency in their CA3 — CA1 projections, they appear to have a different phenotype from
the i.v. mutant. In the wild-type mouse, the projections from the right-CA3 to the CAL1 s.o.
terminate in small NR2B-dense synapses, whereas the projections to the CAL s.r. terminate in
larger NR2B-less dense synapses. The CA3 — CAL projections in the right-isomerism i.v.
mouse mutant followed this pattern, with larger synapses forming in the CA1 s.r. and smaller
more NR2B-dense synapses forming in the CAl s.o.. Both the f2m and PirB knockout
mutants, however, appear to have symmetry in their apical and basal dendrites also, with
terminals in both the CALl s.r. and CALl s.o. terminating in smaller NR2B-dense synapses.
This means that it is not so easy to term the 2m or PirB mutants as 'left-isomerism’, similar

to how we could with the right-isomerism i.v. mutant.
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Chapter 2

Brief summary

It was recently reported that environmental enrichment alone could induce an
asymmetry in the synaptic density of the hippocampus (Shinohara 2013). This effect was
highly localized to the CAL stratum raditum, a region where the synaptic morphology is
heavily influenced by pre-existing underlying asymmetries (Kawakami 2003, Shinohara
2008). It has been found that asymmetries in hippocampal activity can be detectable in
relation to environmental stimulation, therefore it is possible that the changes in synaptic
density, seen by Shinohara and his colleagues, could play a part in enabling the organism to

deal with changes to its environment.

As with all animal experiments, one has to be careful in generalizing results between
different organisms, strains, or sub-strains. This leads to the question of whether the
asymmetrical changes in synapse density seen in rat CA1l pyramidal cells, induced through
environmental enrichment, could be generated in other rodent species. Through the use of
C57BL/6J mice, as well as the i.v. mouse mutant, this chapter aims to tackle that question, as
well as trying to further elucidate the specific causes for this localised change. One key
question asked is whether the underlying input-side dependent asymmetry in the
hippocampus, may be responsible for this change, or whether there are other underlying
mechanisms in play during experience driven formation of laterality in the rodent

hippocampus.

The environmental enrichment paradigm

Environmental enrichment is a loose term which encompasses modifying the housing
environment of an organism, to make it more novel, stimulating or complex than
conventional housing conditions. It has been shown to have a marked effect on the general
well-being of animals (Huttenrauch 2016, National Research Council (US) Committee on
Recognition and Alleviation of Distress in Laboratory Animals 2008). Unfortunately, there is
no consensus on what defines ‘enrichment’. Enrichment doesn't just have to be a change in
cage layout, the term also encompasses inducing enrichment through social, auditory,

olfactory, visual, dietary, exercise, and tactile, stimulations (Hutchinson 2005). Each of these
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can potentially lead to different effects on an organism, giving the enrichment paradigm great
flexibility in how it can be specifically tailored towards a particular condition or organism.
However, this flexibility in the paradigm comes with some important drawbacks. Most
notably, the degree of variation in what constitutes an 'enriched environment, can often make
interpreting and comparing results from different groups difficult. For example, nowadays
many animal facilities will include cardboard tubes/shelter in mouse cages, giving them
places to hide, but not all laboratories will do this. This could lead to differences in the
control mice, with one laboratory's ‘controls’ potentially being more 'enriched' than another
laboratory's. It has also been demonstrated that the enrichment paradigm might induce greater
differences to between different mouse strains (Heinla 2014). This could be explained by the
unnatural state of conventional laboratory housing, with the enriched environment being a
more ‘'natural’ setting. Another huge potential drawback is that it becomes incredibly
important to control every tiny detail about the environment during an enrichment paradigm
as, due to the length for which animals are often subjected to enrichment, it is easy for
undesired external/uncontrolled influences to potentially lead to dramatic changes in the
behaviour, health, or neurological condition, of an organism (Bayne 2005).

The social component of environmental enrichment

Rodents, in particular, tend to benefit from social interactions, therefore a lot of effort
has been put into investigating the effects of social influences upon their development,
behaviour, and emotional well-being. Housing conditions have been found to induce changes
in the social behaviour of rodents, particularly in their increased sociability and willingness to
interact with novel individuals (Arakawa 2018, Aujnarain 2018). Interestingly, it has been
possible to detect changes in neurogenesis in the olfactory bulb and BDNF expression
relating to whether adult mice were kept in group housing or not, with this effect being
irrespective of whether the environment was an enriched or standard mouse cage (Monteiro
2013).

Recent evidence suggests that enrichment paradigms targetted specifically towards
social enrichment, rather than environmental, have been found to only aid in the reversal of
social, but not object, recognition deficits (Prado Lima 2018). This is supported by the
comparison of ultrasonic vocalizations of rats in different enrichment paradigms. In

paradigms designed to promote social interactions, it was found that rats would increase their
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vocalizations, however in paradigms designed to promote purely environmental enrichment
(and suppress social interactions), this increase was not detectable. In fact, the rats showed a
reduction in their vocalizations in response to auditory stimuli, suggesting the onset of social
behaviour deficits (Brenes 2016). However, although the environmentally enriched rats
displayed an increase in hippocampal neurogenesis, this was not evident in the rats exposed
to a purely social enrichment paradigm. This furthers the notion that enrichment isn't a single
process, but rather a multitude of different stimulations which lead to the beneficial effects
detectable in an organism's health and wellbeing.

Counter to social enrichment is social isolation. Social isolation can induce a huge
stress upon an organism, especially in rodents, leading to an increase in depression, anxiety,
changes in brain state and morphology, as well as changes to the cardiovascular activity and
general health of an organism (Gaudier-Diaz 2017, Huang 2017, Normann 2018). When
trying to use environmental enrichment to counter these effects, the results are highly
variable. For example, it was found that environmental enrichment could reduce the recovery
time for prairie voles subjected to isolation, even if the animals in question remained in
isolation (Normann 2018). However, it has also been demonstrated that isolation can prevent
the beneficial effects of enrichment on neurogenesis in the ventral hippocampus (Kozareva
2018). It is likely that a combination of social and environmental enrichment paradigms
would be most effective in treating socially-isolated rodents.

Exercise as a form of enrichment

The inclusion of objects such as tunnels, boxes, and tubes, has often been used as a
form of enrichment for rodents. This is because, as far as enrichment paradigms go, this kind
of inclusion is easy and cheap, as well as being highly controllable (as the 'toys' can be
rapidly removed and reintroduced, when needed). An increase in exercise has been found to
induce a powerful effect on the central nervous system, increasing neurogenesis, synaptic
plasticity, cell survival, and memory performance, as well as an individual's performance on a
multitude of behavioural paradigms (Fabel 2009, van Praag 1999, van Praag 2005). This is
particularly evident in aged individuals (Goes 2015, van Praag 2005), where exercise has
been suggested as a powerful method for treating/protecting against the development of age-
related neurological disorders such as dementia (Fratiglioni 2004), as well as against other

neurological disorders, such as multiple sclerosis (Prakash 2010). Its possible therapeutic
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effects have been demonstrated in laboratory animals also (Bettio 2017, Pang 2013, Skillings
2014).

The effect of an increase in exercise, which these objects bring to an organism, is often
not considered in the evaluation of the benefit of environmental enrichment. When it is,
however, it's possible to isolate differences in the specific effect of both exercise and
environmental stimulation. By specifically tailoring the enrichment protocol away from one
which might encourage exercise, it has been found possible to still cause a striking
behavioural effect, including a reduction in anxiety-like behaviour and an increase in spatial
learning and memory (Hendershott 2016). Removing the exercise component of enrichment
also has been found to not effect the increases seen in hippocampal synaptogenesis, with the
length of enrichment being the most important determinant of the increase (Birch 2013). It
was found that longer periods of enrichment would induce a significant improvement in
spatial and working memory performance, as well as an increase in the early (but not long
term) cell survival in the dentate gyrus. It has also been identified that there can be a vast
difference in hippocampal neurogenesis, induced through treadmill exercise, between many
commonly used mouse strains (Kim 2017). This could prove to be yet another potentially
confounding variable when comparing different enrichment studies, especially where disease

model mice are used.

It is likely that, like with social enrichment, the greatest effects come from the
combination of multiple different forms of enrichment, rather than just simple changes to the
environment/housing of an organism. For example, in mice where the neural progenitors had
been selectively ablated, the negative impacts of this procedure on recognition and contextual
fear memory formation could be greatly diminished through a combination of exercise and
environmental enrichment. Moreover, the reductions in neurogenesis, detectable in these
mice, could be reversed (Sakalem 2017). It has also been demonstrated that combining
voluntary physical exercise with environmental enrichment, through the inclusion of a
running-wheel in the enrichment paradigm, it it possible to induce a 30% greater increase in
adult neurogenesis than is possible with stimulation through either physical exercise or

enrichment alone (Fabel 2009).
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Neurological changes following enrichment

The beneficial effects of environmental enrichment are quite widespread. Of particular
interest are the changes caused to an organism's nervous system, which can be induced
through environmental stimulation alone, include increases in neurogenesis and
synaptogenesis (Clemenson 2015, Kempermann 1997, Leggio 2005, van Praag 2005). These
changes have been shown to lead to improvements in both learning and memory formation
(Cortese 2018, Hullinger 2015), reduction in the spread or adverse effects of neurological
disorders (Restivo 2005), and the changes to the emotional condition of the organism
(Huttenrauch 2016, Rojas 2013). What makes enrichment such a useful tool for the treatment
of neurological disorders is that it is completely non-invasive in nature. The fact that many
symptoms of disease can be alleviated purely through a change in the housing conditions of
an organism has made environmental enrichment to be one of the most frequently used tools
for the investigation of various animal models of neurological disorders and disabilities
(Bhagya 2017, Restivo 2005). Unfortunately, environmental enrichment has more often been
used as a tool to test specific mutant models of neurological diseases and/or disorders, than as

a tool to investigate more fundamental questions about neurological development.

In this chapter | direct my focus towards the development and formation of
asymmetries in the hippocampus. It has been reported that environmental enrichment can
induce a significant change in gene expression, including in many genes responsible for
neuroneal signalling, growth, and formation (Rampon 2000). Of particular interest are
changes to the expression levels of genes like PSD-95, which are associated with NMDA
receptor functioning, as well as various molecules downstream of the NMDA receptor, such
as calmodulin. It is well established that an asymmetry exists in the NR2B density between
synapses originating from either hemisphere in the hippocampus (Shinohara 2008). As NR2B
has been associated with neuroneal plasticity (Loftis 2003, Yashiro 2008), it is possible that
changes in hippocampal density, induced through enrichment, could be related to changes in

NMDA receptor function at the synaptic level.

Exercise and general fitness have been correlated with an increase in the volume of the
hippocampus, combined with an increase in performance on relational memory tasks
(Chaddock 2010). This corresponds well with evidence that the rate of hippocampal

neurogenesis, as well as the successful integration of granule cells into the dentate gyrus, are
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positively correlated with increased exercise (Bouchard-Cannon 2018). As enrichment
environments often result in an increase in locomotive activity in their occupants, it is no
wonder that the hippocampus would be strongly affected by enrichment. However, like all
enrichment procedures, the degree of benefit of the procedure has been shown to vary
dramatically between reports. This could well be attributable to variations in the enrichment

protocols, species, strains and sub-strains, used.

One of the best observed effects of environmental enrichment on the hippocampus is an
increase in neurogenesis and neuroneal survival. Enrichment has been shown to be able to
have a dramatic effect on neurogenesis dentate gyrus in both young as well as adult mice
(Fabel 2009, Kempermann 1997, Kempermann 1998a, Kempermann 1998Db). It has been
demonstrated that enrichment in later life can aid in increasing hippocampal plasticity in aged
rats, resulting in better spatial learning performance (Neidl 2016). This can be especially
beneficial, as hippocampal neurogenesis and cognitive flexibility have been found to
dramatically decrease with age (Bettio 2017, Kuhn 1996, Sakalem 2017). Environmental
enrichment alone has been found to dramatically increase the density of dendritic spines on
CA1l neurones (Rampon 2000). Behaviourally, enrichment has been found to lead to
improvements in memory formation and function, including many hippocampal-dependent
processes (Harburger 2007, Hullinger 2015, Leggio 2005, Mesa-Gresa 2013, Pham 1999).
However, the beneficial effects of enrichment on memory performance are controversial,
with some enrichment paradigms failing to show any improvements from enrichment
(Zeleznikow-Johnston 2017).

Recently, it was reported that a right-dominant increase in the number of hippocampal
pyramidal cell synapses could be generated in rats, with the use of environmental enrichment
alone (Shinohara 2013). This effect was localized specifically to the CAL stratum radiatum,
with little changes seen in any other hippocampal subregions. Many questions still remain,
however, including questions relating to specifically how this right-side specific increase
occurs and what the significance of it is. Importantly, it is also unclear whether this
phenomenon is only prevalent in rats, or if it is a more fundamental feature of hippocampal
experience-dependent memory formation. This chapter will aim to tackle these important
questions, to try and further our overall knowledge about this fascinating discovery.
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Confirming experience dependent asymmetry

formation in mice
2:1
Environmental enrichment is known to cause an asymmetry in the synaptic density of
the CA1 stratum radiatum (s.r.) in rats (Shinohara 2013), through a significant increase in
the synaptic density in the right-hemisphere. However, it isn't known if this is a phenomenon
restricted only to rats, or whether it is a more common feature of experience-driven

hippocampal laterality formation.

To investigate this | decided to examine whether experience alone would be enough to
generate an asymmetry in synapse density in the mouse hippocampus. As there is a wide
definition of what constitutes an 'enriched environment’, | decided that the most simple
starting approach would be to repeat the same enrichment protocol used in Shinohara's paper
on mice. This meant that, immediately after weaning, | would move mice into an
environment full of interesting items and toys, and change the location and constitution of
these toys twice a week. Should the effect of experience-driven laterality be a more
fundamental feature of the mammalian hippocampus, then we could imagine that a similar

asymmetry might form following the enriched environment protocol.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for
analysis under TEM (method 3), 2D analysis (method 4).

Mice were housed in groups of 3, in either standard mouse cages (figure 28, NENR), or
in enriched cages (figure 28, ENR), for 3 weeks (contrary to the 6 weeks shown in the
protocols for each condition). Cages were changed once a week, and food and water were

supplied ad libitum.

3 week old C57bl/6J mice were used in this experiment.

As this was a preliminary experiment, to investigate if experience-dependent changes in
synapse density were even present in mice to begin with, | used the 2D analysis method (a
much faster method than serial electron microscopical investigation by dissector analysis).
This choice was supported by the huge increase in density seen in rats. Such a marked
difference should be easily visible using this choice of method.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 28

NENR

ENR

Enrichment and non-enrichment cages

NENR left shows the protocol for 6 weeks of the non-enriched condition. White boxes show one week of
NENR. With the time for changing cage represented within the dotted box. NENR right: cage example of NENR

cage - dimensions 32.5 x 16.5 x 13 cm

ENR upper left shows the protocol for 6 weeks of the environmentally enriched condition. Red boxes show one
week of ENR. With the timeline for single week of enrichment represented within the dotted box. 'c' represents
changing the toys and/or their position within the cage. Remaining 3 images show examples of ENR cages -

dimensions 54 x 34 x 24 cm
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Figure 29
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Effects of 3 weeks environmental enrichment on CA1 pyramidal-cell synapse density

Upper chart shows average synapse density in NENR and ENR C57bl6J mice. NENR n =5, ENR n = 3. Error
bars display SEM and empty circles show average values for individual mice. Lower chart boxplots of density
values for individual mice. The upper chart is an average of the lower values. For both charts, open box denotes
density in left CA1, filled box denotes density in right CA1. Black denotes NENR and red denotes ENR. Density
values were calculated using the 2-dimensional analysis technique. Mann-Whitney test used for statistical
analysis with ** for p values < 0.01, and **** for p values < 0.0001.
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In this preliminary experiment, | could detect a difference in the synaptic density in the
CALl s.r. between the two hemispheres in the enriched mice. This difference was not
detectable in any of the non-enriched group. Similar to the findings presented in the
Shinohara paper, | was able to identify significance only in the right hemisphere. However,
the change we observed in this experiment was far from the two-fold difference seen in rats
(the change in mice was only around an 18% difference between both hemispheres, or an
increase in only 8% from the NENR condition). One difference between these results and
those presented by Shinohara et al. is in the control animals used. Here, | use a group of
animals, in a standard housing. However, in the experiments on rats, the experimenters

compared the densities in the hippocampus between enriched and isolated animals.

Does social isolation have an effect on synaptic
density in the CAl stratum radiatum?
2:2

To see if social isolation was responsible for the degree of change I observed in mice, |
performed an additional experiment using isolated mice. This was important to determine if
the small change observed in mice could be explained solely through the difference in the

control animals.

Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for
analysis under TEM (method 3), 2D analysis (method 4).

Mice were housed individually standard mouse cages (figure 28, NENR) for 3 weeks
(contrary to the 6 weeks shown in the protocols for NENR). Cages were changed once a
week, and food and water were supplied ad libitum.

3 week old C57bl/6J mice were used in this experiment.

To directly compare with the data from experiment 1, | used the 2D analysis method for

examining the synapse density values in the CAl s.r.
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Measurements of TEM images were conducted using the Reconstruct software (Fiala
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Figure 30
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Effect of social isolation on CA1 pyramidal-cell synapse density in non-enriched mice

Upper chart shows average synapse density in socially-isolated C57bl6J mice, n = 3. Error bars display SEM
and empty circles show average values for individual mice. Lower chart boxplots of density values for individual
mice. The upper chart is an average of the lower values. For both charts, open box denotes density in left CA1,
filled box denotes density in right CA1. Density values were calculated using the 2-dimensional analysis
technigue.
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Similar to 6 week-old NENR mice, mice which have undergone 3 weeks of social
isolation (ISO) do not display a difference in synapse density in their CA1 s.r. between
hemispheres. The density observed, around 0.6 synapses per um? is comparable between
both 1ISO and NENR mice. This leads me to question whether the slight change observed in
mice, contrary to the much larger difference seen in rats, isn't rather due to the effect of
enrichment itself. The two most simple explanations would be that: either the enrichment
protocol wasn't stimulating enough for the mice, or that there is a more fundamental
difference between mice and rats, in how experience drives selective hemispheric changes to

synapse density in the CAL.

The effect of different enrichment conditions on
synapse density changes in the CAl
2:3

The first thing which | wanted to do was to examine changes to the enrichment protocol
itself. It is well known that exercise can influence synaptic plasticity (Dong 2018, van Praag
1999, Fabel 2009), therefore it is possible a change in the activity of the mice during
enrichment, rather than novelty of the condition, might be what was responsible for the
changes in synapse density observed. To investigate this, | prepared differing housing
environments, one which would increase physical exercise (exXENR), with the inclusion of
wheels, hanging chains and tubes, and one with only static objects (StENR), with the
inclusion of lego bricks and wooden blocks (figure 31).

The hypothesis being that should an increase in locomotive activity between ENR and
NENR mice explain the change in synapse density seen in the right hemisphere, then it

should also distinguishable between two differing enrichment protocols.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for
analysis under TEM (method 3), 2D analysis (method 4).

Mice were housed in groups of 3 in enriched mouse cages (figure 31, stENR and
eXENR) for 6 weeks (see timeline [top image] in figure 31). Cages were changed once a
week, and food and water were supplied ad libitum.

The stENR condition did not contain any wheels or tubes. It only included objects
which could be climbed over, or investigated. It was designed only to provide stimulation

through the novelty of the items, rather than specific interaction with them.

The exENR condition contained wheels, tubes, and multiple levels. It was designed to

provide an environment which would encourage exercise.

3 week old C57bl/6J mice were used in this experiment.

To directly compare with the data from experiment 1, | used the 2D analysis method for

examining the synapse density values in the CAl s.r.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 31

3 WEEKS 1 0 0 N 0 [PERFUSE
WEAN

stENR

exENR

Different enrichment protocols

Top scheme represents timeline of experiment. Red boxes display 1 week of ENR condition. stENR shows 2
examples of cage layout for cages which are not designed to encourage exercise. These cages contained no
tunnels or wheels, but only toys which could be climbed over and explored. exENR shows 2 examples of cage
layout for cages which are designed to encourage exercise. These cages contained wheels, multiple layers,
tubes and toys which could be climbed through and around.
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Figure 32
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Effects of different environmental enrichment paradigms on CA1 pyramidal-cell synapse density

Upper chart shows average synapse density in ENR C57bl6J mice for enrichment protocols designed to
encourage exercise (exENR), or those which just containing interesting items (stENR). sStENR n =3, exENR n =
3. Error bars display SEM and empty circles show average values for individual mice. Lower chart boxplots of
density values for individual mice. The upper chart is an average of the lower values. For both charts, open box
denotes density in left CA1, filled box denotes density in right CA1. Density values were calculated using the
2-dimensional analysis technique. For upper chart, both Wilcoxon matched-pairs signed rank and Mann
Whitney tests used for statistical analysis, with no significance detectable. If normality assumed and students
T-test used for statistical analysis, p < 0.05 between left and right CA1 for both stENR and exENR. For lower
chart, Mann Whitney test used with ** denoting p < 0.01, *** denoting p < 0.001, and **** denoting p < 0.0001
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Following 6 weeks of enrichment (figure 32), | found that the synapse density value in
the right hemisphere was slightly higher than the results from 3 weeks enrichment (figure
29). This works out to an increase in density in the right hemisphere of around 9% in both of
these 6 week conditions, compared to wild-type. However, although suggestive of a possible
trend between enrichment time and synapse density, the difference between either the StENR
or eXENR and the 3 weeks ENR condition is not significant. Interestingly, when normality
was assumed amongst groups, it was now possible to detect significance between both
hemispheres, in the enriched mice following 6 weeks of enrichment. Contrary to my
expectations, there were no differences in synaptic density detectable between either group.
This suggests that it is the process of enrichment itself, rather than the specific form of

exercise, which has a greater effect on synapse density in the CAL.

Experience-driven changes to synapse morphology
in the CAl

2:4

Having demonstrated that the enrichment paradigm was enough to introduce an
asymmetry in the density of synapses in the CAL s.r. of wild-type mice, | could now focus
more on identifying whether there were any specific changes to the morphology of individual
synapses themselves. The hippocampus is highly asymmetrical in its activation during
various memory tasks. For example, place recall and route planning has been shown to have a
strong right-side bias in activation of the hippocampus (Maguire 1997). It has also been
suggested that increased activity can lead to an increase in the size, as well as the perforation,
of synapses in the hippocampus (Neuhoff 1999). Therefore, it is possible that there might be a

change in the size and perforation of synapses following environmental enrichment.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for

analysis under TEM (method 3), dissector analysis (method 4).

Mice were housed in groups of 5 in either enriched, or non-enriched mouse cages
(figure 28) for 6 weeks (see timelines next to NENR and ENR). Cages were changed once a

week, and food and water were supplied ad libitum.

3 week old C57bl/6J mice were used in this experiment.

To account for the possibility of changes in synaptic area affecting density values, |
used the unbiased dissector method to determine synaptic density values. This was because, if
there had been an increase in synaptic area, following enrichment, then these larger synapses
would be more likely to appear in electron microscopy images and so they might bias the

results.

When calculating PSD area, or the percentage of synapses with a perforated PSD, |
used the dissector analysis method to find synapses for analysis. This was again to remove
any potential bias towards the detection of larger synapses, which would appear in more

images in a stack.

I also made sure to only measure synapses for which | could see the complete PSD
area. If a synapse was still visible in either the first, or last, image of a series, | ignored it.
This was because, otherwise, | couldn't be 100% sure that the synapse had ended in that last

image, so | would, again, introduce a potential bias to my measurements.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 33

*kkk

*dkk | O ] left
Bl right

Synapse density p,m3

OO0 OO = =d = =d =d N
OCNDBAODOONAMOO® WO
o o 1 1 - 1 . 1.1 . 1. 1 .1.°.1

NENR ENR

3

Synapse density um
OO0 ==== NN

ONPOO=_XNEROONNAONOOW
T g
-

2
e
=5
8
-
a
+
]
r)
T 1t
o = ¥
-ﬂl'_u:_ Ix
T
T

RO
S

volumetric analysis of synapse density in NENR and ENR C57bl6J mice

Upper chart shows average synapse density in enriched (ENR) and non-enriched (NENR) C57bl6J mice.
NENR n =11, ENR n = 7. Error bars display SEM and empty circles show average values for individual mice.
Lower chart boxplots of density values for individual mice. The upper chart is an average of the lower values.
For both charts, open box denotes density in left CA1, filled box denotes density in right CA1. Black denotes
NENR and red denoted ENR. Density values were calculated using the unbiased dissector analysis technique.
Paired Wilcoxon matched-pairs signed rank test used for statistical analysis between average synaptic density
in left and right CA1 of NENR and ENR groups. For comparrisons betwen groups, or individuals,
Mann-Whitney test was used. * for p values < 0.05, ** for p values < 0.01, and **** for p values < 0.0001.
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Figure 34
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Effect of environmental enrichment on synapse perforation in C57bl6J mice

Percentage of synapses with perforated PSDs in the CA1 s.r. from C57bl6J mice. NENR n =3, ENR n = 3.
Error bars display SEM and empty circles show average values for individual mice. Only synapses where the
total PSD area could be visualised were measured. Open box denotes density in left CA1, filled box denotes
density in right CA1. Black denotes NENR and red denotes ENR. Both Wilcoxon matched-pairs signed rank
and Mann Whitney tests used for statistical analysis, with no significance detectable. If normality assumed
and Students T-test used for statistical analysis p < 0.01.
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Figure 35
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Effect of environmental enrichment on PSD area size in C57bl6J mice

Upper chart shows average PSD area from spine synapses in CA1 s.r. from C57bl6J mice. NENR n = 3, ENR
n = 3. Error bars display SEM and empty circles show average values for individual mice. Lower left chart
shows boxplots of density values for individual mice. The upper chart is an average of the lower left values.
Lower right chart shows average PSD area from perforated (non-perf.) and perforated (perf.) synapses in
NENR and ENR mice. Only synapses where the total PSD area could be visualised were measured. Error bars
display SEM and empty circles show average values for individual mice. For all charts, open box denotes
density in left CA1, filled box denotes density in right CA1. Black denotes NENR and red denotes ENR.
Wilcoxon matched-pairs signed rank and Mann-Whitney tests used for statistical analysis with no significance
detectable. If normality assumed and T test used, p < 0.01 detectable between right CA1 PSD areas of NENR

and ENR (top graph).
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In concordance with my previous findings, | could detect a significant increase in the
right CAl s.r. following environmental enrichment, as well as a significant difference
between both hemispheres in the enriched mice. | could also detect a significant decrease in
the left-hemisphere, following enrichment. | did not previously detect this, so it could be
related to the change from the 2D analysis, to the unbiased dissector analysis, method.
Interestingly, this significant decrease in the left-hemisphere had not been previously

reported.

Using serial electron microscopy, we could detect a decrease in the number of
perforated synapses [figure 34] as well as the average PSD area [figure 35] in the right CA1
s.r., following enrichment. There was no significant change in the left CAl s.r.. This goes
against my idea that the enriched protocol might lead to an increase in perforation. However,
as smaller synapses in the CAl tend to be more NR2B-dense and more prone to LTP
(Sobczyk 2005, Wu 2005), it is possible that this change could reflect an increase in overall
synaptic plasticity in the right-CA1. No changes in PSD area or perforation were previously

reported in rats, following environmental enrichment.

Changes in the ipsilateral projections from the CA3

during enrichment
2:5

Having found a significant decrease in PSD area and perforation in the right CAL, |
decided that it would be worth investigating the projections from the CA3 in each
hemisphere. Input-side dependent asymmetry is a fundamental feature of the rodent
hippocampus (Kawakami 2003, Shinohara 2008), where the characteristics of a synapse will
be determined based upon the hemisphere where the projection originated, rather than the
hemisphere where the projection terminates. Previous literature has demonstrated that each
CA3 will send the majority (60%) of their projections to the ipsilateral side (Shinohara
2012a, Wu 2005), therefore it is possible that the right-sided increase in synapse density,

induced through enrichment, relies on an increase in projections from the right CA3.

To investigate this, | decided to perform a similar 6 week enrichment paradigm on wild-
type mice, then follow this up with the total transection of the hippocampal commissure. This
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would damage the contralateral projections, causing them to degenerate, and would enable

the specific investigation of the ipsilateral projections to each CAls.r..

Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for
analysis under TEM (method 3), dissector analysis (method 4), Ventral Hippocampal
Commissure Transection [VHCT] (method 6).

Mice were housed in groups of 5 in the enriched (figure 28) condition for 6 weeks (see
timelines on method 6). Cages were changed once a week, and food and water were supplied

ad libitum.

3 week old C57bl/6J mice were used in this experiment.

I only measured synapses for which | could see the complete PSD area. If a synapse
was still visible in either the first, or last, image of a series, | ignored it. This was because,
otherwise, | couldn't be 100% sure that the synapse had ended in that last image, introducing

a potential bias to my measurements.

Only synapses on intact spines were measured. Synapses on degenerating projections
were ignored, as these originated from the contralateral side.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 36
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Synaptic density from ipsilateral projections following enrichment and VHCT operation

Upper chart shows average synapse density in 6 weeks enriched (ENR) C57bl6J mice following VHCT
operation. n = 6. Error bars display SEM and empty circles show average values for individual mice. Dotted line
displays average synapse density of non-VHCT ENR mice. Lower chart boxplots of density values for individual
mice. The upper chart is an average of the lower values. For both charts, open box denotes density in left CA1,
filled box denotes density in right CA1. Density values were calculated using the dissector analysis technique.

Students T-test used for statistical analysis with no significance seen.
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Following total transection of the ventral hippocampal commissure (VHCT operation),
I no longer could detect an asymmetry in the synaptic density values between the CAL in
either hemisphere (figure 36). The synaptic densities were around 1 synapse per um?, which
is comparable to the density previously reported in non-enriched wild-type mice (Wu 2005).
This is around 44% lower in the left hemisphere and around 80% lower in the right-
hemisphere, compared to non-VHCT enriched animals (dotted lines). This suggests that the
increase in density, following enrichment, relied heavily on these connections. It has been
shown that the commissural fibres can mask asymmetries in hippocampal dominance during
spatial learning paradigms, with the right-hemispheric dominance only becoming evident
through the destruction of the commissural fibres (Corballis 2002, Shinohara 2012b).
However, the asymmetry described here appears to rely on a completely unrelated
mechanism, as it is only in the presence of the connections, rather than their absence, where

this phenotype can be examined.

Judging from the ratios of ipsilateral and contralateral projections into the CA1, one
might expect that the right-side specific increase in experience-driven synapse density would
rely heavily on the right CA3, but it appears that this isn't the case. It is known that CA3 and
CA1l gamma oscillation synchrony within and between hemispheres is associated with
accurate reactivation of stored hippocampal memories (Carr 2012). Therefore, these results
could highlight the importance of interhemispheric coordination experience-driven memory

formation.

The effect of environmental enrichment on mice
which lack input-side dependent hippocampal

asymmetry
2:6
Having determined that hippocampal commissural fibres are likely to be important in
the experience-driven laterality changes which | had detected in the hippocampus, the next
question was whether the input-side dependent mechanism was really involved or not. To do
this, | decided to use a mouse mutant which lacked input-side dependent asymmetry in its
hippocampal projections. The mutant | used was the right-isomerism i.v. mouse (see chapter

1). Should input-side dependent asymmetry be truly responsible experience-driven laterality
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formation, one could expect that there would be no change to the synaptic density values in

i.v. mice.

My hypothesis was that, as the mouse lacks input-side dependent asymmetry, there
would be no discernible difference in synaptic density between either hemisphere in enriched

i.v. mice.

Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for
analysis under TEM (method 3), dissector analysis (method 4).

Mice were housed in groups of 5 in either enriched, or non-enriched mouse cages
(figure 28) for 6 weeks (see timelines next to NENR and ENR). Cages were changed once a

week, and food and water were supplied ad libitum.

3 week old right-isomerism i.v. mice were used in this experiment.

I only measured synapses for which | could see the complete PSD area. If a synapse
was still visible in either the first, or last, image of a series, | ignored it. This was because,
otherwise, | couldn't be 100% sure that the synapse had ended in that last image, introducing

a potential bias to my measurements.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 37
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Effects of environmental enrichment on right-isomerism i.v. mice

Upper chart shows average synapse density in non-enriched (NENR) and 6 weeks enriched (ENR)
right-isomerism i.v. mice. NENR n = 3, ENR n = 3. Error bars display SEM and empty circles show average
values for individual mice. Lower chart boxplots of density values for individual mice. The upper chart is an
average of the lower values. For both charts, open box denotes density in left CA1, filled box denotes density in
right CA1. Density values were calculated using the dissector analysis technique. Students T-test used for
statistical analysis with no significance seen.
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Using the right-isomerism i.v. mouse mutant, I could not detect a difference in the
synapse densities between hemispheres following enrichment. Interestingly, there was no
discernable difference between non-enriched and enriched mice. This supports my hypothesis
that the environmentally-driven induction of an asymmetry in synaptic density, seen in wild-
type mice, relies on the a difference in the CA3 inputs to the s.r.. However, this can not be the
entire story as, if this were true, otherwise it is likely that I should have been able to detect a
difference following VHCT. In fact, should the presence of input-side dependent asymmetry
be the only relevant factor, the VHCT operation should have led to an increased difference
between the hemispheres. This is because it would mean that the right CA3 would project

solely to the right CA1, and vica versa in the left hemisphere.

Comparing the effect of environmental enrichment

between left- and right-isomerism 1.v. mice
2:7

As the results from the previous experiment suggested that input-side dependent
asymmetry could be a vital mechanism in experience-driven laterality changes to the CAl
s.r., 1 decided to further investigate this using a left-isomerism i.v. mouse mutant. As with the
right-isomerism mutant, this mouse lacks input-side dependent asymmetry formation.
However, in this mutant, all the inputs to the CA1 from the CA3 form synapses similar to
left-originating (rather than right-originating) synapses seen in wild-type mice (see chapter 1
for more information). As with the right-isomerism i.v. mouse, | believed it likely that these
mice would also lack the ability to generate an asymmetry in synaptic density following
enrichment. However, as the increase seen in the wild-type occurs in the right CA1, which
receives 60% of its input from the ipsilateral hemisphere, | imagined that I might be able to

detect a difference in synaptic density between the left- and right-isomerism i.v. mutant.
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Methods and results

Methods used: Transcardial perfusion (method 2), preparation of mouse brain for
analysis under TEM (method 3), 2D analysis (method 4).

Mice were housed in groups of 5 in either enriched, or non-enriched mouse cages
(figure 28) for 6 weeks (see timelines next to NENR and ENR). Cages were changed once a
week, and food and water were supplied ad libitum.

3 week old i.v. mice were used in this experiment.

I used the 2D analysis method for examining the synapse density values in the CA1 s.r.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 38
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Effects of enrichment on left- and right-isomerism i.v. mouse lines

Upper chart shows average synapse density in left and right isomerism i.v. mice, under NENR and ENR
conditions. Left NENR n = 3, ENR n =9, Right NENR n = 3, ENR = 3. Error bars display SEM and empty
circles show average values for individual mice.Open box denotes density in left CA1, filled box denotes density
in right CA1. Black denotes NENR and red denotes ENR. Density values were calculated using the
2-dimensional analysis technique. Students T-test used for statistical analysis with no significance detected.
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Effects of visceral organ laterality on CA1 pyramidal-cell synapse density in enriched i.v. mice

Upper chart shows average synapse density in enriched situs solitus and situs inversus i.v. mice. Situs solitus

n = 3, situs inversus n = 6. Error bars display SEM and empty circles show average values for individual mice.
Lower chart boxplots of density values for individual mice. The upper chart is an average of the lower values.
For both charts, open box denotes density in left CA1, filled box denotes density in right CA1. Density values
were calculated using the 2-dimensional analysis technique. Students T-test used for statistical analysis with no
significance seen.
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Similar to the right-isomerism line, left-isomerism i.v. mice do not develop an
asymmetry in the synaptic densities of the CAl s.r. between either hemisphere, further
confirming my hypothesis that input-side dependency is critical to this process. However,
interestingly, there was no significant differences between left- or right-isomerism i.v. mice.
This fits with my previous findings with the VHCT operated wild-type mice (experiment 4),
as should input-side dependency be the only determining factor, then an asymmetry in
synaptic density should have been evident (or amplified) in the VHCT model. It also
confirms that the changes seen in synapse density were not an artefact of the surgery. This
suggests a specific importance of contralateral projections, working in combination with the
input-side dependent mechanism, to achieve the density changes in experience-driven

laterality formation.

As expected, | could detect no significant difference in the effect of enrichment on
synaptic density, between i.v. mice, based on the laterality of their visceral organs. There was
no expectation of any effect, due to the previous literature and my findings in chapter 1.
However, due to the fact that input-side dependency appears important, but not the sole cause
of change, in experience-driven laterality formation, | determined it to be worth investigating,

just in case.

Changes in the ratio of ipsilateral and contralateral
projections caused through environmental

enrichment
2:8

Having determined the possibility of two separate mechanisms being involved in the
process of experience-driven laterality formation in the CAL s.r., it was important to examine
how the CA3 in each hemisphere changes its projection dynamics in relation to an ever-
changing environment. To investigate this, | decided to perform unilateral injections of an
adeno-associated virus (AAV) expressing fluorescent Venus-VAMP2 (AAV1-CaMKlla-
Venus-VAMP2) into the CA3, then measure fluorescence intensity values in the inner 1/3 of
the CAL s.r.. As there could be a localized effect, based on which region of the CA3 the
injections were performed altering the target site (Li 1994), | targetted the injections towards
the distal CA3Db subregion.
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Methods and results

Methods used: Unilateral injections into the CA3 (method 1), transcardial perfusion
(method 2), measurement of fluorescence intensity using Fiji image software (Schindelin
2012), preparation of mouse brain for analysis under TEM (method 3), dissector analysis
(method 4).

Mice were housed in groups of 5 in either enriched, or non-enriched mouse cages
(figure 28) for 6 weeks (see timelines next to NENR and ENR). Cages were changed once a

week, and food and water were supplied ad libitum.
3 week old C57bl/6J mice were used in this experiment.

Fixed brains were sectioned into 50 um-thick sections using a vibrotome (Leica
VT1000S), mounted on gelatine-coated glass slides, then imaged using a fluorescence
microscope (Keyense model?!).

Using the Fiji imaging software, fluorescence intensity values were taken from the
inner 1/3" of the CAL1 s.r. from both the ipsilateral and contralateral hemisphere, in relation to
hemisphere of injection.

A ratio of fluorescence was determined by taking the fluorescence intensity value in
each hemisphere and dividing it by the sum of fluorescence intensity from both hemispheres
(figure 40). This gave me an estimation of the ratio of ipsilateral and contralateral projections
from each CA3.

Measurements of TEM images were conducted using the Reconstruct software (Fiala
2005)
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Figure 40
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Fluorescence intensity 2 weeks following unilateral injections into either the left or right CA3 in
enriched and non-enriched C57bl6J mice

Top scheme represents timeline of experiment. Red boxes represent 1 week of ENR. Middle image shows an
example of a unilateral CA3 injection using an adeno-associated virus expressing fluorescent Venus-VAMP2
(AAV1-CaMKlla-Venus-VAMP2). Fluorescence measurements taken from inner 1/3rd of s.r. (white box).
Examples below for fluorescence intensities in the ipsilateral (ipsi.) and contralateral (cont.) CA1 s.r. from left
and right injections into non-enriched (NENR) and enriched (ENR) C57bl6J mice.
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Figure 41
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Ratio of fluorescence intensity from unilateral injections into the CA3 of enriched and non-enriched
C57bl6J mice

Ratio of fluorescence intensity was taken 2 weeks following unilateral CA3 injection. NENR left injected n = 4,
NENR right injected n = 4, ENR left injected n = 5, ENR right injected n = 5. Error bars display SEM and empty
circles show average values for individual mice. Open box denotes fluorescence intensity from ipsilateral CA1
s.r., filled box denotes fluorescence intensity from contralateral CA1 s.r.. Fluorescence intensity ratio was
determined by dividing the fluorescence intensity value in the hemisphere of interest by the total fluorescence
intensity value from both hemispheres. Only the inner 1/3rd of the CA1 s.r. was analysed. Mann Whitney test
used for statistical analysis with * denoting p value < 0.05 and ** denoting a p value < 0.01.

120



Figure 42
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Effect of environmental enrichment on spine head volume in C57bl6J mice

Upper chart shows average spine head volume from spine synapses in CA1 s.r. from C57bl6J mice. NENR n =
3, ENR n = 3. Error bars display SEM and empty circles show average values for individual mice. Lower left
chart shows boxplots of spine head volume values for individual mice. The upper chart is an average of the
lower left values. Lower right chart shows average spine head volume from perforated (non-perf.) and
perforated (perf.) synapses in NENR and ENR mice. Only synapses where the total area could be visualised
were measured. Error bars display SEM and empty circles show average values for individual mice. For all
charts, open box denotes volume in left CA1, filled box denotes volume in right CA1. Black denotes NENR and
red denotes ENR. Students T-test used for statistical analysis with no significance seen.
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Using unilateral injections into the CA3 (figure 40), | found that the ratio of ipsilateral
to contralateral projections from either the left- or right-CA3 was around 60% ipsilateral to
40% contralateral, in non-enriched wild-type mice. This fits with the previously reported
values for CA3 projections into the CAL s.r. (Shinohara 2012a, Wu 2005), thus validating this
method as a viable approach to determine the CA3 projection dynamics in the hippocampus.
Although I could detect no changes in the ratio of ipsilateral to contralateral projections from
the right-CA3, following environmental enrichment, a significant change could be found in
projections from the left-CA3 (figure 41). There are a few possible explanations for this
marked ratio change, including an increase in the contralateral projections, a decrease in the

ipsilateral projections, or a change in both the ipsilateral and contralateral projections.

As changes in spine head volume could be responsible for changes in fluorescence
intensity, due to larger terminals potentially having stronger fluorescence, | also investigated
the spine head volume for non-enriched and enriched mice. | found no significant difference
in spine head volume between non-enriched and enriched mice, in either hemisphere (figure
42). This helps to validate my assumptions about enrichment leading to a change in the
projection dynamics of the left, but not right, CA3.

Specific contribution of individual CA3 projections

to synaptic density in the CA1 stratum radiatum
2:9

Having determined that only the left-, but not the right-, CA3 will change the ratio in its
ipsilateral to contralateral projections, | decided that it was important to further investigate
this phenomenon. As | have stated in experiment 7, although I could isolate a change in ratio,
the previous experiment didn't give any clues as to exactly what was happening to the
ipsilateral and contralateral projections. Therefore, | decided to perform an additional series
of unilateral injections of the fluorescent AAV construct and then combine these samples
with TEM imaging of the same samples. This would enable me to combine both the
fluorescence and electron microscopical imaging methods to specifically examine the
projection dynamics of the left-CA3, so that | could determine if it was an increase or a
decrease in the contralateral or ipsilateral projections specifically, which accounted for this
ratio change.
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Methods and results

Methods used: Unilateral injections into the CA3 (method 1), transcardial perfusion
(method 2), measurement of fluorescence intensity using Fiji image software (Schindelin
2012), preparation of mouse brain for analysis under TEM (method 3), dissector analysis
(method 4).

Mice were housed in groups of 5 in either enriched, or non-enriched mouse cages
(figure 28) for 6 weeks (see timelines next to NENR and ENR). Cages were changed once a

week, and food and water were supplied ad libitum.
3 week old C57bl/6J mice were used in this experiment.

Fixed brains were sectioned into 50 pm-thick sections using a vibrotome (model),
mounted on gelatine-coated glass slides, then imaged using a fluorescence microscope
(Keyence BZ-9000).

Similar to the previous experiment, fluorescence intensity values were taken from the
inner 1/3" of the CA1 s.r. from both the ipsilateral and contralateral hemisphere, in relation to

hemisphere of injection, using the Fiji imaging software.

A ratio of fluorescence was determined by taking the fluorescence intensity value in
each hemisphere and dividing it by the sum of fluorescence intensity from both hemispheres
(figure 40). This gave me an estimation of the ratio of ipsilateral and contralateral projections
from each CA3. Following this, the sections were gently removed from the glass slides and

were prepared for TEM imaging (method 3).

The dissector method was used ensure an unbiased detection of synapse density. This
meant that | would image a sequential series and only count newly appearing synapses. This
was done for each mouse, so | could combine the ratio of ipsilateral to contralateral
fluorescence intensity directly with the synapse density values in each hemisphere, for

individuals.
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Measurements of TEM images were conducted using the Reconstruct software (Fiala 2005)
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Figure 43

Synapse density Left CA1
Ratio L + Avg. ratio L

X Ratio L

Synapse density Right CA1
Ratio R + Avg. ratio R

X Ratio R

Worked example for left-injected mouse

Synapse density Right CA1 3
1.82 synapses per pm X 50.76
50.76 + 59.35 Ratio R
Ratio R Ratio R

= 0.84 contralateral synapses (left to right)

Synapse density Right CA1

1.82 synapses per um X 5935
50.76 + 59.35 Ratio R

Ratio R Ratio R

3

= 0.98 ipsilateral synapses (right to right)

Formula to estimate ipsilateral and contralateral contributions of CA3 to both hemispheres

Red values are obtained from the mouse that is being investigated. Black values are obtained from the average
ratios from mice which had CA3 injections in the opposite hemisphere. Ratios are calculated by taking the
fluorescence intensity values from the s.r. of the hemisphere in question and dividing it by the total fluorescence
intensity values from the s.r. of both hemispheres. The third formula (blue text) shows a worked example for the
right CA1 in a left-injected mouse.
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Figure 44
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Estimated synapse density contributions for ipsilateral and contralateral CA3 - CA1 projections from
each hemisphere in individual NENR and ENR mice

N-L# = non-enriched left-injected mouse, N-R# = non-enriched right-injected mouse, E-L# = enriched
left-injected mouse, E-R# = enriched right-injected mouse. L/L (empty bars) = ipsilateral projections from left
CA3, L/R (striped bars) = contralateral projections from left CA3, R/R (filled bars) = ipsilateral projections from
right CA3, R/L (chequered bars) = contralateral projections from right CA3. Black denotes NENR and red
denotes ENR. Height of the bar denotes the absolute synaptic density as determined by dissector analysis,
with empty circles show average values for one dissector series and error bars showing SEM.
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Figure 45
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Estimated change in CA1 synapse density for ipsilateral and contralateral projections from each
hemisphere

Upper chart shows estimated synapse density contributions for ipsilateral and contralateral CA3 - CA1
projections from each hemisphere in NENR and ENR. L/L (empty bars) = ipsilateral projections from left CA3,
L/R (striped bars) = contralateral projections from left CA3, R/R (filled bars) = ipsilateral projections from right
CA3, R/L (chequered bars) = contralateral projections from right CA3. Left injected NENR (L/L and L/R) n =6,
right injected NENR (R/R and R/L) n = 6, left injected ENR (L/L and L/R) n = 7, right injected ENR (R/R and
R/L) n = 7. For upper chart, Wilcoxon matched-pairs signed rank test used for statistical analysis, with * for

p < 0.05. Lower chart shows the percentage change following enrichment. This was calculated by taking the
average values for the different projections in enriched animals and comparing them to the corresponding
values from non-enriched animals. Mann Whitney test was used for statistical analysis with ** for p < 0.01
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To determine the exact contribution to synaptic density values in each hemisphere, I
used the algebra formulas laid out in figure 43. Because | used unilateral injections to
determine the ratio of ipsilateral and contralateral projections from a single CA3 region in a
single mouse, | did not know the exact ratio for the non-injected side. Therefore | made the
assumption that the non-injected side would behave similarly to the average values | obtained
from mice with the alternate hemispheric CA3 injection. As the ratio values | obtained in
experiment 7 appear similar to the literature values, | can safely assume that the injection
itself doesn't affect the ratio of ipsilateral and contralateral projections, therefore | felt
confident in using the average values as a substitute for those from the non-injected

hemisphere.

As expected, for both hemispheres, I calculated there to be around 1 synapse per pm?
which originated from the ipsilateral-, and around 0.6 synapses per um? from the contralateral
hemisphere in non-enriched mice (figure 45). These values conform nicely with values
obtained previously (Wu 2005). In the enriched mice, | found similar values, to those from
non-enriched mice, in the projections from the right hemisphere. However, although I
couldn't find any difference in the ipsilateral projections to the right-CAL s.r (right to right),
there appeared to be a significant increase in the contralateral projections (left to right). When
| compared the values between enriched and non-enriched mice, | calculated that enrichment
was responsible for a 30% increase in synapses formed from left-CA3-originating
contralateral projections (bottom chart figure 45). Both the ipsilateral (left to left) and
contralateral projections (left to right) to the left CAl s.r. appeared significant, however the
reduction in the ipsilateral contributions to the CAL s.r. heavily outweighed the increase from
the contralateral projections. It appears that the left CA3 is entirely responsible for the

witnessed experience-driven changes in synaptic density detected in the both hemispheres.

Experience-driven changes to the morphology of

synapses originating from each CA3 region
2:10

The finding that the left CA3 might be entirely responsible for synaptic density changes
following environmental enrichment, led me to again question if any changes to synaptic

morphology were occurring. Previously, in experiment 3, | had determined that experience-
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driven laterality changes would be combined with changes to the size of the PSD area, as
well as the percentage of synapses with a perforated PSD, in the right-CAL1 s.r.. These values,
however, did not take into account from which hemisphere the synapses originated. I
therefore decided that it would be important to investigate this specifically, using viral
injections (similar to those | performed in experiments 7 and 8), then measuring only labelled

terminals.

As it appeared that the left-CA3 was entirely responsible for the changes we detected in
the right-CAL s.r., | believed it likely that the decrease in PSD area and perforation,
previously detected in the right-hemisphere, would be evident in only labelled terminals from

left-hemispheric injections.

Methods and results

Methods used: Unilateral injections into the CA3 (method 1), transcardial perfusion
(method 2), pre-embedding labelling of mouse brain for analysis under TEM (method 7),

dissector analysis (method 4).

Mice were housed in groups of 5 in enriched mouse cages (figure 28) for 6 weeks (see
timelines next ENR). Cages were changed once a week, and food and water were supplied ad

libitum.

3 week old C57bl/6J mice were used in this experiment.

Using unilateral CA3 injections and measuring only labelled terminals (figure 5), | was
able to selectively measure the PSD area from the CA3 in each hemisphere (figure 6).
Although I did not measure the synapse density, | used the dissector method instead to ensure
an unbiased detection of labelled terminals. This meant that | would image a sequential series
and only measure the length of newly appearing synapses. This helped to minimize size bias,
as otherwise larger synapses were more likely to appear in images (as smaller synapses would
be present in fewer serial images). | also ensured to only measure intact PSDs, as if the PSD
was still visible in the first, or last, image of the series, | could not be sure that my

measurements were complete for that synapse.
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Measurements of TEM images were conducted using the Reconstruct software (Fiala 2005)
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Figure 46
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Effect of environmental enrichment on synapse perforation from ipsilateral and contralateral CA3-CA1
projections

Average percentage of labelled terminals in the CA1 s.r. with perforated PSD areas, from unilaterally CA3
injected C57bl6J mice. Only synapses where the total PSD area could be visualised were measured. Error
bars display SEM and empty circles show average values for individual mice. Left injection (L/L + L/R) n = 4,
right injection (R/R + R/L) n = 3. Students T-test used for statistical analysis with no significance noted.
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Figure 47
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Effect of environmental enrichment on PSD area size from ipsilateral and contralateral CA3-CA1
projections

Upper chart shows average PSD area from labelled terminals in the CA1 s.r. from unilaterally injected enriched
C57bl6J mice. Lower chart shows average PSD area from perforated (non-perf.) and perforated (perf.)
synapses. Upper chart is made from the data contained in the lower chart. Only synapses where the total PSD
area could be visualised were measured. For all charts, error bars display SEM and empty circles show
average values for individual mice. Left injection (L/L + L/R) n = 4, right injection (R/R + R/L) n = 3. Both
Wilcoxon matched-pairs signed rank and Mann Whitney tests used for statistical anaylsis, with no significance
detectable. If normality assumed, Students T-test shows a p < 0.05 for non-perforated L/L vs L/R, as well as
for LIR vs R/L, and p < 0.01 for non-perforated L/L vs R/R.
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Following 6 weeks of environmental enrichment, as long as | assumed normality, it was
possible to isolate a significant difference between the PSD areas of ipsilateral and
contralateral projections from the left-CA3 (figure 47). However, there appeared to be no
difference in synaptic perforation between left-originating projections after environmental
enrichment (figure 46). When | divided the synapses into either those which had perforated,
or non-perforated, PSDs, | can identify a significant difference in the PSD area measurements
between non-perforated synapses originating from ipsilateral and contralateral projections
only from the left CA3. There was no significance in the PSD area measurements from
perforated synapses. Suggesting that the newly appearing synapses in the right CA1, from the
left CA3, tend to be smaller than the ipsilateral projections from the same CA3. The values |
obtained for synaptic perforation, for all projections, as well as for PSD area, from ipsilateral-
left and all right projections, correlate nicely with the previous literature values (Shinohara
2008, Shinohara 2009). These results further highlight the importance of the left-CA3 for
inducing experience-driven alterations to the right-CAl s.r., increasing the density and
decreasing the PSD area for left-originating projections, though they do not speak for the
behavioural significance of these modifications.

Testing C57bl/6J mice for behavioural performance

on the novel object location task
2:11
To investigate whether my enrichment protocol could induce any behavioural changes
in wild-type mice, | decided to test mice that had undergone my particular environmental
enrichment conditions on the novel object location task (NOL) task. This is a hippocampal
dependent memory behavioural paradigm (Ennaceur 1997). However, before | performed the
NOL paradigm on enriched mice, it was important to confirm that non-enriched mice would
perform the task as expected. If this turned out not to be the case, | would have to examine
whether it was down to some environmental disturbance in their housing, some issue with the

behaviour room, or possibly, an observer-induced effect upon the mice.
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Methods and results

Methods used: Novel object location task (method 8).

Mice were housed in groups of 5 in non-enriched mouse cages (figure 28) for 6 weeks
(see timeline next to NENR). Cages were changed once a week, and food and water were
supplied ad libitum.

3 week old C57bl/6J mice were used in this experiment.

Cages were kept in a environmentally controlled cabinet with a 12 hour shift in the
light-dark cycle. Mice are nocturnal animals, so shifting the light-dark cycle by 12 hours
means that their 'day' time equates to our 'night' time. This is a commonly used procedure in
behavioural experimentations, enabling a researcher to investigate the behaviour of animals,
without their internal clocks having an effect on the performance during testing, training, or

habituation.

Mice were moved into a room adjoined to the experimental behavioural room at 8 am
(1 hour after the cabinet light turned off), then were left alone for 1 hour, before any
experimentations were conducted. This room was illuminated only via red light, so as not to

disturb the animals.
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Figure 48
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Locomotive activity of NENR mice during NOL

Top charts show the average distance travelled (top left) and average speed (top right) during the habituation
(Hab, H1 and H2), as well as the training and testing, phases of the novel object location task (NOL) paradigm.
Bottom charts show the total distance travelled (bottom left) and the average speed (bottom right) for individual
mice. C# denotes the cage of the individual, M# denotes the individual's identification number. H1 denotes the
first habituation phase of the day, H2 denotes the second habituation phase of the day. C1 and C2 show 2

different ENR cages. L/R change denotes whether the left or the right object was moved during the testing
phase. Wilcoxon matched-pairs signed rank test used for statistical analysis with ** denoting p value < 0.01.
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Figure 49
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Time spent with moved object during training and testing phases for NENR mice

Chart of percentage time spent with the moved object, for individual NENR mice. Empty bar denotes training
phase, filled bar denotes testing phase. Dotted lines show 45% and 55%. # denotes mice who showed
preference for one object during the training phase, those whose % time with object was outside of the dotted
region. These mice were excluded from analysis. C# denotes the cage of the individual, M# denotes the
individual's identification number

136



600-
500-.
400-
300-

Time (s)

2004
100+

0

Figure 50

° ° 3 Train
. . Bl Test
* Bl Novel

600 -
500-
400-
3004

Time (s)

200+
1004

0

ALL C1 C2 Lchange R change

-

o

a %
<& c,“$§

N a >
O"@ O?‘\ c'}'@

Time to complete the training and testing phases for NENR mice

Top chart shows the average data for NENR mice to complete the training and testing phases, as well as to
explore the moved object (Novel) for 10 seconds. ALL is an average from all mice, C# denotes an average
from cage #. L/R change denotes an average from mice where the left/right object was moved. Error bars

show SEM. Circles show individual values. Lower chart shows the data for individual mice. C# denotes the
cage the individual was from, M# denotes the individual's identification number. Wilcoxon matched-pairs
signed rank test used for statistical analysis with * denoting p value < 0.05.
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Figure 51
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% time spent with the moved object for NENR mice

Chart of the percentage of time NENR mice spent with the moved object, in reference to time spent with
both objects. ALL is an average from all mice, C# denotes an average from cage #. L/R change denotes an
average from mice where the left/right object was moved. Error bars show SEM. Circles show individual
values. Lower chart shows the data for individual mice. C# denotes the cage the individual was from, M#
denotes the individual's identification number. Wilcoxon matched-pairs signed rank test used for statistical
analysis with * denoting p value < 0.05
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When performing any behavioural task, it is important to ensure that there are no
extraneous variables which could affect the outcome of the experiment. One of the most
common causes for misleading results is mouse health. Although | checked the condition of
my mice through visual inspection, I also investigated the speed and distance-travelled for the
mice throughout the whole behavioural paradigm (figure 48), as animals that are overly-
stressed will often display changes in their locomotor activity (Garcia-Diaz 2007,
Tzanoulinou 2014). None of the mice investigated appeared to show any outwards signs of
stress (freezing, jJumping, excess grooming) during any of the habituation, training, or testing,
phases. | could also detect no differences between mice from different cages (groups C1 and
C2 figure 48).

The novel object location task is a behavioural paradigm which uses a rodent's natural
curiosity for novelty as a tool to investigate their memory formation and retrieval (Vogel-
Ciernia 2015). Following 6 habituation sessions (2 per day), mice were allowed to freely
explore two identical objects (training phase). During this phase, | measured the time the
animals spent with both objects. As the objects are identical, it is expected that the mice
should show no preference for either object. Therefore, | placed an arbitrary limit of +/- 5%
for each object. This means that, should an animal show a preference for one object (spending
more than 55% of its time with that object, when compared with the other object), | would
exclude the animal from all future experiments. With this restriction, | had to remove two
mice from my experiment (denoted by # in figure 49) during the training phase. Once the
mice had either explored both objects for 10 seconds (each), or spent over 10 minutes within
the training chamber, the mice were returned to their home cage. Animal excrement was
removed and the whole chamber was cleaned with ethanol, to remove any scent cues.
Following this, one of the objects was moved (see method 8) and the mouse was immediately

returned to the chamber, for the testing phase.

When | recorded the time it took for the mice to explore both objects, during the testing
phase, | found that it would take mice a greater time to spend over the required (by the
paradigm) 10 seconds with the non-moved object, than the moved one (‘Novel' figure 50).
The mice tended to immediately go to investigate the moved object, before going back to the
one which had remained where it was from the previous training phase. This was shown
when | compared the percentage of time the mice spent with both objects, with them

spending significantly longer with the moved object (figure 51). This shows that mice were
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performing the task as expected. | could not detect any significant difference in object
preference between mice tested when the left or right object was moved. There was also no

significance detectable in object preference when comparing both cages.

The effect of environmental enrichment on mouse
behaviour during the NOL paradigm

2:12

Environmental enrichment has been well documented to improve the performance of
animals undergoing numerous behavioural tests (Aujnarain 2018, Bhagya 2017, Nilsson
1999, Pang 2013, Simpson 2011, Yamaguchi 2017). However, in the majority of studies,
environmental enrichment is used as a tool to improve performance in elderly or sick, rather
than healthy and young, animals. Having already noticed subjective changes in the behaviour
of my ENR animals, such as their decreased fear of me when I change their cages, | predicted
that it should be possible to detect some behavioural changes via more objective analysis.
From the previous results obtained from experiment 10, showing that non-enriched mice
appear to adequately perform the novel object location task, | determined that I could now

investigate the behavioural consequences of my environmental enrichment paradigm.
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Methods and results

Methods used: Novel object location task (method 8).

Mice were housed in groups of 5 in enriched mouse cages (figure 28) for 6 weeks (see
timeline next to ENR). Cages were changed once a week, and food and water were supplied

ad libitum.

3 week old C57bl/6J mice were used in this experiment.

Cages were kept in a environmentally controlled cabinet with a 12 hour shift in the
light-dark cycle. Mice are nocturnal animals, so shifting the light-dark cycle by 12 hours
means that their 'day’ time equates to our 'night' time. This is a commonly used procedure in
behavioural experimentations, enabling a researcher to investigate the behaviour of animals,
without their internal clocks having an effect on the performance during testing, training, or
habituation.

Mice were moved into a room adjoined to the experimental behavioural room at 8 am
(1 hour after the cabinet light turned off), then were left alone for 1 hour, before any
experimentations were conducted. This room was illuminated only via red light, so as not to

disturb the animals.
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Figure 52
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Locomotive activity of ENR mice during NOL

Top charts show the average distance travelled (top left) and average speed (top right) during the habituation
(Hab, H1 and H2), as well as the training and testing, phases of the novel object location task (NOL) paradigm.
Bottom charts show the total distance travelled (bottom left) and the average speed (bottom right) for individual
mice. C# denotes the cage of the individual, M# denotes the individual's identification number. H1 denotes the
first habituation phase of the day, H2 denotes the second habituation phase of the day. C1 and C2 show 2
different ENR cages. L/R change denotes whether the left or the right object was moved during the testing
phase. Wilcoxon matched-pairs signed rank test used for statistical analysis with * denoting p < 0.05 and **
denoting p value < 0.01.
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Figure 53
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Time spent with moved object during training and testing phases for ENR mice

Chart of percentage time spent with the moved object, for individual ENR mice. Empty bar denotes training
phase, filled bar denotes testing phase. Dotted lines show 45% and 55%. # denotes mice who showed
preference for one object during the training phase, those whose % time with object was outside of the dotted
region. These mice were excluded from analysis. C# denotes the cage of the individual, M# denotes the
individual's identification number
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Figure 54

° ’ 1 Train
B Test
o ° Bl Novel

Time (s)

90

ALL

C2 Lchange R change

Time (s)

> O > ©
&‘\s céa’ c,é@ d"@ C?é\ &@s 0& c'}'@ o

¢

Time to complete the training and testing phases for ENR mice

Top chart shows the average data for ENR mice to complete the training and testing phases, as well as to
explore the moved object (Novel) for 10 seconds. ALL is an average from all mice, C# denotes an average
from cage #. L/R change denotes an average from mice where the left/right object was moved. Error bars
show SEM. Circles show individual values. Lower chart shows the data for individual mice. C# denotes the
cage the individual was from, M# denotes the individual's identification number. Wilcoxon matched-pairs
signed rank test used for statistical analysis with * denoting p value < 0.05 and ** denoting p value < 0.01
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Figure 55
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Chart of the percentage of time ENR mice spent with the moved object, in reference to time spent with both
objects. ALL is an average from all mice, C# denotes an average from cage #. L/R change denotes an
average from mice where the left/right object was moved. Error bars show SEM. Circles show individual
values. Lower chart shows the data for individual mice. C# denotes the cage the individual was from, M#
denotes the individual's identification number. Students T-test used for statistical analysis with no
significance detectable
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Like with the non-enriched animals, I investigated the speed and distance-travelled for
the mice throughout the whole behavioural paradigm (figure 52) and was not able to detect
any significant locomotive deficits amongst any of the individuals from either cage. | did
notice that two of the mice from cage 2 (mice C2M2 and C2M3) covered more distance, at a
faster average speed, than any of the non-enriched mice. Although C2M2 was later removed
from the experiment, it was not due to any locomotive deficits, but rather due to the mouse
showing object preference in the training phase (figure 53). Contrary to expectations,
enriched mice didn't always show preference for the moved object, during the testing phase
(figure 53). This is seen in the time it took for the mice to complete each phase (figure 54),
with three mice completing their required 10 seconds of exploration with the non-moved
object long before they did for the moved one. There appeared to be a significant difference
between both enrichment cages, in the time it took for them to complete the training phase.
This could be due to the order in which | trained the mice, completing all mice from cage 1
first, before testing those in cage 2, but is more likely an artefact of the low individual
numbers used in this experiment. When | examined the percentage of time they explored the
moved object, | found no significant difference between the training and testing phases
(figure 55). This was due to some mice showing preference for the non-moved object rather

than the moved one, as | had previously expected them to do.

Taking into account preference for non-moved
objects during the NOL paradigm

2:13

Contrary to what | had previously expected, mice which had undergone environmental
enrichment, using my enrichment paradigm, did not always show preference for the moved
object, during examination under the novel object location task. | had noticed from the video
footage that these mice would often explore the non-moved object then would take a quick
trip to either the moved object, or the place where it had previously been, before returning to
the non-moved object again. Therefore | decided to recalculate my results using a
discrimination index, with 0.5 being equal time with both objects and 1 being the mouse

spending all its time with one object (and not exploring the other object at all).
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Top chart shows the average data for ENR mice to complete the training and testing phases, as well as for
the first object explored for 10 seconds (Novel). ALL is an average from all mice, C# denotes an average
from cage #. L/R change denotes an average from mice where the left/right object was moved. Error bars
show SEM. Circles show individual values. Lower chart shows the data for individual mice. C# denotes the
cage the individual was from, M# denotes the individual's identification number. Wilcoxon matched-pairs
signed rank and Mann Whitney tests used for statistical analysis with * denoting p value < 0.05 and **

denoting p value < 0.01.
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Figure 57
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Discrimination index for ENR mice during training and testing phases

Chart of the discrimination index for ENR mice, during the NOL task. Discrimination index is calculated
from the time the mouse spent with its preferred object (the object it spent the most time with during the
testing phase), divided by the total time the mouse spent with both objects. A value of 0.5 denotes the
mouse spent equal time with both objects and a value of 1 denotes that the mouse did not visit one object at
all. ALL is an average from all mice, C# denotes an average from cage #. L/R change denotes an average
from mice where the left/right object was moved. Error bars show SEM. Circles show individual values.
Lower chart shows the data for individual mice. C# denotes the cage the individual was from, M# denotes
the individual's identification number. Wilcoxon matched-pairs signed rank test used for statistical analysis
with ** denoting a p value < 0.01.
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Figure 58
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Discrimination index for NENR and ENR mice during NOL paradigm

Upper chart shows the average time taken for mice to complete the training and testing phases, as well as
exploring their preferred object (the object they spent the most time with during the testing phase) for 10
seconds (Novel). Lower chart displays the discrimination index for NENR and ENR mice, during the NOL
task. Discrimination index is calculated from the time the mouse spent with its preferred object divided by
the total time the mouse spent with both objects. A value of 0.5 denotes the mouse spent equal time with
both objects and a value of 1 denotes that the mouse did not visit one object at all. ALL is an average from
all mice, L/R change denotes an average from mice where the left/right object was moved. Error bars show
SEM. Circles show individual values. Mann Whitney test used for statistical analysis with ™ denoting a p
value < 0.01.
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It is possible that the reduced interest in the moved object could be in response to the
animals displaying neophobia (Vogel-Ciernia 2015). This is when an organism displays a fear
of new or unfamiliar things, such as the moved object, in this particular example. However,
not only did all the mice explore the moved object for the required amount of time (10
seconds each object), but they did so in a comparable time to the enriched mice which
showed preference for the moved object (figure 54), as well as to the non-enriched mice that
didn't display this preference (figure 50). There is conflicting evidence about the effect of
enrichment on neophobia in rodents, with some papers suggesting a reduction in neophobia
(Holson 1986) and others suggesting a possible increase (Leger 2013). It would therefore be
important to investigate this further, to see if this could explain the results | found after
enrichment. Unsurprisingly, it has been found that, when given the choice, mice which are
more prone to neophobia are less willing to visit enriched environments (Walker 2011).

Allowing for individuals to have specific preference to either object, | could detect a
significant difference in the time it took for the enriched mice to explore one object for 10
seconds during the testing phase. | could detect a significant difference in time taken between
both enrichment cages (figure 56), but not between moved object side. When | investigated
the discrimination index, | could now find a significant difference between the training and
testing phases, but not between individual cages or moved object side (figure 57). This was
what | had originally expected to see. Finally, when | compare non-enriched and enriched
groups, using the discrimination index as a measure for object preference, | can detect a
significant increase in performance for enriched individuals (figure 58), with enrichment

improving the ability of a mouse to discriminate between two objects by around 17.5%.

Unfortunately, although | could detect a potential improvement in hippocampal
working memory, caused via my environmental enrichment paradigm, | can not currently
directly link this back to the morphological changes | have previously described. Further

experiments are obviously required to overcome this deficit.
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Chapter 2 experimental flowchart

Confirming experience dependent laterality formation in mice
1

Previously it had only been reported in rats.
Change in laterality occurs following enrichment,
with an increase in synapse density in the right CA1
and a decrease in the left CA1, but to a lesser extent
than found in rats

Testing different environmental protocols
2,3

Neither social isolation, nor environments designed
to encourage physical activity had much effect on
synaptic density in the CA1 s.r.

Investigating changes to synapse morphology
4

Following enrichment, PSD area decreased in
right-CA1. The ratio of synaptic perforation decreased
following enrichment

Investigating effect of input-side on laterality changes
5,6,7

Input-side dependent asymmetry appears critical to
induced laterality changes in CA1 s.r. As do
commissural fibres (removal results in similar
densities in both left and right CA1 s.r)

Specifically investigating changes to contralateral and ipsilateral
projections
8,9, 10

It appears as if the left CA3 is entirely responsible
for increases in synaptic density in the right CA1 s.r.,
as well as decrease in synaptic density in the left.
Newly appeared synapses appear smaller in the right
CA1

Testing behavioural changes following enrichment
11,12, 13

Enrichment potentially increases performance on NOL
paradigm
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Chapter Summary

This chapter dealt with how using only the environmental enrichment paradigm, it was
possible to induce changes in the CAL stratum radiatum of mice. Like in the rat, | found a
highly-reproducible experience driven change in CA1 pyramidal cell synapses, resulting in
the synaptic density of the right CAl being 19.12% higher than the left following
environmental enrichment. This is far lower than the almost 100% difference detected by
Shinohara et al. (Shinohara 2013) and could suggest that either the enrichment paradigm
wasn't long or intense enough for the mice, or it could indicate a more fundamental difference
between how rats and mice respond to environmental enrichment. It has been noted that, mice
have far worse visual acuity than rats and rely more strongly on olfactory cues than visual
ones in behavioural paradigms and that they tend to form place-cell maps based more on
olfactory than visual cues (Hok 2016). Therefore, it is possible that an enriched environment
based more on olfactory, rather than physical exercise, stimulation might have a greater
influence on the mice than the current environmental protocol. Interestingly, I could also
detect a significant decrease in the synapse density of the left CA1 following enrichment, a
5.19% decrease in the density of synapses from non-enriched mice. This decrease was
unreported in the previous experiments with rats, its importance has yet to be determined and

it is certainly worthy of further investigation.

In the mammalian brain, there is a high degree of interplay between both hemispheres,
facilitated through the numerous commissural fibres connecting both sides. By selectively
labelling CA3-CALl projections in non-enriched mice, using unilateral injections of an adeno
associated virus, | discovered that around 30% of the connections in the stratum radiatum
originated from the contralateral side. This result is in agreement with other reports from
rodents (Shinohara 2012a, Shinohara 2012b, Wu 2005), and speaks to the validity of my
measurement protocol. Destroying the commissural fibres after enrichment through VHCT
operation removed the asymmetry we found in non-VHCT animals, suggesting that the
increase in density relied heavily on these connections. This is highly interesting as it has
previously been shown that the commissural fibres themselves can mask asymmetries in
hippocampal dominance during spatial learning paradigms, with the right-hemispheric
dominance only becoming evident through the destruction of the commissural fibres
(Corballis 2002, Shinohara 2012b). However, the asymmetry described here appears to rely
on a completely unrelated mechanism, as it is only in the presence of the connections, rather

than their absence, where this phenotype can be examined. This result highlights yet another
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asymmetry in the hippocampus, to add to the ever growing list within this region. Judging
from the ratios of ipsilateral and contralateral projections into the CA1, one might expect that
the right-side specific increase in experience-driven synapse density would rely heavily on
the right CA3, but it appears that this isn't the case. It is known that CA3 and CA1 gamma
oscillation synchrony within and between hemispheres is associated with accurate
reactivation of stored hippocampal memories (Carr 2012). Therefore, our results could
highlight the importance of interhemispheric coordination experience-driven memory

formation.

It is evident that the commissural fibres are important for modulating the synaptic
densities in the CA1 s.r.. Although other regions in the hippocampus may have inputs from
numerous different parts of the brain, the vast majority of inputs onto CA1 pyramidal cells in
the CAL s.r. originate from the CA3 (Shinohara 2012a). One of the most interesting features
of CA3 — CA1 projections is the mechanism of input-side dependent asymmetry. This process
describes an asymmetry based upon input-origin, rather than termination-site. It explains that,
in the CA1 s.r., inputs from the left CA3 tend to be smaller, more prone to LTP, with a higher
NR2B-receptor density, than those form the right (Wu 2005). When | examined the effect of
enrichment on iv mice, which lack input-side dependent asymmetry (Kawakami 2008), no
effect of enrichment on synapse density modulation could be detected. This meant that
synaptic densities in both the non-enriched and enriched groups were similar, with neither
differing from the densities recorded in the non-enriched wild-type. This highlights the
potential importance of input-side dependent asymmetry in the experience dependent
laterality of the brain, suggesting that its role extends past the previously reported effect on
working memory formation (Goto 2010, Goto 2017). As the majority of the projections from
the CA3 region appear to pass ipsilaterally, it is safe to assume that any input-side specific
asymmetry should preferentially affect the ipsilateral side. Although this would explain the
lack of laterality formation seen in the enriched i.v. mouse mutant, it fails to account for the
absence of asymmetry seen in wild-type mice following VHCT operation. It also fails to
explain why no significant difference was seen between the absolute synaptic densities
between left- and right-isomerism i.v. mutants as, if the hypothesis that input-side solely
determines density in the CA1 s.r. is to be believed, the right-isomerism mutant should've had
a higher synaptic density than the left-isomerism. These results suggested that some other
factor was involved in experience-dependent laterality formation. Through the process of

unilateral CA3 tracer injections, | was able to specifically investigate the ipsilateral and
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contralateral projections from each CA3 individually. Through this targeted approach, | was
able to determine a startling difference between both hemispheres, with projections from the
right CA3 remaining relatively unchanged and projections from the left being solely affected

through enrichment.

Following enrichment, there was a 30% increase in the number of contralateral
projections from the left CA3, causing it to project equally to both hemispheres. These newly
appearing contralateral projections terminated in synapses with a PSD area that was around
16% smaller than those terminating in the ipsilateral CA1 (figure 59). As left-originating
projections tend to be more plastic than those from the right (Wu 2005), it is possible to
suggest that the increase we find is important for the mouse to accurately and continuously
reorganize its connections to deal with the ever-changing environment. When | subdivided
the PSD measurements into those with a perforated, or non-perforated, area, | was able to
detect a significant difference between both hemispheres only in non-perforated synapses. It
has previously been reported that enrichment would lead to an increase in non-perforated, but
not perforated, synapses in the CA1l of healthy mice (Rampon 2000). As NR2B receptor
number doesn't change based upon hemispheric origin of the projecting CA3, with the
changes in density only occurring as a result of changes in synaptic area of the terminals
(Shinohara 2008), it is possible that the newly appearing synapses in the right CAl s.r. are
even more susceptible to LTP then those from the left CA3 to the left CALl. This could
suggest that newly appearing non-perforated synapses in the right CA1 s.r. are kept small so
that they are potentially more plastic and able to rapidly change in response to the ever

changing environment.
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Figure 59
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NENR displays the percentage of projections from the CA3 to the CA1 s.r. in non-enriched mice

ENR displays the percentage change in projections from the left CA3 to the right CA1 s.r. (blue) as well as the
change in PSD area of contralateral projections from the left CA3 (green).

In both figures, projections from the left CA3 are in blue and projections from the right CA3 are in red.
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In spite of the significant changes detected in left-originating contralateral projections
to the right-CA1 s.r., synapses formed via right-originating ipsilateral projections appeared to
remain relatively unchanged, both in density and in morphology. There also appeared to be
no change in the morphology of synapses forming from left-originating ipsilateral (left to
left) projections. These results helps link together the previous reports of the importance of
the left CA3 in supporting long-term memory formation (Shipton 2014a) with the well-
studied importance of the right hippocampus in spatial memory and learning processes
(Belcheva 2007, Klur 2009). Importantly, it may help explain the conflicting reports to do
with the relative importance of the left or right hippocampus for memory formation and
storage (Corballis 2002, Klur 2009, Maguire 1997, Maguire 2000, Shinohara 2012b, Shipton
2014a). One possible issue with this finding is that it relies heavily on my assumption that the
fluorescence ratios between both hemispheres accurately reflect the synaptic densities within
the CAl s.r.. The AAV which | injected expressed VAMP2, a vesicle-associated membrane
protein, and therefore should have been actively transported to the terminal. It is possible that
a larger synapse might receive more Venus-VAMP2, and therefore fluoresce more strongly.
This could bias my results, as it would mean that, although the ratio of 50% ipsilateral and
50% contralateral fluorescence, from the left CA3 in enriched mice, would still be correct,
this would not correspond to the left-CA3 projecting equally to both hemispheres. As the
PSD area measurements | obtained from left to right projections were smaller than those from
left to left projections, it is possible that my results underestimate the number of contralateral
projections from the left CA3. Although this wouldn't affect my final conclusions, it could
highlight a stronger contralateral contribution from the left than I have assumed. It would also
suggest that the number of ipsilateral left-CA3 originating projections might be fewer than |
have predicted. One method by which | could attempt to tackle this question would be to
perform ultra-thin (sub 40 nm) serial reconstructions of terminals in the CALl s.r.. Following
this, I could investigate whether vesicle number follows a linear relationship with PSD area.
If so, | could use the reduced PSD area, which | detected in terminals from left to right
projections, to normalize my calculations and, potentially, achieve a more accurate
representation of the synaptic contributions of the CA3 in both hemispheres to each CAl

region.

One important aspect which is missing from these results is a satisfactory explanation
for the behavioural importance of this phenomenon. Although | did begin to tackle this

complicated question, and found some beneficial effects of my enrichment paradigm on
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hippocampal working memory processing, the results are far from convincing. Firstly,
although my results did show that enriched mice could discriminate between the moved and
non-moved objects, in the novel object location task, I could not entirely remove the potential
issue of neophobia being responsible for my results, rather than an improvement in
hippocampal working memory. Further experiments, with different objects, might be required
to tackle this issue. Another potential method to remove the possibility of neophobia could be
to use objects from within the enrichment cage of the individuals, rather than completely new
objects. The second critical issue is that, even if the enriched mice do have improved working
memory function, with the experiments which | have performed so far, it isn't possible to
directly link the morphological changes | have described with the behavioural changes,
following enrichment. One method by which I could potentially address this issue would be
to perform unilateral cre-injections into the CA3 of each hemisphere, in a PirB-floxed mouse
mutant. Knockout of PirB has been shown to destroy input-side dependency in CA3 to CA1
projections (Ukai 2017). As | have shown that input-side dependency is critical to experience-
driven laterality formation, it is possible that a difference in synaptic density might be
generated in enriched mice, depending on the hemispheric site of CA3 injection. This
procedure, combined with the novel object location task, could help shed light as to whether a
difference in performance could be detectable based upon selective knockout of PirB in either
CA3. A greater reduction in performance on the NOL task, combined with a reduction in the
synaptic density of the right CAl s.r., in left-CA3 injected enriched mice could prove to be a
useful starting point to tie together the morphological changes with the behavioural

consequences following environmental enrichment.

Although these results suggest a greater importance for the left CA3 in experience-
dependent laterallity, these findings suggest that the change in density we observe relies on
more than just input-side dependent asymmetry, but could also feature a hereto unreported
target-cell-specific asymmetry in addition. Although this phenomenon is likely not restricted
to the hippocampus, to my knowledge this is some of the first direct evidence of an
asymmetry in the hippocampus which relies on both a genetic and environmental stimulus to
form; with environmental factors modulating the inputs from the CA3 in an asymmetrical

manner
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Method 1

Unilateral injections into the CA3

1.

Mice were deeply anaesthetized with Ketamine/Xylazine (80-100/10mg/kg BM, i.p.),
with Metamizol (200mg/kg) being administered subcutaneously as painkiller

Mice were then fixed within a stereotaxic frame.
OleoVital was applied to the eyes, to stop drying out during surgery.

A small hole was drilled to expose the brain, so that a syringe could be lowered into
the brain.
e Injection coordinates (measuring from the bregma) were either:
o -1.82 mm caudally, 1.6 mm vertically, and 2.3 mm laterally, for injections into
the right, or -2.3 mm laterally, for injections into the left CA3
o -1.94 mm caudally, 1.72 mm vertically, and 2.33 mm laterally, for injections
into the right, or -2.33 mm laterally, for injections into the left CA3

Although initially 1.82 mm caudally was used, | later switched to 1.94, due to more consistent injections

5.

10.

11.

12.

13.

Any/all blood was removed and bleeding was allowed to stop before the experiment
proceeded further.

A piece of parafilm was placed onto the mouse's head and a drop of water was

formed onto the parafilm.

e This water droplet was withdrawn using a 0.5 pul Hamilton syringe, to check that
the glass capillary (attached via a dual RN, glass coupler) wasn't clogged.

The water was then ejected and the tracer/virus was taken up into the Hamilton.

Immediately afterwards, the capillary was slowly lowered into the brain and 0.2 pl

tracer/virus was injected.

e This was done over 10 minutes (0.02 pl/minute).

The apparatus was left for a further 10 minutes before the capillary was slowly
retracted.

Following this, the skin was sutured back together.
e To avoid infection, 0.1% gentamicin sulfate cream (Gentacin) was applied
topically. Xylocain was used as a local anaesthetic.

The mouse was then placed on a heating pad to warm up, before being returned to its
home cage.

The following day, Metamizol was re-administered subcutaneously.

2 weeks later, the mice were perfused for analysis.
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Method 2

Transcardial perfusion
1. Mice were deeply anaesthetized with Ketamine/Xylazine (80-100/10mg/kg BM, i.p.)

2. Once fully anaesthetized (tested via foot/tail pinch, as well as through rolling animal
onto its back and testing if it tries to right itself), mice were fixed onto a polystyrene
board via syringe needles through the hands and feet.

3. The ribcage was exposed and removed.

4. Following this a 27 gauge needle (connected to a perfusion pump) was inserted into
the left ventricle.

5. The right atrium was immediately cut and the perfusion pump is switched on, with a
speed of 7.2 ml/minute.

6. The mouse was perfused with PBS until the right atrium was completely clear of
blood

7. The PBS was then switched with 4% Paraformaldehyde (PFA) + 0.05%
glutaraldehyde solution.

8. Perfusion was continued for 12 minutes before the pump was stopped.
9. The brain was then carefully extracted and stored in ice-cold 0.1M PB solution.

4% PFA + 0.05% glutaraldehyde solution
per 100 ml

PFA - 4g

NaOH - 0.1g

dH20 — 28 ml

0.2M PB - 50 ml

Picric acid — 15 ml
Glutaraldehyde — 200 pl

1. Heat dH20 to approximately 60 °C — this should be done in a fume hood, in a glass
beaker, with a magnetic stirrer.

2. Once the water reaches temperature, add the PFA and NaOH and leave until the PFA
completely devolves and the solution clears. It is important not to let the temperature
exceed 65 °C.

3. When completely clear, remove from the heater and cool to room temperature (on
ice).

4. Then add the 0.2M PB and picric acid solutions.

5. Check the pH, and adjust it using HCI to between 7.3-7.4.
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6. Filter the solution into another glass beaker and store at 4 °C.

Immediately before perfusing a mouse, add the glutaraldehyde solution.
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Transcardial perfusion schematic

. Pulmonary artery
Superior vena cava

Left atrium
Cut
Left ventricle
Right atrium "\
Right ventricle From perfusion pump
Descending aorta
Inferior vena
P

/ p

Diagram of transcardial perfusion method
Diagram depicting needle insertion into left ventricle. Dotted line represents cut to right atrium. Needles for

pinning mouse to polystyrene board are marked with a 'p'. Left and right body axis reversed as image depicts
mouse lying on its back.
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Method 3

Preparation of mouse brain for analysis under TEM

1.

10.

1.

12.

13.

14.

15.

16.

Perfused brains were trimmed using a razor, so that they could be glued to a
vibrotome (Leica VT1000S) stage. 50 um coronal sections were then cut and
transferred to a 0.1M PB solution

Slices were washed with:

1. TBS twice (20 minutes each)

2. PBS twice (10 minutes each)

Slices were then incubated in ABC solution (made 30 minutes beforehand) for 2 hours
at room temperature.

Slices were washed with:
1. PBS twice (10 minutes each)
2. 50mM Tris/HCL buffer (for 10 minutes)

Slices were incubated in DAB solution (0.02% solution in 50mM Tris buffer) for 5
minutes, then were visualized using a 0.3% H202 solution (10 pl per 1 ml).

The reaction was stopped, through an excess of 0.1M PB.

Slices were washed twice in 0.1M PB (10 minutes each wash).

Slices were immersed in 1% OsO4 (in 0.1M PB solution) for 25 minutes.

Slices were washed twice in dH20 (10 minutes each wash).

Slices were immersed in 1% Uranyl Acetate (in dH20) for 35 minutes.

A gradual ethanol dehydration was performed (10 minutes per wash, series ranging
from 50% to 95%), terminating in 2 washes of 100% ethanol (10 minutes per wash).
The final wash being done in glass capsules.

Slices were immersed in propylene oxide twice (10 minutes each wash).

Slices were left overnight in freshly made Durcupan resin (1:1:0.03:0.033 A:B:C:D),
to allow slow infiltration of the resin into the tissue.

The following day, slices were mounted on siliconised glass slides, with Aclar film as
a cover, and polymerised in the oven overnight at 60 °C.

The region of interest (the inner 1/3rd of the CA1 s.r.) was then trimmed out and
remounted in a Durcupan filled capsule (polymerised overnight at 60 °C).

Samples were cut into 70nm serial sections using an ultramicrotone (Leica EM UC7).
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Method 4

TEM measuring techniques

Dissector analysis

Reference

2D analysis Synapse classification

non-perforated

Measuring techniques

Dissector analysis

Left image shows reference image, right image shows look-up image. Only newly appeared synapses (marked
with a *) are counted/measured. Density is calculated by dividing the total number of newly appearing
synapses by the volumetric area analysed

2D analysis
All synapses are counted (marked with a *). Density is measured by dividing the total number of recorded
synapses by the flat-area analysed

Synapse classification

Here are representative images of a non-perforated and a perforated synapse (in series). The non-perforated
synapse has a uniform PSD throughout all images, whereas the PSD of the perforated synapse bifurcates
then rejoins in latter images
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Method 5
PCR and gel electrophoresis examination of interesting mutations

1. DNA concentration was calculated using the NanoDrop Microvolume
Spectrophotometer

2. PCR was performed using Phusion High-Fidelity DNA polymerase (Thermo
Scientific)

recipe for 50 pl polymerase solution for PCR
5x Phusion HF buffer — 10 ul
Forward primer — 1 ul
Reverse primer — 1 ul
10 MM dNTPs — 1 pl
DMSO — 1.5 ul
DNA - <250 ng concentration in final solution
Phusion DNA polymerase — 0.5 ul
H20 — make up to 50 pl

PCR reaction times and temperatures using Physion High-Fidelity DNA polymerase
solution

1. Initial denaturation 98 °C

2. 35cycles
o 98 °C (10 seconds)
o 45-72 °C [depending on primers used] (30 seconds)
o 72 °C (30 seconds per kb)

3. Final extension 72 °C (10 minutes)
4. Hold 4 °C (indefinitely)

3. PCR product mixed 6:1 with Gel Loading Dye purple (#B70245: New England
BioLabs), loaded into a 1% agarose gel, containing 1:10000 SYBR Safe DNA gel
stain (Invitrogen), and run at 115 V for 35 minutes

4. Bands of interest are trimmed out, put into sterile 1.5 ml tubes and weighed

5. PCR product purified using the Wizard SV Gel and PCR Clean-Up System (Promega)
[protocol available online: https://www.promega.com/-
/media/files/resources/protcards/wizard-sv-gel-and-pcr-clean-up-system-quick-
protocol.pdf]

6. DNA concentration checked with NanoDrop Microvolume Spectrophotometer

7. DNA sent for sequencing by LGC genomics (https://shop.lgcgenomics.com/)

8. Sequences analysed with the SnapGene software (http://www.snapgene.com/)
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Method 6

Ventral hippocampal commissure and corpus callosum transection (VHCCT)
For only ventral hippocampal commissure transection (VHCT) ignore step 11

1. Mice were deeply anaesthetized with Ketamine/Xylazine (80-100/10mg/kg BM, i.p.),
with Metamizol (200mg/kg) being administered subcutaneously as painkiller.

2. Mice were then fixed within a stereotaxic frame.
3. OleoVital was applied to the eyes, to stop drying out during surgery.

4. The skull was exposed and a small window (3 mm wide and 4 mm long, including the
bregma) was cut using a drill (the removed skull plate is kept on parafilm).

5. Removal of the underlying dura was confirmed. If it remained, it was carefully cut
with a 27 gauge needle.

6. Any/all blood was removed and bleeding was allowed to stop before the experiment
proceeded further.

7. Anpiece of razor (2.5mm wide), which had been glued to a rod and attached to a
micro-manipulator, was aligned to the midline of the brain above the bregma.

8. The razor was shifted 0.5 mm laterally, lowered 0.5 mm, then returned to the midline.
This will push the superior sagittal sinus out of the way, without damaging it.

9. The razor was lowered a further 4 mm into the brain, totally transecting the ventral
hippocampal commissure.

10. The razor was left in place for 10 minutes.
11. The razor was raised 2 mm, then moved caudally 0.5 mm to cut the corpus callosum.
12. The razor is slowly retracted from the brain.

13. The piece of skull (previously removed) is then returned to the hole and the skin is
sutured back together.

14. To avoid infection, 0.1% gentamicin sulfate cream (Gentacin) was applied topically.
Xylocain was used as a local anaesthetic.

15. The mouse was then placed on a heating pad to warm up, before being returned to its
home cage.

16. The following day, Metamizol was re-administered subcutaneously.

17. 5 days later, the mice were perfused for analysis.
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Timeline for experiment 2:4, confirmation of total transection of the ventral
hippocampal commissure, and example for analysing intact projections from individual

CA3 regions
3 WEEKS|[ 11} JPerFusE
WEAN VHCT
Ventral hippocampal commissure Cut

VHCT following environmental enrichment to investigate ipsilateral contribution to synaptic density in

either hemisphere

Top scheme represents timeline of experiment. Red boxes represent 1 week of ENR, orange box represents 5
days of ENR. Middle image shows example of successful VHCT operation. The path the blade took when
entering the brain is labelled 'cut'. Lower image shows example TEM image. Degenerating cells are labelled 'd".

Scale bar =2 um
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Method 7

Pre-embedding labelling of mouse brain for analysis under TEM

1.

10.

1.

12.

13.

14.

15.

16.

17.

Perfused brains were trimmed using a razor, so that they could be glued to a
vibrotome (Leica VT1000S) stage. 50 um coronal sections were then cut and
transferred to a 0.1M PB solution

Slices were washed with:

1. TBS twice (20 minutes each)

2. PBS (for 20 minutes)

3. PBS-Tx (0.05%) (for 20 minutes)

4. TBS (20 minutes)

Slices were blocked with 209% NGS/TBS solution (for 1 hour)

Slices were washed in incubation buffer twice (10 minutes each)

Slices stored in incubation buffer containing primary antibody (1:3000 mouse anti-
GFP monoclonal (Wako mFX73)) for 2 overnights

Slices washed three times in TBS (for 20 minutes each)

Slices stored in incubation buffer containing secondary antibody (1:10000
biotinylated Goat anti-Mouse IgG2a (Life Technologies M32315)) for one overnight

Slices were washed with:
1. Incubation buffer four times (10 minutes each)
2. PBS twice (10 minutes each)

Slices were then incubated in ABC solution (made 30 minutes beforehand) for 2 hours
at room temperature.

Slices were washed with:
1. PBS twice (10 minutes each)
2. 50mM Tris/HCL buffer (for 10 minutes)

Slices were incubated in DAB solution (0.02% solution in 50mM Tris buffer) for 5
minutes, then were visualized using a 0.3% H202 solution (10 ul per 1 ml).

The reaction was stopped, through an excess of 0.1M PB.

Slices were washed twice in 0.1M PB (10 minutes each wash).

Slices were immersed in 1% OsO4 (in 0.1M PB solution) for 25 minutes.
Slices were washed twice in dH20 (10 minutes each wash).

Slices were immersed in 1% Uranyl Acetate (in dH20) for 35 minutes.

A gradual ethanol dehydration was performed (10 minutes per wash, series ranging
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18.

19.

20.

21.

22.

from 50% to 95%), terminating in 2 washes of 100% ethanol (10 minutes per wash).
The final wash being done in glass capsules.

Slices were immersed in propylene oxide twice (10 minutes each wash).

Slices were left overnight in freshly made Durcupan resin (1:1:0.03:0.033 A:B:C:D),
to allow slow infiltration of the resin into the tissue.

The following day, slices were mounted on siliconised glass slides, with Aclar film as
a cover, and polymerised in the oven overnight at 60 °C.

The region of interest (the inner 1/3rd of the CA1 s.r.) was then trimmed out and
remounted in a Durcupan filled capsule (polymerised overnight at 60 °C).

Samples were cut into 70nm serial sections using an ultramicrotone (Leica EM UC?7).
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Method 8

Novel Object Location task (NOL)

1.

Mice were kept in a cabinet with a 12 hour reversed day-night cycle for 6 weeks prior

to the experiment.

On the day of testing, mice were moved down to a dark room adjoining the NOL
stage at least 1 hour prior to start of the experiment.

The NOL stage was cleaned with ethanol, to remove any lingering scent cues. The
room was illuminated at 45 lux, from above. This reading was checked each day via a

digital Lux Meter.

Asingle mouse was carefully transported to the NOL stage, to cause minimal stress.

The mouse was placed in the centre of the stage and the timer was started. Whilst the
mouse was being tested, the observer remained in an adjoining room, watching via an

above-stage camera to ensure that the mouse was fine throughout the experiment.

Following the pre-defined time for the experiment, the timer was stopped and the

mouse was returned to its home-cage.

The chamber was then thoroughly cleaned with 70% ethanol, removing any animal

waste and scent marks, then another mouse was tested.

© On day 4, the objects were also cleaned with ethanol, before being returned to the
cage in a different layout (see Test:Left and Test:Right). The mouse was then
returned to the stage following the training period, for the testing phase. This was

followed by another cleaning step (7) before the next mouse could be investigated.

For habituation, the mouse was left alone in the chamber for 5 minutes, before being

removed. This was done twice a day, for 3 days sequentially. For both the testing and training

periods, the mouse was left alone in the chamber until it had explored both objects for 10

seconds each. Following that it would be removed from the stage. If it took longer than 10

minutes to complete the experiment, it would also be removed from the stage.
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Habituation conditions for NOL

Novel object location task

Training

Different conditions in NOL task

Habituation
Empty chamber

Training
Two identical objects each spaced an equal distance from the top and closest wall

Test: Left
Left object moved to center of bottom wall. Distance from bottom wall equal to distance right object is from top wall

Test: Right
Right object moved to center of bottom wall. Distance from bottom wall equal to distance left object is from top wall
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Timeline for NOL

Habituation

Day 1 [H1—6 hours break—H2

— 6 hours break —H2
Day 3 [H1—6 hours break—H2

O
Q
<
N
-
-—

Day 4 |Train[— Cleaning —{Test

Upper picture shows objects used for training and testing. Flasks are filled with clean bedding material.
Timeline for NOL task

Days 1 - 3 are used for habituating the mice to the chamber. There are 2 habituation periods, H1 and H2.
Habituation periods are 5 minutes long each.

Day 4 is the training and testing period. Both training and testing periods last until the mouse has either explored
both objects for 10 seconds each, or the mouse has been in the chamber for 10 minutes. Following training, one
object is moved and the chamber is quickly cleaned with ethanol (time < 5 minutes) to remove sent cues and
remove any faeces/urine, then the mouse is immediately returned for the testing period.
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Final conclusions

This work highlights two important, and related, processes in hippocampal
development. It aims to further our understanding about the development of input-side
dependent asymmetry formation in the hippocampus, suggesting Evl as a candidate gene
which could play a role in the establishment of this phenomenon. Significantly, it also
highlights how vital the phenomenon of input-side dependency is in the hippocampus,
specifically in its relation to experience-driven alterations in synaptic morphology and
neuroneal projection dynamics. This work helps to tie together the conflicting evidence of the
relative importance of the left or right hippocampus, in memory formation and processing,
suggesting a vital combinatory role for both the left and right hemisphere, rather than a
specific importance of one side or the other. It also demonstrates a potentially unreported, yet
significant, commissural fibre-specific pathway for hippocampal laterality development in the
mouse. Potentially explaining one important method by which an animal can capably deal

with an ever-changing environment.
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