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Abstract

Whole embryo culture enables direct observation and manipulation of
organogenesis stage embryos, that would otherwise be relatively
inaccessible within the maternal uterus. Rat serum is the primary medium for
mouse embryo culture and can sustain growth and development comparable
to that in utero. To enhance the “replacement, reduction and refinement”
(3Rs) of animals in research, culture experiments were performed to
determine whether serum-free medium can substitute for whole rat serum, or
whether rat serum can be diluted, and yet still maintain high quality
development in vitro. Of two serum-free media tested, neither could sustain
development comparable to that achieved in 100% rat serum. However,
dilution of rat serum 1:1 with a defined medium supported growth and
development with no significant differences from 100% rat serum. Hence, rat
usage can be reduced by culture in medium containing diluted serum. Neural
tube defects (NTDs) are severe birth defects of the brain or spinal cord.
NTDs occur in mice lacking ASPP2, a p53 agonist and tumour suppressor.
Embryos with a deletion of exon 3 in the ASPP2 gene, Trp53bp2, were found
to have a progressive NTD phenotype that worsened with gestational age.
The Trp53bp223A3 embryonic neural tube phenotype involves ventral
neuroepithelial overgrowth, ectopic lumen formation and re-opening of the
neural tube. Cellular analysis revealed disruption in Trp53bp22%23 embryos
with and without a macroscopic phenotype. These histological abnormalities
included disrupted proliferation, disorganised differentiation and a reduced
basal to apical migration of cells prior to mitosis. Using the open-yolk sac
embryo culture method, a hypothesis based on over-proliferation in
Trp53bp223/23 embryos was tested using the chemical inhibitor DAPT. It is
proposed that deletion of ASPP2 results in an apico-basal polarity defect
which increases in severity through development and results in rupture of the

neural tube at variable locations along the body axis.



Impact statement

The work in this report highlights the importance and rewards of considering
the 3Rs in research methods. By managing to reduce animal usage in a highly
advantageous culture method in developmental research, the technique
should become more appealing and cost-effective for other researchers. On a
wider scale, 3Rs impacts range from policy and regulatory change to the

development and uptake of new technologies and approaches.

Human NTDs are multifactorial and incredibly diverse, and controversy still
remains on the origin of NTDs which arise in multiple locations along the body
axis. This report provides an in-depth analysis of the spinal region of a mouse
mutant with similarly variable NTDs. Reopening of the neural tube is a
mechanism that possibly occurs in a subset of human NTDs, and is explored
in detail here.
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Chapter 1 Introduction

1.1 Neurulation in the mammalian embryo
1.1.1 Primary neurulation

Development of the vertebrate brain and spinal cord begins with primary
neurulation and formation of a neural tube. The neural plate, a thickened
layer of dorsal ectoderm, becomes clearly delimited then starts to bend along
the midline to generate neural folds. Elevation and convergent extension of
the neural folds then occurs, followed by fusion in the midline to form a
closed neural tube. The process of closure occurs at distinct sites along the

rostro-caudal axis, which vary in location between species.

In the mouse, closure is initiated at the level of the hindbrain/cervical
boundary on embryonic day (E) 8.5 (closure 1) when the embryo has 5-6
somites. A second closure initiation point (closure 2) occurs at the
forebrain/midbrain boundary, and a third at the rostral end of the future
forebrain (closure 3) (Figure 1-3) (Zohn and Sarkar, 2008). Bidirectional
closure or ‘zippering’ from these initiation points leads to closure of the
anterior and hindbrain neuropores (open regions of neural folds), and an
intact cranial neural tube. The posterior neuropore remains open for the
longest period of time in primary neurulation, eventually closing at ~E10 in
the mouse when somite count reaches 28-30 (Greene and Copp, 2014).

The discontinuous nature of neural tube closure is largely conserved
between mammalian species. Human neurulation appears to occur in a
similar manner, with two closure initiation sites that correspond to mouse
closures 1 and 3 (O'Rahilly and Muller, 2002). Closure 2, however, is
contested as to whether a similar event occurs as in the mouse (Nakatsu et
al., 2000) or not at all (O'Rahilly and Muller, 2002). If closure 2 is absent,
progression of closure in the head region simply occurs between closure 1
and the most rostral point of the neural plate (closure 3). Like the mouse,
closure of the posterior neuropore, which is completed by 26-28 days post-

fertilisation in the human embryo, marks the end of primary neurulation.
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1.1.2 Secondary neurulation

Secondary neurulation is the process by which the neural tube forms caudal
to the mid-sacral region. Undifferentiated mesenchymal cells from the
primitive streak condense then undergo mesenchymal to epithelial transition
to form a rod, distal to the posterior neuropore (Lew and Kothbauer, 2007).
This rod then undergoes canalisation to form a neural tube lumen which is
continuous with the caudal end of the primary neural tube (Zohn and Sarkar,
2008). In humans, this process leads to the formation of the most caudal
spinal cord, namely the conus medullaris, cauda equina, and filum terminale
(Lew and Kothbauer, 2007).

Secondary neurulation in the mammal has previously been likened to
formation of the neural keel in zebrafish. The zebrafish neurectoderm first
forms the neural keel, a solid rod, which goes on to form a tube with a lumen.
Although initially the neural keel was thought to be a mass of mesenchymal
cells (Reichenbach et al., 1990), as in secondary neurulation in the mammal,
more recent studies have shown that the neuroectoderm becomes specified
by members of the SoxB1 family (Okuda et al., 2010), resulting in a
pseudostratified neuroepithelial structure which converges to form the solid
neural rod (Schmidt et al., 2013). Following this process, it has been shown
that structural proteins, such as Pard3 and Rabl1a, localise to the midline of
the neural keel during interdigitation of cells across the midline (Buckley et
al., 2013). Pard3 is then inherited into two daughter cells after localising to
the mitotic cleavage furrow of mirror-symmetric divisions across the midline.
It is these mirror-image polarising divisions which allow daughter cells to
incorporate into opposing sides of the developing neural tube, and therefore

orchestrate lumen formation in the zebrafish (Tawk et al., 2007).

A similar mechanism of lumen formation has been seen in mammalian
Madin-Darby Canine kidney (MDCK) cells. Once depolarised, MDCK cells
have the ability to self-organize into complex 3D structures, such as cysts,
which start to express E-cadherin at cell—cell interfaces, followed by targeting

of apical proteins to the future apical surface and formation of a central lumen
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(Eom et al., 2013). Cavitation of the neural tube in mammalian secondary
neurulation has been poorly studied, however in the mouse, it appears that
the secondary neural tube forms by two mechanisms. At E9.5-10, the entire
mesenchymal rod undergoes mesenchymal to epithelial transition followed
by a later appearance of a lumen. Later at E11-12, only the dorsal part of the
rod transitions to epithelium, forming the medullary ‘plate’. Mesenchymal
cells then attach to the edges of the plate, adding to the epithelium to

eventually form a tube (Schoenwolf, 1984).

1.1.3 Mechanisms involved in neurulation

The complex process of neural tube closure requires tight regulation through
signalling pathways and cellular mechanisms. Convergent extension is the
process by which the neural plate narrows in the medio-lateral axis
(convergence) and elongates in the rostro-caudal axis (extension), allowing
initiation of neural tube closure. It has been found that this process depends
on the planar cell polarity (PCP) pathway, a non-canonical
Whnt/frizzled/dishevelled signalling cascade, involving genes such as Vangl2
and Celsrl (Ybot-Gonzalez et al., 2007). Bending of the neural folds,
required to appose the two sides of the neural plate to form a tube, has been
shown to depend on mutually antagonistic sonic hedgehog (Shh) signalling
from the notochord (Ybot-Gonzalez et al., 2002), and bone morphogenetic
protein (BMP) signalling from the surface ectoderm (Ybot-Gonzalez et al.,
2007, Stottmann et al., 2006). Following neural fold bending and apposition
in the midline, epithelial fusion occurs via apical protrusions resembling
lamellipodia and filopodia, regulated by the small GTPases Racl and Cdc42
(Pai et al., 2012, Rolo et al., 2016).

Maintenance of a closed, complete neural tube during rapid embryonic
growth is partly controlled through regulation of cell proliferation and cell
death. The importance of this growth regulation is illustrated by the finding of
cranial neural tube closure defects in mouse mutants with a lack of, or
excessive, apoptosis (Harris and Juriloff, 2007), and with elevated

proliferation and abnormal cell cycle progression (Kim et al., 2007). Other
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mouse mutants with failed neural tube closure highlight further signalling
pathways that are involved in neural tube closure. For example, the c-Jun N-
terminal kinase (JNK) pathway, involved in proliferation and apoptosis, was
found to be implicated in neural tube closure: INK1/IJNK2 double mutant
embryos display reduced apoptosis in the hindbrain neuroepithelium and
exhibit exencephaly (Sabapathy et al., 1999). The long-established
association between folate status and human NTDS (1991), has led to the
finding that neural tube closure also depends on the activity of both the
methionine and folate cycles, specifically the generation of one-carbon units
in mitochondrial folate one-carbon metabolism (Leung et al., 2017). These
examples give an idea of the complexity of neurulation and exemplify how

small changes in such mechanisms could result in devastating effects.

1.2 Neurogenesis in the mammalian embryo
1.2.1 Structure of the neuroepithelium

The walls of the newly formed neural tube consist of bipolar shaped
neuroepithelial cells (NECs), which collectively form the pseudostratified
neuroepithelium. NECs possess apical and basal processes that span the
entire width of the neuroepithelium. At the basal region, or periphery, of the
neural tube, NECs terminate in a flattened endfoot that contacts the basal
lamina. The apical end of each cell borders the central lumen of the neural
tube and typically has a single cilium (Hollyday, 2001). Initially, these cells
divide in a symmetric manner, such that apical components, critically the
apical plasma membrane, are equally distributed to both NE daughter cells
(Gotz and Huttner, 2005). It has even been shown that the long basal

processes of NECs are split equally during mitosis (Kosodo et al., 2008).

Proteins of the apical and basal domains are essential for NEC function.
Adherens junctions, which contain proteins including cadherins and catenins,
are situated just basal to the apical membrane, are essential for cell-to-cell
adhesion, connection to the intracellular actin network, and promoting neural
progenitor self-renewal via activation of B-catenin signalling (Stocker and

Chenn, 2015). Polarity proteins such as Par3, Par6 and aPKC are associated
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with the apical domain of NECs and have been shown to promote self-
renewing cell divisions in NECs (Costa et al., 2008). The Rho family of small
GTPases, such as RhoA and cdc42, also have important roles in the apical
region, due to their role in maintaining adherens junctions and regulating
NEC positioning and proliferation (Cappello et al., 2006, Katayama et al.,
2011). Conversely, the proteins lethal giant larvae (Lgl), discs large (Dlg) and
scribble (Scrib) are all expressed in the baso-lateral domain and play key
roles in maintaining apico-basal polarity (Stephens et al., 2018). Cyclin D2,
which is known to play a role in the transition between G1 and S phase of the
cell cycle, is highly expressed in the basal endfoot of NECs, and unequal
inheritance of Cyclin D2 has been demonstrated during asymmetrical NEC
division (Tsunekawa et al., 2012). All of these associated proteins play a
significant role in maintaining apico-basal polarity and proliferation in the

neuroepithelium.

Neuroepithelial cells are able to turn into radial glial cells by downregulating
Golgi-derived apical trafficking, and initiating the expression of astroglial
markers such as GLAST (Paridaen and Huttner, 2014). Following
asymmetric division of neuroepithelial or radial glial cells, new-born
neurogenic daughter cells withdraw from the apical surface and migrate
basally to differentiate. Daughter cell fate specification is induced through the
expression of various region-specific transcription factors which influence the
structure of the neuroepithelium. For example, expression of Neurogenin in
neuroepithelial cells in the future dorsal telencephalon results in the
generation of glutamatergic pyramidal neurons, whereas the ventral
telencephalon expresses genes such as Ascll, resulting in GABA-ergic basal
ganglia neurons (Paridaen and Huttner, 2014). In the subventricular zone of
the mammalian neocortex, there are additional types of neural progenitor
cell, such as intermediate progenitors and basal radial glial cells, which
remain capable of self-renewal, and therefore allow for prolonged
neurogenesis and further expansion of the cortex. Wnt signalling and its
downstream target N-myc have been shown to be involved in the production

of these progenitors by facilitating the differentiation of apical progenitors into
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intermediate progenitors during development of the neocortex (Kuwahara et
al., 2010).

Considering the complex interplay of signalling pathways and proteins
involved in defining neuroepithelial structure and integrity, especially in the
cortex, it is not surprising that a variety of mutations can result in a wide
range of cerebral cortical developmental malformations in humans. For
example, microtubule proteins TUBAL1A and TUBAS, involved in centrosomal
positioning and nuclear transport during neuronal migration, have been
implicated in lissencephaly (‘smooth-brain’) phenotypes (Poirier et al., 2007,
Abdollahi et al., 2009). Other conditions that exhibit impaired neuronal
migration include periventricular heterotopia, characterised by nodules of
neurons lining the lateral ventricles, which has been shown to arise due to
altered vesicle trafficking leading to impaired cell adhesion in the
neuroependyma (the foetal CSF-brain barrier), due to mutations in two
genes: FLNA or ARFGEF2 (Ferland et al., 2009). In general, malformations
of cerebral cortical development, even in the early neuron migration stages,
can result in a wide range of developmental disorders that cause
neurodevelopmental delay and epilepsy.

1.2.2 Interkinetic nuclear migration and cell cycle kinetics

Interkinetic nuclear migration (IKNM) is the process by which cell nuclei at
distinct stages of the cell cycle occupy different positions along the apical—
basal axis of the neuroepithelium (Del Bene, 2011). Typically, NEC nuclei
migrate to the basal side of the neural tube during the G1 phase of the cell
cycle, where they remain during DNA synthesis (S-phase). Nuclei then
migrate back to the apical border during G2 phase and undergo mitosis at
the apical surface of the neuroepithelium. The function of IKNM remains
controversial (Del Bene, 2011), despite being first described over 80 years
ago (Sauer, 1935). However, it has been proposed that IKNM contributes to
determining the cell fate of NECs by moving nuclei through signalling
gradients along the apico-basal axis of the neuroepithelium (Murciano et al.,

2002, Baye and Link, 2007). Mechanisms controlling IKNM have also been
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debated, due to the complex relationship between cytoskeletal components,
stages of the cell cycle, and nuclear movement (Kosodo et al., 2008, Tsai et
al., 2010, Spear and Erickson, 2012a). It is, however, generally accepted that
the mechanisms that control the apical-basal movement of nuclei, differ from
those that control the basal-apical movement of nuclei (Gotz and Huttner,
2005).

BASAL G1 S G2
endfoot
APICAL Y Y Y YN —\€
cilium
Adherens junctions © © Par3/Par6/aPKC b Centrosome and mitotic spindles

Figure 1-1: Interkinetic nuclear migration

Summary diagram illustrating the stages of interkinetic nuclear migration. Cells span the
width of the neuroepithelium with a basal process ending in an endfoot, and an apical
process which has a single cilium. Adherens junctions and apical polarity proteins
Par3/Par6/aPKC characterise the apical domain. Nuclei move within the neuroepithelium
depending on cell cycle stage. During G1, nuclei move toward the basal surface. S phase
occurs at the basal surface. During G2, nuclei migrate towards the apical surface. During
mitosis (M phase), mitotic cell rounding occurs followed by cell division. Symmetrical cell
division causes equal partitioning of all cellular components, including the apical domain and
its associated proteins, as well as the basal processes. Two neuroepithelial daughter cells
are produced which resume interkinetic nuclear migration.

Cell cycle kinetics are regulated by factors other than nuclear positioning,
and when altered, can determine cell fate. For example, the Cdk4/cyclinD1
active kinase complex has been shown to play a role in the length of G1.
When this complex was overexpressed in neural progenitors, G1 was

shortened and neurogenesis was inhibited, alongside an increase in
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intermediate progenitors. When the Cdk4/cyclinD1 complex was inhibited
using RNAI, neurogenesis increased, showing that lengthening of G1 is
sufficient to cause neurogenesis in progenitors (Lange et al., 2009). This
correlates with an earlier finding that regions of the cortex that exhibited a
higher number of neurogenic divisions are characterised by progenitors with
a longer G1 phase (Lukaszewicz et al., 2005). Other regulators include
insulin-like growth factor-1, which has been shown to regulate neural
progenitor division by reducing the length of G1 and increasing cell cycle re-
entry in the ventricular zone (Hodge et al., 2004), and BM88, a neuronal
protein shown to limit cell cycle progression by down-regulating cyclin D1 and
induce neuronal differentiation (Politis et al., 2007, Georgopoulou et al.,
2006).

1.2.3 Neuronal specification and differentiation

Neuronal specification and patterning in the dorso-ventral axis of the neural
tube is controlled by ventralising signals from the notochord and floor plate,
and dorsalising signals from the roof plate and surface ectoderm. Sonic
hedgehog (Shh), released from the notochord, has been shown to induce
activating forms of Gli proteins that induce the expression of ventral
transcription factors (TFs) such as Nkx6.1, Olig2 and Nkx2.2. The dynamic
dorso-ventral gradient of Gli proteins also results in the repression of dorsal
TFs such as Pax3, Pax7 and Pax6 (Ericson et al., 1997, Briscoe et al., 2000,
Briscoe et al., 1999). Dorsalising signals play an additional role in specifying
dorsal cell fate. Important factors are BMP4 and BMP7 which are released
from the epidermal ectoderm, followed by TGFf signalling from roof-plate
cells (Liem et al., 1997, Liem et al., 1995). The combinatorial expression of
TFs in each domain, regulated by these signalling pathways, is sufficient to

specify and generate neuronal subtypes.
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Figure 1-2: Associated structures and neuronal patterning in the neural tube

(A) Characteristics of the neural tube and associated structures. The roof-plate is a group of
cells at the dorsal pole of the neural tube. The neuroepithelium makes up the majority of
cells in the neural tube. It appears stratified due to the varying locations of nuclei between
the basal and apical surfaces (IKNM). Motor neurons are located in the ventro-lateral
swellings of the neural tube. The floor-plate is a group of cells at the ventral pole of the
neural tube. The notochord is a mesodermal rod-like structure of cells which acts as a major
signalling centre during development. The lumen is the central canal of the neural tube which
contains neural tube fluid, followed by cerebrospinal fluid later in development. The
epidermal, or surface, ectoderm is a single-layered epithelium which goes on to form the
epidermis. (B) Signalling-induced neuronal specification and patterning of the neural tube.
Shh is produced by the notochord which establishes a dorso-ventral signalling gradient.
Ultimately, this results in TFs Nkx2.2, Nkx6.1 and Olig2 to be expressed in the ventral region
of the neural tube. Low Shh levels combine with high levels of BMP4 and BMP7, released
from the epidermal ectoderm, to induce expression of TFs: Pax3, Pax7 and Pax6. TGFf is
released from roof-plate cells as a secondary signal that is required for the generation of
dorsal interneurons.

Motor neurons and ventral interneurons are the first mature neurons to
appear in the mammalian neural tube, located in the ventro-lateral and dorso-
lateral regions (Pfaff et al., 1996). At the onset of neurogenesis, NECs switch
to asymmetric, neurogenic divisions at the apical border. This results in the
formation of a neuroepithelial daughter cell and a neuronal daughter cell.
New-born neurogenic daughter cells withdraw from the apical surface and
dissociate from the apical cilium (Das and Storey, 2014), in order to migrate

basally and differentiate (Paridaen and Huttner, 2014). It has been shown
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that the abscission of the apical process is mediated by actin-myosin
contraction, and requires the down-regulation of N-cadherin for final

dissociation from the apical membrane (Das and Storey, 2014).

Notch signalling has been shown to influence neural progenitor cell activity
and play a role in neural differentiation. Notch ligand, Delta-like 1, promotes
neural differentiation directly, via Cis-inhibition of Notch receptors in the same
cell. This process is blocked during delamination (the final stages prior to
differentiation), by the ubiquitin ligase Mindbomb1, to allow reduction in the
size of the apical process before down-regulation of apical markers and
delamination (Baek et al., 2018). This ensures the integrity of the ventricular

wall is preserved during neuron differentiation.

1.3 Neural tube defects

Neural tube defects (NTDs) are among the most common types of birth
defects, with approximately 300,000 babies being born with NTDs each year
worldwide (Zaganijor et al., 2016). These defects arise from failure of the
neural folds to appose and fuse during primary neurulation, which in turn can
lead to secondary abnormal development of structures associated with the
neural tissue such as muscle and bone (Salih et al., 2014). By utilising NTD
mouse models, researchers are able to gain an insight into the

developmental processes leading to such defects in humans.

1.3.1 Neural tube defects in humans

Clinically, NTDs are classified as either ‘open’ or ‘closed’. Open NTDs are
characterised by neural tissue that is exposed to the environment such as
myelomeningocele or anencephaly, whereas ‘closed’ NTDs, such as spina
bifida occulta, are covered by skin (Bassuk and Kibar, 2009). Anencephaly is
homologous to exencephaly in the mouse, presenting at birth with absence of
a skull vault over the open cranial region and degeneration of the exposed
neural tissue (Detrait et al., 2005). Myelomeningocele is a form of open spina

bifida where protruding neural tissue remains covered by a meningeal sac,

21



whereas in myelocele the neural tissue is directly exposed to the amniotic
fluid (Greene and Copp, 2009).

Open NTDs in the human are proposed to result from failure of closure at an
initiation site or incomplete progression of closure between sites so that a
neuropore remains open. However, occasionally open human NTD types
contradict this proposed mechanism, for example where multiple NTDs are
seen in the same individual (Ahmad et al., 2008, Mahalik et al., 2013). It has
long been debated whether open NTDs such as these arise by an alternative
mechanism: rupture of the neural tube. In the 18" century it was proposed
that in cases of hydrocephalus and spina bifida, the pressure of fluid from the
hydrocephalic head caused neural tube rupture further caudal, in the spinal
cord (Morgagni, 1769). It has also been argued that overdistention of the
neural tube, resulting from an increase in hydrostatic pressure prior to neural
tube rupture, could explain the many skeletal, endodermal and mesodermal

abnormalities associated with NTDs (Gardner, 1980).

Closed NTDs are a less well-defined group of spinal NTDs, where open
vertebral arches remain covered by skin. The spinal cord is often malformed
and tethered to surrounding tissues, and there may be associated disorders

such as lipoma or anorectal abnormalities (Greene and Copp, 2014).

The genetic basis of NTDs in humans is not straight forward, as most NTDs
occur sporadically, with very few multigenerational family incidences. In
cases where family data on recurrence risk has been documented, an
oligogenic pattern of NTD risk has been suggested (Harris and Juriloff,
2010). Gene polymorphisms that have been identified in association with
human NTDs are often involved in folate one-carbon metabolism or folate
transport (Table 1-1). This is consistent with the epidemiological evidence
that folate has a protective effect against ~70% NTDs, first established in an
international randomised clinical trial (1991). Folate antagonists such as
carbamazepine, trimethoprim and fumonisin, have also been shown as
teratogenic agents related to NTD causation (Hernandez-Diaz et al., 2001,

Missmer et al., 2006). Despite this evidence, it remains that ~30% human
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NTDs are folate-resistant (1991). Combined with the variety in genetic
polymorphism candidates for human NTD risk involving other, non-folate
related pathways, and the questions surrounding the mechanisms of open
NTDs in the human, it is clear that further investigation and understanding of
NTDs is required to find new preventative measures. Utilisation of mouse
models is critical to help identify candidate genes and cellular mechanisms
that could enable a better understanding of the heterogeneous and

multifactorial NTDs that occur in humans.
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Table 1-1: Genetic polymorphisms associated with human NTD risk

Candidates for genes involved in human NTD risk

Gene
ADA

ALDH1A2
ARID1A
BHMT
CBS
CELSR
CFL1
DHFR
FOLR3
FRB
FZD6
GCKR
GLUT1
HK1
LEP
LEPR
MFTC
MS
MTHFD1
MTHFR
MTRR
NOS2
PARD3
PAX3
PEMT
SARDH
SCRIB
SHMT
SLC19A1
SULT1A1
RFC-1
TRDMT1
TYMS
VANGL1
VANGL2

Protein role
Purine metabolism

Retinol metabolism
Chromatin remodelling
One-carbon metabolism
Folate metabolism

PCP gene
Actin-modulating
Folate metabolism
Folate transport

Folate metabolism

Wnt signalling

Glucose metabolism
Glucose metabolism
Glucose metabolism
Glucose metabolism
Glucose metabolism
Folate transport

Folate metabolism
Folate metabolism
Folate metabolism
One-carbon metabolism
Cellular signalling
Apico-basal polarity
Transcription factor
Choline metabolism
One-carbon metabolism
PCP gene

Folate metabolism
Folate transport

Sulfate conjugation
Folate transport
One-carbon metabolism
Folate metabolism

PCP gene

PCP gene
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1.3.2 Neural tube defects in the mouse

NTDs in the mouse result from failure of closure at any initiation site or
neuropore, with severity determined by when and where the failure occurs in
the developing embryo. Failure of neural tube closure 1, results in
craniorachischisis, a defect in which the hindbrain and entire spinal column
remain open, leading to embryonic lethality (Figure 1-3). Examples of genetic
mouse mutants that exhibit this defect include homozygotes for each PCP
gene: Vangl2teie, Scriberecre or Celsrlcstersh (Murdoch et al., 2014). Failure to
complete closures 2 or 3 results in exencephaly, where the neuroepithelium
appears to protrude owing to the open cranial neural folds (Figure 1-3). This
defect is the commonest NTD in mouse models, accounting for ~70%
reported mouse mutants (Harris and Juriloff, 2010). Delay in closure of the
posterior neuropore, caused by an impairment in spinal neurulation, can
result in spina bifida aperta (open spina bifida) (Figure 1-3). More than 70
mouse models have now been identified to exhibit spina bifida, although

most have co-existing exencephaly (Mohd-Zin et al., 2017).
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Figure 1-3: Neural tube defects in the mouse related to closure initiation site

(A) Diagram showing the location of each neural tube closure initiation site: closure 1 is
located at the hindbrain/cervical boundary; closure 2 initiates at the forebrain/midbrain
boundary; closure 3 is located at the rostral end of the developing forebrain; PNP closure
occurs at the most caudal point of the neural tube. (B) Failure of neural tube closure at sites
2 or 3 causes exencephaly which presents as a neuroepithelial protrusion through the open
cranial brain folds. (C) Spina bifida aperta results from failure of PNP closure, where a
protrusion of neuroepithelial tissue can be seen in the caudal region, rostral to the initiation
site of secondary neurulation. (D) Craniorachischisis occurs when embryos fail to complete
closure 1. The neural tube remains open, resulting in a continuous protrusion from the
hindbrain, down the entire spinal column. Modified from (Greene and Copp, 2014, Mohd-Zin
etal., 2017).

The number of reported mouse genetic mutants with NTDs reached 245 in
2010, and has likely risen further in recent years (Harris and Juriloff, 2010).
Craniorachischisis results from defects in genes which are only associated
with non-canonical Wnt signalling: the PCP pathway (Zohn et al., 2003),
however, genes involved in exencephaly and spina bifida aperta are a lot
more varied in function. Table 1-2 includes just a few of the cellular
mechanisms in which defective genes are associated with NTDs in the

mouse.
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Table 1-2: Examples of candidate genes associated with mouse NTDs

Mouse genes causing NTDs

Function Gene NTD type Reference
Cytoskeleton Vinculin Ex (Xu et al., 1998)
N-cofilin Ex (Gurniak et al., 2005)
Palladin Ex (Luo et al., 2005)
Shroom Ex + Sbha (Hildebrand and Soriano, 1999)
Proliferation / Numb Ex (Zhong et al., 2000)
Differentiation  Pax3 Ex + Sba (Epstein et al., 1991)
Mir-302/367 Ex (Yang et al., 2015)
Brd2 Ex (Shang et al., 2009)
Chromatin ATRX Ex (Berube et al., 2002)
dynamics Brgl Ex (Bultman et al., 2000)
Cecr2 Ex (Banting et al., 2005)
Ubiquitination Mib2 Ex (Wu et al., 2007)
Hectd1 Ex (Zohn et al., 2007)
Apico-basal RhoA Ex (Katayama et al., 2011)
polarity Smad5 Ex (Chang et al., 1999)
Bmp2 Ex (Castranio and Mishina, 2009)
Planar cell Vang|2 Cr (Kibar et al., 2001)
polarity Scrbl Cr (Murdoch et al., 2003)
Celsrl Cr (Curtin et al., 2003)
Ptk7 Cr (Lu et al., 2004)

Ex: exencephaly, Sba: spina bifida aperta, Cr: craniorachischisis

Association studies of the human homologues of some of these mouse NTD
genes have been examined, however there have been very few significant
findings to date (Greene and Copp, 2009). On the other hand, NTD mouse
mutants often result from complex gene-gene or gene-environmental
interactions and vary depending on genetic background. For example,
homozygous mutations in Pax3, resulting in NTDs in splotch mice (Epstein et
al., 1991), can be exacerbated by other mutations in genes such as
grainyhead-like-3 (Estibeiro et al., 1993), as well as by environmental factors
such as folate deficiency (Burren et al., 2008). Complex interactions and

multifactorial aetiologies such as these may closely resemble human NTDs.

27



Furthermore, the similarities of neurulation at the embryonic level between
the mouse and the human, ensure that mouse models continue to provide a

valuable tool for the study of embryology and NTDs.

1.4 Experimental methods used to study development and birth

defects

Experimental methods are required to complement purely descriptive studies,
to provide a more exploratory and in-depth analysis of a developmental
process or abnormality. Recent advances in ex vivo approaches have
allowed recapitulation of developmental events that overcome the
inaccessibility of the embryo during gestation. Organ culture is an example of
an ex vivo approach, for example, the improvement in culture conditions has
allowed the embryonic heart to remain viable for four days post-dissection
(Dyer and Patterson, 2013). Gut, kidney and pancreas organoid
differentiation is now possible through the use of embryonic stem cells, or
IPS cells, and extrinsic factors that mimic in vivo signalling events (Spence et
al., 2011, Takasato et al., 2015, Greggio et al., 2013). Most recently, artificial
embryos created using mouse embryonic, trophoblast and extra-embryonic
endoderm stem cells, are able to go through gastrulation, a significant event
in early development, never before recapitulated outside of the uterus (Sozen
et al., 2018).

Despite the advances in in vitro experimental methods, the laboratory mouse
has played, and continues to play, an important role in studying embryonic
growth. Unique processes in mammalian development raise questions about
the use of other organisms such as fly, frog or zebrafish to model human
developmental events. In vivo approaches in the mouse have been most
widely used, for example involving intrauterine or intraperitoneal injections of
reagents to assess their effect on embryonic development or implantation
(Wu and Gu, 1981). These techniques have led to the modelling of human
conditions during pregnancy, such as intrauterine infection through the
injection of E.coli (Hirsch et al., 1995), and the analysis of factors important in

implantation, such as aVp3 integrin (lllera et al., 2000). Recent advances
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have even allowed cell labelling of specific embryonic tissues through
ultrasound-mediated microinjection (Hiriart et al., 2014). Genetic gain- and
loss-of-function studies are now possible in utero, through using techniques
such as in utero electroporation combined with siRNAs or plasmid DNA,
which has often been used to study brain development (Nishimura et al.,
2012, Ding et al., 2012).

Although often effective, these methods have their limitations, particularly in
relation to the 3Rs’ considerations of replacing, reducing and refining use of
animals in research. To avoid inter-litter discrepancies, a large number of
mice are required per study, which has both cost and ethical implications;
potential harm caused by injections or manipulation of the pregnant dam
could have a negative impact regarding animal welfare; considering dose-
response to an injected reagent, the final concentration that reaches the
developing embryos is dependent on maternal metabolism; lack of access to
embryos means longitudinal assessment of development is impossible.
Hence, there is a need to utilise and optimise more accessible techniques of
studying embryonic development, particularly when considering a reduction

in animal use.

1.5 Rodent whole embryo culture

Whole embryo culture is a technique that offers an alternative to in vivo
studies, allowing direct manipulation and observation of developing rodent
embryos. In the mid-1960s, Denis New was the first to describe an ex utero
technique for growing postimplantation rat embryos through the stages of
organogenesis (New, 1966). This work initially involved establishment of
culture conditions for various 24-48 h periods between embryonic days 7.5
and 13.5 and culminated in the reporting of viable cultures continuing for as

long as 5 days (Buckley et al., 1978).

Dissection methods when preparing embryos for culture vary depending on
gestational age. For all embryo stages, the decidual swellings are removed

from the uterus, followed by removal of the decidua and the Reichert’s
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membrane, to reveal the embryonic yolk sac. For culturing neurulation-stage
embryos (E8.5-E9.5), the closed yolk sac method is preferential, as the yolk
sac receives sufficient oxygen and nutrients from the culture medium for
embryonic growth (Figure 1-4). For late-stage embryos, it becomes
necessary to increase oxygen levels in vitro to support growth. This high
oxygen pressure can have a harmful effect on the yolk sac, which loses
blood circulation and ceases to function (New and Coppola, 1970).
Therefore, exteriorisation of the embryo from the yolk sac and removal of the
amniotic membrane are used to improve development of late-stage rodent
embryos (Figure 1-4) (Martin and Cockroft, 1999). This allows the use of
capillary circulation at the foetal surface for oxygen transfer, in addition to any
contribution from the opened yolk sac, which remains in vascular continuity
with the embryo (Cockroft, 1973).

E8.5: closed yolk E10.5: open yolk sac culture
sac culture method method

Figure 1-4: Closed and open yolk sac embryo culture methods

Diagram showing the two yolk sac culture techniques, for E8.5 and E10.5 mouse embryos.
The closed yolk sac method is suitable for neurulation-stage embryos, where the yolk sac (YS)
remains intact and the ectoplacental cone (EPC) is trimmed. For E10.5 embryos, an opening
is made in the yolk sac and the embryo is exteriorised. The amniotic membrane is removed,
and the YS and EPC remain attached via the embryonic vasculature.

The embryo culture method involves specially prepared rat serum as culture

medium and specific oxygen concentrations within the gaseous environment,

depending on embryo stage. Following termination of the culture, embryo

development is scored, based on yolk sac circulation and diameter, somite

number, degree of axial rotation and protein content of the embryos and their
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membranes. Brown and Fabro devised an objective scoring system whereby
developmental stages of 17 morphological features could be assessed to
provide a precise index of embryonic development, and to detect retardation
or dysmorphogenesis of specific embryonic features (Brown and Fabro,
1981).

Rat serum was selected as the primary medium for use in embryo culture,
due to embryonic development showing comparability to that of in utero
growth when quantified using the aforementioned scoring systems (New et
al., 1976a). This was true when using both rat embryos (New, 1978), and
mouse embryos (Sadler, 1979). It was shown to be irrelevant whether rat
serum was obtained from male rats, pregnant females or non-pregnant
females (New, 1966). Immediate centrifugation and heat inactivation of the
serum was demonstrated to improve embryonic development even further
(New et al., 1976a). Rat serum, therefore, became the standard medium for
use in rodent whole embryo culture until the present day (Ellis-Hutchings and
Carney, 2010).

Whole embryo culture has enabled investigations into normal embryonic
development (Wilson and Beddington, 1996, Fleming et al., 1997), as well as
a plethora of research on teratogenesis and birth defects (Piersma, 1993,
Cockroft and Coppola, 1977, Ellis-Hutchings and Carney, 2010). The method
is increasingly being incorporated into preclinical drug testing for
teratogenicity by the pharmaceutical industry (Flick and Klug, 2006).
Additional to its experimental advantages, whole embryo culture also
provides a refinement and reduction of animals used per experiment: it
allows multiple treatments to be applied to the same litter from a single
pregnant dam, ensuring a lower number of dams are exposed to harmful
procedures or sacrificed. However, in utilising rat serum as the primary
growth medium, limitations remain in regards to animal usage, and progress

towards use of a non-serum-based medium would be beneficial for the 3Rs.
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1.6 Aims of the thesis

The present thesis represents a combination of in vitro and in vivo analyses,
with NTDs as the primary developmental outcome under study. In Chapter 3,
an initial study of mouse whole embryo culture is described in which the aim
was to replace or reduce rat serum in the culture medium. Extensive
developmental assessment of neurulation stage embryos, comparing serum-
free or reduced serum-cultured embryos with 100% rat serum controls, was
carried out post-culture to meet this aim. In Chapter 4, the aim was to carry out
thorough analysis of ASPP2 mutant mouse embryos which exhibit a complex
NTD phenotype. This was achieved through macroscopic phenotype analysis,
in situ hybridisation, cell cycle exit analysis and immunofluorescence studies.
The aim of Chapter 5 was to address apical polarity and interkinetic nuclear
migration in the neuroepithelium of the ASPP2 mutants. Hypothesis-driven
analysis of nuclear movement was assessed through the use of EdU labelling,
a thymidine analogue. In Chapter 6, the aim was to rescue a specific
characteristic of the NTD phenotype in ASPP2 mutant embryos, using an anti-

proliferative reagent in whole embryo culture with the open yolk sac method.

32



Chapter 2 Methods

2.1 Embryological procedures
2.1.1 Mouse strains and embryo collection

Random-bred CD1 mice were used in the rat serum replacement culture
experiments (Chapter 3). ASPP2+- mice (Chapter 4-6) were on a mixed
(C57BL/6J x 129SvJ) genetic background. Female mice were paired with
males in the evenings and checked for vaginal plugs the following morning. If
positive, embryos were counted as E0.5 days post coitum (dpc) at 12:00 on
the day of plug detection. Litters were then collected on the appropriate
embryonic day by euthanizing the pregnant mice by cervical dislocation,
followed by decapitation to ensure death and removal of the pregnant uterus
into DMEM containing 10% fetal bovine serum (FBS).

2.1.2 Preparation of rat serum

Blood used in rat serum preparation was collected from pathogen-free male
Sprague-Dawley rats. For anaesthesia, gaseous 2.5-4.0% isoflurane was
applied to the rats in an inhalation box for 10 min (2.0-3.5 L/min).
Anaesthesia was confirmed by checking for the loss of the response to
stimulation on the paws with forceps. To deeply anesthetize the rats during
blood collection, the same concentration and flow of anaesthetic was
administered through a mask covering the nose of the rats.

70% ethanol was used to disinfect the skin and avoid contamination. Using a
pair of forceps and scissors, the skin and abdominal wall were cut
simultaneously toward the thorax region to expose the internal organs, and
toward the hind limbs to further expose the posterior abdominal region. The
gut and fat of the abdominal region was reflected. Visceral fat was split to
expose the abdominal aorta and its bifurcation. A 21 G needle connected to a
20 ml syringe was then inserted immediately cranial to the bifurcation of the
aorta. The syringe was pulled up slowly to extract ~15 ml of blood from a

male rat. Once removed, the blood was poured into 10-ml sterile test tubes.
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The collected blood was centrifuged for 5 min at 1,200 x g and then left at
room temperature (RT) for at least 20 mins. A fibrin clot formed in the upper
(plasma) layer, which owing to centrifugation was entirely free of red cells.
Once formed, the fibrin clot was squeezed using a pair of sterile, curved
forceps, ensuring the red cell pellet in the base of the tube remained
undisturbed. The tubes were then centrifuged for 5 min at 1,200 x g at 4°C to
collapse the fibrin clot onto the upper surface of the red cell pellet. This left
clear serum in the upper layer which was decanted into 15 ml sterile tubes
using a sterile pipette. These tubes were centrifuged for 5 min at 1,200 x g
and RT to remove any remaining red cells. Serum was decanted into new 15
ml sterile tubes using a sterile pipette, avoiding contamination by residual red
cells at the bottom of the tube. To inactivate the complement system, serum
was incubated in a water bath at 56 °C for 30 min. Tubes were then cooled to
RT and aliquoted. Serum aliquots were stored at -20°. Aliquots were thawed

at 37°C and filtered through a 0.45 um pore size filter before immediate use.

2.1.3 Preparation of serum-free culture medium

Serum-free media (100%).

To make KnockOut serum-free culture medium, as described (Moore-Scott et
al., 2003), 2% Bovine Serum Albumin (Sigma A9418-50G) was first added to
KnockOut DMEM (Gibco 10829-018) then filtered through a 0.45 um pore
size filter. All other media components were added, including 10% KnockOut
Serum Replacement (KSR) (Gibco 10828010), 1X N-2 Supplement (100X
stock, Gibco, 17502-048) and 25 U/ml of Penicillin-Streptomycin (Gibco,
15140-122). The final solution was mixed thoroughly and filtered once more
through a 0.22 um pore size filter. Aliquots of KSR and N-2 were made in a
sterile culture hood and stored at -20° to avoid repeated thawing and

refreezing. All other media components were stored at 4°C.

N2B27 serum-free culture medium was made using 25% low glucose DMEM
without phenol red (Invitrogen, 11880-028), 25% Ham's F-12 Nutrient Mix
with GlutaMAX (Invitrogen, 31765), 50% Neurobasal-A Medium without
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Phenol Red (Gibco, 12349-015), 2X N2 Supplement (100X stock, Gibco,
17502-048), 2X B27 Supplement (50X stock, Gibco, 17504-044), 25 U/ml of
Penicillin-Streptomycin (Gibco, 15140-122) and 0.1 mM B-Mercaptoethanol
(Sigma, M3148). Aliquots of N-2 and B27 supplement were made in a sterile
culture hood and stored at -20° to avoid repeated thawing and refreezing. All
other media components were stored at 4°C.

Serum-free media for 50% dilution. These were as follows:

DMEM: DMEM with phenol red, +4.5 glucose, +L-glutamine, +HEPES, —
Sodium Pyruvate (ThermoFisher, 42430-025)

GMEM and defined supplements: Glasgow Minimum Essential Medium
(Sigma, G5154) was combined with 1% Non-Essential Amino Acids (NEAA)
(Life Technologies, 11140050), 2 mM L-glutamine (HyClone™ SFM4CHO-
Utility media (liquid) with L-glutamine) (Fisher Scientific, SH30549.01), 1 mM
Sodium Pyruvate Solution (Fisher Scientific, SH30239.01) and 25 U/ml of
Penicillin-Streptomycin (Gibco, 15140-122). GMEM with defined supplements
was also tested at 70% of the culture medium (30% rat serum), and an
additional experiment explored the effect of adding glucose to the medium
(Glucose (D-(+)-Glucose SigmaUltra 299.5% GC) (Sigma, G7528).

Once made, all serum-free media with multiple components were stored at
4°C and used within 2 days. All media were warmed to 37°C and gassed with
5% 02 and 5% CO2 before the embryos were added.

2.1.4 Embryo collection and dissection

Removal of the uterus

The abdominal area was cleaned using 70% ethanol. The skin in the

abdominal region was then lifted using forceps and cut to expose the

abdomen using large U-shaped longitudinal incisions up to the thoracic level.

To expose the uterus, the intestine was moved, one end of the uterus was

then lifted using forceps and cut away from the ovary. Further cutting of the
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fat around the uterus to the end of the other uterine horn, allowed complete
extrication of the uterus. The uterus was transferred to DMEM + 10% FBS

(previously warmed to 37°C).

E8.5 embryo dissection

Embryos were dissected in warm DMEM + 10% FBS using fine forceps. To
start dissection, fat and muscles were trimmed away from the mesometrial
surface of the uterine wall. The uterus was then opened from the
mesometrial surface, at each implantation site. The opening in the uterine
wall was gently expanded using forceps until the decidual swelling protruded
outwards. The decidua could then be squeezed out of the opening through
gentle compression on the neighbouring section of uterus. To open each
decidua, forceps were used to prize apart the anti-mesometrial end to expose
the ectoplacental cone and trophoblast layer. Gradual removal of the
decidual debris revealed the entire mural trophoblast covering the embryo
yolk sac. Forceps were then used to pinch up and gently remove the
trophoblast and underlying Reichert’'s membrane, which came off together in
one sheet. Reichert’'s membrane was then trimmed up to the ectoplacental

cone.

All embryos were dissected to the same stage in each step for comparable
time points. Embryos were transferred to fresh warm DMEM + FBS 3 times

during dissection to improve visibility and maintain 37°C temperatures.

E10.5 ASPP2 embryo dissection

For ASPP2 experiments, the ‘open yolk sac’ culture method was used
(Martin and Cockroft, 1999). Embryos were dissected using the conditions
mentioned above with modifications appropriate for the later stage in
gestation. E10.5 embryos have a much larger and tauter yolk sac than at
E8.5, with a reduced decidual proportion in each implantation site. This
meant that increased care had to be taken to prevent internal pressure build-

up which could cause the embryo to ‘pop out’ from its extraembryonic
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membranes. A larger ectoplacental cone meant further trimming was
required. Following trimming of the Reichert membrane and ectoplacental
cone, a small opening was made in the yolk sac with a pair of fine forceps,
adjacent to the head region of the embryo and avoiding major blood vessels.
The hole was then enlarged to a size wide enough to fit the embryonic head.
The amniotic membrane surrounding the head was then pinched away from
the embryo using forceps, and pulled through the hole to gently exteriorise
the embryo head first through the yolk sac, while maintaining the integrity of
the embryonic vasculature and its connection with that of the yolk sac. Any
embryo with damaged vasculature was not used for culture. The open yolk
sac technique described here has proved superior to intact yolk sac methods

when culturing E10.5 embryos (Kalaskar and Lauderdale, 2014).

E8.5 embryo culture preparation

Once dissected, embryos were ranked according to size (rough estimation)
and distributed alternately to provide two groups balanced for developmental
stage. Somite number or morphological scoring was not involved in staging
embryos at this point, as this would postpone time to culture. The two groups
of embryos were then transferred into the prepared separate culture media.
Care was taken to minimise the amount of DMEM + FBS entering the culture

medium during embryo transfer.

E10.5 ASPP2 embryo culture preparation

Following dissection, any macroscopic morphological abnormalities were
noted prior to culture. Head length was measured using a micrometer
eyepiece as described below (see Morphological scoring), and photographs
were taken for pre- and post-culture comparisons. Each embryo was put in a
separate culture bottle due to its large size at this late stage in gestation.
Coculture of embryos in the same culture bottle has been shown to result in a
significantly worse developmental outcome at this time point (Kalaskar and
Lauderdale, 2014).
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2.1.5 Embryo culture

The sealed roller-bottle technique was used to culture mouse embryos for 24
h. Sterile 50ml free-standing centrifuge tubes were used as culture bottles,
sealed with high vacuum grease (Dow Corning). Culture bottles were placed
on a digital tube roller (Stuart) which was installed in an incubator to allow
culture at 37°C. For E8.5 embryo cultures, 5% 02 and 5% CO2 were added
via a sterile pipette 3 x over the 24 h period. For the pilot study with ASPP2
embryos which assessed the effect of DAPT treatment, E10.5 embryos were
gassed with 95% O2 and 5% CO2, 3 x over 24 h period. Across all culture
experiments, 0.5-1 ml rat serum or serum-free medium was allowed per
embryo except for the volume experiment (Section 3.2.2), in which volumes
were reduced to 0.3 ml per embryo. To ensure blinding, as encouraged by
the NC3Rs ARRIVE guidelines, labels were covered and culture tubes
relabelled by a second party to ensure lack of bias when embryos were

scored after the 24 h culture period.
2.1.6 Administration of reagents

In vivo administration of EdU

50mg EdU (Click-iT ThermoFisher) was dissolved in 10 ml 1 X phosphate
buffer solution (PBS), aliquoted and stored at -20°C. 15 minutes before use,
EdU solution was defrosted and vortexed to ensure it was fully dissolved.
The solution was then injected intraperitoneally into the pregnant dam at 50
mg/kg. Strict time-keeping for injections and subsequent collections was

essential to ensure accuracy in time-pulse analysis.

In vitro administration of DAPT

DAPT (Calbiochem) stock solution was made up to 25 mM in DMSO,
aliquoted and stored at -20°C. 15 minutes before use, DAPT solution was
defrosted and vortexed to ensure it was fully dissolved. At 15-30 minutes
post embryo explantation into culture bottles, DAPT solution was added at no

more than 1:250 (DAPT solution volume: rat serum volume) at all tested
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concentrations, to avoid DMSO toxicity. An equal volume of DMSO was
added to at least one culture bottle per experiment to provide an accurate

control.

2.1.7 Morphological scoring

E8.5 culture medium experiments

After 24 h in culture, embryos were transferred to 2 separate dishes
containing FBS + DMEM (1:9) for evaluation. Without removing external
embryonic membranes, yolk sac circulation was scored immediately, based
on the Brown and Fabro scoring system (Brown and Fabro, 1981): 0 - no
visible blood islands and no obvious blood movement, slow or infrequent
heartbeat; 1 — evidence of blood islands but slow/very little blood movement;
2 — evidence of developed yolk sac vasculature and steady frequent
heartbeat; 3 — full yolk sac plexus of vessels with rapid blood movement.
Extent of axial rotation was then scored: 1 — ventrally convex (unturned); 2 —
mid-axial rotation in progress but not complete (turning); 3 — dorsally convex
(fully turned). Yolk sac diameter was measured from the base of the
ectoplacental cone to the furthest yolk sac perimeter using a micrometer
eyepiece.

An incision was then made in the yolk sac in the head region of the embryo,
near the ectoplacental cone. The yolk sac and amnion were inverted over the
head and rump of the embryo, and completely removed by an incision
through the allantoic insertion.

Head length was measured from the superior to inferior aspect of the head
using the micrometer eyepiece of a stereomicroscope. Each embryo was
photographed for a dorsal length measurement using ImageJ: a freehand line
was drawn from the inferior aspect of the head, round over the crown
continuing along the entire dorsal aspect of the embryo to the tail tip. This
measurement was designed to remove discrepancies in the traditional crown-
rump length measurement which is not appropriate for ventrally flexed

embryos. Somite number was then recorded by counting in a caudal to
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rostral direction and notes were taken on any developmental abnormalities
such as an open cranial neural tube. Examples of how each of these scoring

parameters were measured are shown in Figure 2-1.
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Figure 2-1: Morphological scoring parameters

(A) ‘Turning’ (i.e. axial rotation) scores: 3 - embryo with full turning, exhibiting an entirely
convex dorsal surface; 2 - embryo with incomplete turning, where the caudal part of the body
axis remains dorsally concave and is not positioned beside the head; 1 - embryo with no
turning, where the dorsal surface is entirely concave. (B) Somite number counting,
performed in a rostral to caudal direction along the dorsal length of the embryo. (C) Yolk sac
circulation scores: 3 - full yolk sac plexus of vessels with rapid heartbeat and rapid, pulsatile
blood flow; 2 - developed yolk sac vasculature and steady heartbeat but slow or intermittent
blood movement; 1 - blood islands and/or minimal blood movement; O - no visible blood
islands and no blood movement, with slow or infrequent heartbeat. (D) Dorsal length, as
measured along the entire dorsal aspect of the embryo, from the ventral surface of the
forebrain where it abuts the first branchial arch, to the caudal extremity of the body axis. Line
measurement was determined using ImageJ. (E) Head length, measured between parallel
lines tangential to the crown of the head, and to the ventral forebrain surface. (F) Yolk sac
diameter, measured from the base of the ectoplacental cone to the furthest perimeter. Scale
bars: 1 mm.

E10.5 ASPP2 culture experiments
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ASPP2 embryos were transferred to pre-warmed FBS + DMEM (1:9) after 24
h in culture. Head length was measured as described above. Other
morphological factors that had been noted as Trp53bp22%23 hallmarks, were
also analysed as follows. Eye pigmentation: absent - no coloration visible;
present — any amount of coloration (usually black / brown) visible in either
developing eye. Oedema (presence of a fluid filled cavity): absent; present —
location of oedema noted. Abnormal face morphology: absent; present —
visible abnormalities in facial structure, noted if oedema in the head region
was likely the cause. Neural tube status was classed as either closed or open
in the forebrain / midbrain / hindbrain / upper neural tube or lower neural tube
regions. Embryos also scored as either positive or negative for a contorted
neural tube. Photographs were taken post-culture to measure dorsal length

using ImageJ, as described above.

2.1.8 Protein content analysis
Reagents:

Radio-Immunoprecipitation Assay (RIPA): RIPA lysis buffer (stock) was

made using: 1.5 ml sodium chloride (5 M stock), 0.5 pl NP-40 (1%) (Fluka),
0.25 g sodium deoxycholate (0.5%) (Sigma), 0.05 g sodium dodecyl sulfate
(0.1%), 2.5 ml Tris-Cl (1 M, pH 7.4) and 5 protease inhibitor cocktail tablets
(1x) (Complete). All reagents were mixed and made up to a final volume of

50 ml with milli-Q water. Aliquots were stored at -20°C.

Bovine serum albumin (BSA,; for standards) stock solution was prepared by
dissolving 0.05 g BSA in 50 ml distilled water (1 mg/ml). To ensure complete
dissolution, the stock solution was mixed on a digital tube roller (Stuart) for
0.5-1 h. Dilutions of this 1 mg/ml solution were used to make standard
concentrations of: 1, 0.5, 0.2, 0.1, 0.05, 0.02 and 0.01 mg/ml. An additional
concentration of 0 was made using RIPA buffer only. These standards were
made up fresh for each protein sample collection to ensure a fair comparison

against the standard graph.
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The Bicinchoninic Acid (BCA) assay was chosen due to its high sensitivity
and low protein-to-protein variation (Smith et al., 1985). BCA was prepared

as per manufacturer’s (Pierce) protocol: a 1:50 solution of reagents B:A.

Lysate preparation and concentration measurement

After post-culture morphological scoring, embryos were washed in PBS and
snap-frozen on dry ice. 100 pl of previously prepared RIPA lysis buffer was
added to each embryo. Embryos were then immediately homogenised via
sonication (High Intensity Ultrasonic Processor, SONICS VIBRA CELL). 5 x
1-second pulses at 40% amplitude were sufficient to completely homogenise
each embryo in RIPA lysis buffer. Embryos were immediately put on wet ice.
The samples were then clarified by centrifugation at 10,000 g for 20 min at
4°C, and 1 pul of each protein lysate and each BSA standard were added to
20 pl of previously prepared BCA solution. Samples were then incubated at
37°C for 45 min. Absorbance levels were measured using a NanoDrop 1000
Spectrophotometer (ThermoFisher). Average absorbance results were
assumed accurate if BSA standards formed an appropriate trend line with an

R2 value close to 1.

2.2 Molecular biology
2.2.1 ASPP2 genotyping

Trp53bp24exond/dexon3 mice were first described in (Vives et al., 2006), where
targeted disruption of the ASPP2 gene, Trp53bp2, was achieved by replacing
exon 3 with a neomycin-resistance gene cassette (neo). 3X genotyping
primers were designed to bind within exon 3 (a), downstream of exon 3 (b) as
well as in the neo cassette itself (c) (Figure 2-2). This allowed differentiation
of a wild-type band (~1.2kb), a double heterozygote band, and a
homozygote/mutant band (~1.7kb).
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Trp53bp2: 18 exons
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Figure 2-2: ASPP2 genotyping

Diagram showing the structure of Trp53bp2, primer-binding locations and an example of an
embryo genotyping gel. Trp53bp2 has 18 exons. Trp53bp24exond/dexon3 mijce, first described in
(Vives et al., 2006), were created by using a targeting vector in which exon 3 was replaced
by a neomycin-resistance gene cassette (neo). Forward primer a binds within exon 3.
Reverse primer b binds downstream of exon 3. Forward primer ¢ binds within the neo
cassette. In wild-type embryo DNA, primers a and b bind to Trp53bp2 to give a ~1.2kb PCR
product (WT). In homozygote Trp53bp24exons/dexon3 embryo DNA, primers ¢ and b bind to
mutant Trp53bp2 to give a ~1.7kb PCR product (Hom). Heterozygotes result in a double
band, due to primer binding to exon 3 on one allele, and to neo on the other (Het).

To collect tissue for genotyping, the tail tip of embryos was removed and
immediately put in a 0.2 ml PCR tube on ice. 24 ul DNA lysis buffer + 1 pl
proteinase K was then added to each tube and left at 56°C overnight. The
reaction was then incubated at 85°C to deactivate proteinase K for 45 min. A
PCR reaction was set up according to the number of samples and the
resulting PCR product was run on a 2 % agarose gel at 130 V for 30 min.

2.2.2 Synthesis of mMRNA probe for in situ hybridisation

Primer pairs for a Trp53bp2 mRNA probe were designed using Primer-
BLAST, ensuring ~50% GC content, similar melting temperatures, a self-
complementarity of <5, a product length between 300-650 bp, and ~20 bp
length for each primer. A selection of primer pairs were designed, and the
pair that showed the clearest band when running a gel to check for an insert,
was selected. After running the PCR product of these primers against wild-
type mouse cDNA, the PCR product was cleaned using a QIAquick gel
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extraction kit (Qiagen), and the nucleic acid content was measured using a
Nanodrop spectrophotometer 1000 (ThermoFisher). Cloning PCR products
through ligation and transformation, was completed using the pGEM-T easy
vector protocol (Promega). Following colony selection, cells were allowed to
grow overnight then harvested by centrifugation and removal of the
supernatant. Plasmid DNA purification was then completed, using the
QIAprep Spin Miniprep Kit (Qiagen). Nucleic acid content of the miniprep was
measured using a Nanodrop (ThermoFisher). A restriction digest with
restriction enzyme EcoR1 was used to ensure double restriction of the
plasmid. Large cultures were grown up in LB broth overnight, centrifuged,
then supernatant was removed to expose the pellet. A maxiprep was then
completed, following the Hispeed Plasmid Purification handbook (Qiagen).
Nucleic acid content was measured using the Nanodrop (ThermoFisher), and
a sample was sent off for sequencing. Linearisation was then achieved with
the plasmid DNA from the maxiprep, using the Ncol restriction enzyme for
SP6 polymerase, in a restriction digest reaction. The linearised plasmid was
then cleaned using the QIAquick PCR purification kit (Qiagen). Once again,
nucleic acid content was measured using the Nanodrop (ThermoFisher). The
probe was transcribed using 1 ug linearised DNA, Digoxigenin (DIG) RNA
labelling mix, transcription buffer, RNase inhibitor and SP6 polymerase (all
Merck). DNase 1 was used to break down any excess DNA, followed by
centrifugation and elution steps using CHROMA SPIN columns and collection
tubes (ClonTech), to clean the probe. A Nanodrop reading determined the
final quantity of RNA. Finally, ultra-pure formamide and RNase inhibitor were

added to the probe solution for preservation.

2.2.3 Quantitative RT-PCR

Primer pairs for quantitative RT-PCR (QPCR) were designed within the same
parameters as stated above, using Primer-BLAST. Primers were tested on
cDNA from wild-type mice within the ASPP2 colony, using a standard Taq
PCR, to assess whether band size corresponded to expected product size.
For RNA extraction, in separate eppendorf tubes, E11.5 embryos were

homogenised in Trizol using a pipette. Chloroform was added to each
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embryo, followed by centrifugation to cause phase separation. The upper
phase of the aqueous solution was transferred to a fresh eppendorf,
isopropanol was added and the solution was mixed gently by inverting the
tubes, followed by incubation on ice for 10 minutes. A second centrifugation
step ensured RNA precipitation. After removing the supernatant, the pellet
was washed with 75% ethanol. Centrifugation and supernatant removal was

repeated, followed by air-drying of the remaining pellet for 10 minutes.

The RNA was resuspended in RNase free water and heated at 55°C for 10
minutes before returning to ice. RNA concentration was measured using a
Nanodrop (ThermoFisher). To remove any traces of DNA in the solution,
DNase 1 buffer and rDNase 1 (Ambion) were added to the RNA and
incubated at 37°C for 20-30 min. DNase inactivation reagent (Ambion) was
added, followed by centrifugation and transfer of the RNA supernatant to a
fresh eppendorf. RNA concentration was measured once again. Based on
these values, cDNA was synthesised from RNA using the VILO superscript
kit (Invitrogen), and VILO thermocycler programme. cDNA samples were
stored at -20°C. To run the gPCR, selected primers, GAPDH control primers
and cDNA were all diluted in RNase/DNase free water. SYBR Green master
mix (ThermoFisher) was combined with the forward and reverse primers in
each pair, and with water. This solution was added to wells in a 96 well plate
following a pre-designed layout. cDNA was added to the wells, excluding 3 x
negative control wells per primer pair, in which Milli-Q water (Merck) was
added instead of cDNA. The gPCR programme was run on a Bio-Rad real-

time PCR system.

2.3 Histological procedures

2.3.1 Gelatine embedding and cryosectioning

Reagents

Paraformaldehyde (PFA): 4% PFA was made up in 1X PBS. To ensure full
dissolution the solution was incubated at 65° and shaken every 10 minutes
throughout a 2 h period. Stock PFA was stored at -20°C.
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Sucrose: 30% sucrose was dissolved in PBS. Aliquots were stored at 4°C.
Sucrose was used to equilibrate and protect the embryo before cryo-

embedding.

Gelatine: Gelatine from bovine serum was dissolved to 7.5% in sucrose

solution (see above) and stored at -20°C.

Fixation and embedding

Embryos were fixed in 4% PFA overnight at 4°C, then washed twice in 1x
PBS. PBS was replaced with sucrose solution and embryos were incubated
between 1 h and overnight, depending on gestational age, with slow shaking
on wet ice. Ensuring the embryo had sunk to the base of the incubation tube,

the sucrose solution was replaced with melted gelatine.

Each embryo, within the melted gelatine, was then transferred to a dish lined
with pre-set gelatine and orientated to ensure transverse sections could be
taken when mounted. Embryos that were E9.5 or older, were divided into
three parts prior to this step to ensure transverse sections could be obtained
throughout the body axis (Figure 2-3). After the gelatine had set and been
cut, the gelatine block was then snap-frozen in isopentane, and chilled to -65°

using dry ice. Gelatine blocks were stored at -80°C.

BliEs

Figure 2-3: Post-fixation dissection and embedding of E11.5 embryos

(A) Diagram showing dissection lines of an E11.5 embryo before embedding. (B)
Arrangement of embryo parts within a gelatine block to ensure consequent sectioning was in
a transverse plane.
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Cryosectioning

For sectioning embedded embryos, the cryostat (Leica) was set to a
temperature of -21/-22°C for both stage and chamber. Transverse sections of
thickness 10 um were taken, then mounted on Superfrost slides (Thermo

Scientific) and stored at -20° (short term) or -80° (long term).

2.3.2 Whole-mount in situ hybridisation

Reagents

DEPC solutions: DEPC-H20: 1 ml diethylpyrocarbonate (DEPC) dissolved in
1 L Milli-Q (Merck). PBS-DEPC: 1 ml DEPC dissolved in 1 L PBS. PBT-
DEPC: 1 ml Tween-20 (Merck) dissolved in 1L PBS-DEPC. All DEPC

solutions were stirred at room temperature (RT) and autoclaved before use.

Hybridisation mix: 50% formamide, 5X SSC pH 4.5 (87.7g NaCl and 44.1g
sodium citrate tribasic dihydrate dissolved in 500 ml DEPC-H20), 50 pg/ml
yeast RNA, 1% SDS (prepared in Milli-Q), 50 pg/ml heparin and DEPC-H:0.
Stored at -20°C.

10X TBS: 80g NacCl, 2g KCl and 250 ml 1M Tris HCL, made up to 1 L Milli-Q.
For TBST, 4 ml Tween-20 and 0.192¢g tetramisole, were added to 40 ml TBS,
made up to 1 L H20.

NTMT solution: 200 mM NaCl, 200 mM Tris HCL pH 9.5, 50 mM MgClz, 1%

Tween-20, 0.024 g tetramisole, dissolved in H20.

Developing solution: 4.5 pl/ml 4-nitroblue tetrazolium (NBT) and 3.5 pl/ml 5-
bromo-4-chloro-3-inodyl-phosphate (BCIP), dissolved in NTMT.

Preparation of embryos
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Embryos were fixed in 4% PFA at 4°C overnight. The following day, they
were washed in PBT, then MeOH in PBS-DEPC at concentrations of 25% to
100%, for 20 — 30 min per concentration, depending on gestational age.

Embryos were stored at -20°C.

Experimental procedure (4-day protocol)

Day 1 - Embryos were rehydrated by washing in 75%, 50% and 25% MeOH
in PBT, shaking on ice for 15 min each, then washed 2 X in PBT. Embryos
were bleached using 6% hydrogen peroxide in PBT for 1 h. Following 3 X
PBT wash, embryos were incubated in proteinase K at RT for 2-8 min,
depending on gestational age. They were then washed in 2 mg/ml glycine in
PBT for 5 min, followed by a PBT wash. Embryos were fixed in 0.2%
glutaraldehyde in 4% PFA in PBS for 20 min at RT, while hybridisation mix
was pre-heated to 70°C. Embryos were incubated in hybridisation mix for at
least 2 h at 70°C. 1 pl/ml DIG-labelling probe (see Synthesis of mMRNA probe
for in situ hybridisation), was used to incubate embryos overnight at 70°C.

Day 2 — Hybridisation mix was removed and embryos were washed with a
solution consisting of 50% formamide, 5X SSC, 1% SDS and DEPC-H20, 2X
30 min at 70°C. This was then replaced with a similar solution, this time 2X
SSC, and incubated 2X 30 min at 65°C. Blocking solution (10% sheep serum
in TBST) was then added to embryos. Blocking solution was replaced with
0.05% anti-DIG-AP antibody (Merck), 1% sheep serum in TBST and left on
shaker overnight at 4°C.

Day 3 — Embryos were washed 3X 5 min in TBST, followed by 5X 1 hin
TBST. Left on shaker overnight at 4°C.

Day 4 — Embryos were washed 3X 10 min with NTMT, then incubated in
developing solution at RT, protected from light. Signal development was
checked every 15 min. Once the signal had sufficiently developed, the
reaction was stopped by washing embryos 3X 5 min in PBT at RT. Embryos
were then re-fixed in 4% PFA at RT for 2 h, and stored in PBT at 4°C.
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Vibratome sectioning — Embryos were fixed in 4% PFA for at least 2 h at RT,
followed by 3X PBS washes. PBS was removed and replaced with a
gelatine/albumin mix and left overnight at 4°C. Fresh gelatine/albumin mix
was put in a vibratome mould the following day, with 10% glutaraldehyde.
The embryo was quickly placed and orientated within the mould before
setting occurred. Gelatine/albumin blocks were dried and washed 1X PBS
before sectioning on the vibratome (50 uM sections). Sections were mounted

on slides with 50% glycerol in dH20, and sealed with nail polish.

2.3.3 Immunostaining

Reagents

PBT: 0.1% Triton X100 (Merck) in 1X PBS.

Blocking solution: 0.1% Triton X100, 2 mg/ml bovine serum albumin, 0.15%

glycine and 10% or 1% heat inactivated sheep serum (HISS) in 1X PBS.

Immunostaining (2-day protocol)

Day 1 - Embryo sections were thawed and rehydrated for 30 min at RT in 1X
PBS. They were then fixed with 4% PFA for 10 min and washed in PBT.
Samples were blocked in blocking solution (10% HISS) for 1 h, then
incubated in primary antibody (see Table 2-1: Primary antibodies), diluted in
blocking solution (1% HISS) overnight at 4°C.

Day 2 - Samples were washed 3X PBT. Secondary antibody (see Table 2-2:
Secondary antibodies), and/or phalloidin (see Table 2-3: Staining and dyes)
was applied in blocking solution (1% HISS) for 1 h, RT, followed by 3X PBT
washes. Slides were incubated in DAPI (see Table 2-3: Staining and dyes) in
1X PBS for 2 mins then washed in 1X PBS. Fluorescent immunolabelled
slides were mounted using Hydromount (National Diagnostics) and stored at

4°C, protected from light.

EdU immunostaining
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Day 1 protocol as above (same as for PHH3 / Ki67 primary antibodies).

Day 2 — 3X PBT wash followed by 30 min incubation in ClickiT EAU Alexa
Fluor 488 Imaging Kit reaction cocktail (ThermoFisher): ClickiT reaction
buffer, CuSOa4, Alexa Fluor azide (see Table 2-3: Staining and dyes) and
reaction buffer additive. This was followed by 3X PBT wash, protected from
light, to stop the reaction. Secondary antibody was applied in blocking
solution (1% HISS) for 1 h, RT, followed by 3X PBT wash. Slides were
incubated in Hoescht (see Table 2-3: Staining and dyes) for 30 min then
washed in 1X PBS. Slides were mounted using Hydromount (National

Diagnostics) and stored at 4°C, protected from light.
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Table 2-1: Primary antibodies

Antibody Species Manufacturer Concentration
Immune systems

SOX2 Goat 1:250
(GT15098)

PARS3 Rabbit Merck (07-330) | 1:100

. ' Abcam

Ki67 Rabbit 1:250
(ab16667)

PHH3 Rabbit Merck (06-570) | 1:200

_ BioLegend

TUJ1 Rabbit 1:200

(PRB-435P)
) ) Santa Cruz (SC-

N-cadherin Rabbit 1:100
7939)
R&D Systems

PAX3 Mouse 1:200
(MAB2457)

_ BioLegend

PAX6 Rabbit 1:200
(PRB-278P)

NKX6.1 Mouse DSHB (F55A12) | 1.5
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Table 2-2: Secondary antibodies

Antibody Species Manufacturer | Concentration | Absorbance
Anti-rabbit | Goat Alexa Fluor 1:250 488
Anti-rabbit | Goat Alex Fluor 1:250 568
Anti-goat Donkey Alexa Fluor 1:250 568
Anti-mouse | Goat Alexa Fluor 1:250 488
Table 2-3: Staining and dyes
Name Manufacturer Concentration Absorbance
Phalloidin Alexa Fluor 1:250 568
Alexa Fluor
. Alexa Fluor 1:400 488
azide
DAPI Severn Biotech 1:10,000 405
ThermoFisher
Hoechst 1:2000 460
(33342)

2.4 Microscopy and imaging

A dissection stereo-microscope (Zeiss SV11) was used to photograph pre-

and post-culture embryos and whole-mount in situ hybridisation embryos. An

upright Leica fluorescence compound microscope was used to analyse and

photograph all fluorescent immunolabelled sections. Sections were imaged

within a day of completing an immunofluorescence assay, to avoid

degradation of the signal.
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2.5 Analysis
2.5.1 Immunofluorescence image analysis

ImageJ v1.52c was used for all image analysis of immunofluorescence-
stained sections. For image analysis involving an automatic macro plugin, at
least 3X section images per embryo were cross-checked with the original

image to ensure accuracy in counting or threshold analysis.

Cell counting analysis

Nuclear counting was the first step in all analyses, apart from when
measuring lumen circumference or quantifying Tujl staining. A region of
interest (ROI) was drawn around the perimeter of the neural tube and the
remainder of the image was cleared. A macro was designed to automatically
count positively stained nuclei (Figure 2-4, D). Median and maximum filter
editing, followed by the ‘find maxima’ function was sufficient for both DAPI
and Hoescht nuclei staining. The same macro was used for PHH3+ cells in 1
h EdU pulse / PHH3 experiments, with the exception of a higher noise

tolerance in the find maxima function.

PHHS3 staining analysis

To analyse cells positive for PHH3, nuclear counting markers, generated by
the macro (see above), were overlaid on to the PHH3 channel. Apical and
ectopic mitoses were then counted manually, where markers corresponded
to a positively stained cell. Apical mitoses were counted as between 0-3
nuclear widths away from the lumenal surface. Ectopic mitoses were counted
as all other positively labelled markers >3 nuclei away from the lumenal
surface within the neuroepithelium. For ventral and dorsal region separation,
images were orientated to ensure the dorsal aspect of the neural tube was
vertically above the ventral part. A line was then drawn through the midline of
the lumen, equidistant from the dorsal roof-plate and the ventral floor-plate. A

horizontal line was then drawn perpendicular to the midpoint of this line. This
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reference line was then used to draw 2 new ROIs for cell counting in the
dorsal and ventral halves of the neural tube.

1 h EdU pulse/PHHS3 staining analysis

This analysis followed a similar method to the one described above, with the
following changes: PHH3+ cell counting was automated, using the macro
described in ‘Cell counting analysis’. Apical and ectopic mitoses were
differentiated as described above. Cell markers were then overlaid on to the

EdU channel and counted as positive or negative for EdU.

Threshold analysis

The auto threshold plugin in ImageJ was the basis for EdU, Ki67, PAX3,
PAX6, NKX6.1 and SOX2 analysis. Threshold function is designed to identify
pixels above or below a particular threshold value in any given image. To
account for the area of the neural tube stained positive for a particular
staining, an auto threshold was chosen that best represented the staining in
3 or more section images per embryo. Automated thresholds are global
(applied to every pixel in the image), histogram-derived thresholds, that were
developed to avoid manual thresholds which lead to bias. IsoData, Moments,
Shanbhag and Yen thresholds were used here (Calvard, 1978, Tsai, 1985,
Shanbhag, 1994, Yen et al., 1995). The threshold chosen for each antibody
stain, and the experiment combination they were used with, are presented in
Table 2-4.
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Table 2-4: Thresholds in ImageJ

. . Experiment
Antibody/EdU pulse Threshold in ImageJ o
combination

DAPI cell counting and
24h and 6h EdU pulse IsoData ) )
Ki67 threshold analysis

1h EdU pulse Moments DAPI cell counting
_ DAPI cell counting and
Ki67 Moments _
EdU threshold analysis
Sox2 Shanbhag DAPI cell counting
Nkx6.1 Moments DAPI cell counting
Pax3 Shanbhag DAPI cell counting
Pax6 Yen DAPI cell counting

Where automated cell counting was combined with auto threshold analysis in
a specifically designed macro, a percentage of markers positive/negative for

a specific staining was calculated (Figure 2-4).
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Figure 2-4: Cell counting and threshold analysis

DAPI and EdU labelled section examples of cell counting and threshold image analysis. (A)
Original composite image. White dashed line highlights neural tube boundary. DAPI (red)
and 1 h EdU pulse staining (blue). (B) DAPI nuclear staining. (C) 1h EdU pulse staining.
Cells in S-phase labelled upon EdU injection. (D) Automated cell counting markers for DAPI-
labelled nuclei. (E) ‘Moments’ auto threshold for EdU staining. (F) Cell markers positive for
EdU after automatic cross-referencing between nuclear cell count and EdU threshold.

56



Tujl intensity analysis

Tujl staining of E11.5 embryo sections was analysed using pixel intensity
values. To ensure analysis was representative of the entire neural tube, a
dorsal, middle, and ventral percentage band was analysed per section as
follows. Neural tube images were orientated with the dorsal roof-plate aligned
on the right, in a horizontal plane with the ventral floor-plate on the left. Using
the line function in ImageJ, width was modified to encompass both basal
surfaces of the neural tube at the midpoint between dorsal and ventral
aspects. This line was then converted to a defined area and the selected
region was cropped to form a new image. An automatic macro plugin was
designed to process this image: the rectangular area was automatically
divided into 10 equal sections from left to right (i.e. ventral to dorsal), and an
intensity value for every pixel in the 2", 5% and 8" section (each representing
10% of the image), running from left to right/ventral to dorsal was calculated
(see Figure 2-5: Tujl intensity analysis). From this, line graphs were
generated in ImageJ and pixel intensity values were transferred to Excel for

further analysis.

ventral

sth =
middle

gth _

Figure 2-5: Tujl intensity analysis

DAPI and Tujl labelled section, as an example of the Tujl intensity analysis method. (A)
Original composite image. DAPI (red), Tujl (green). (B) Diagrammatic interpretation of
intensity analysis. Area drawn manually to include both left and right basal surfaces of the
neural tube. Translucent filled areas represent 2", 5" and 8 10-percentile sections
analysed (automated). (C) Example 10-percentile section images from which pixel intensity
would be measured. 2" section represents ventral intensity, 5 section represents middle
intensity and 8t section represents dorsal intensity.
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Lumen and neural tube circumference and area measurements

Lumen and neural tube circumference and area measurements were made in
ImageJ using the freehand line tool. A line was drawn around the lumenal
circumference or neural tube circumference in each section image.
Measurements were set to include both the perimeter and the area within the
ROI. In cases of a neural tube with multiple lumens, a sum of all lumenal
circumferences and areas was calculated. All measurements were in pixel

number to alleviate discrepancies between image magnifications.

2.5.2 Statistical analysis

One—way analysis of variance (ANOVA) was used to test for overall
significance in parametric growth measurement data: yolk sac diameter,
dorsal length, head length, somite number and protein content. Where
significant, post-hoc pair-wise Student’s t-tests were then performed in
comparisons of serum-free or diluted media versus rat serum controls. Chi-
square tests were used to test for overall significance in yolk sac circulation
score frequencies (3x4) and axial rotation score frequencies (3x3). Where
significant, post-hoc pairwise Chi-square tests (2x4 and 2x3) were then
performed to compare serum-free or diluted media versus rat serum controls.
For statistical analysis of ASPP2 embryo section images, one—way ANOVA
was used to test for overall significance in counting, measurement or
intensity value data sets. Where significant, post-hoc pair-wise Student’s t-
tests were then performed in comparisons of wild-type, mutants without a
phenotype and mutants with a phenotype. Contingency table chi-square tests
(3X3) were used to analyse genotype ratio and phenotype frequency in
ASPP2 embryos. Pairwise Chi-square tests (2X2) were used to assess

phenotype frequency in cultured ASPP2 embryos.
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Chapter 3 Prospects of reducing rat serum usage in mouse

whole embryo culture

3.1 Introduction

Whole embryo culture is a technique that has been used for many years as
an alternative to in vivo studies. The method allows direct observation and
manipulation of developing rodent embryos outside the confines of the
maternal uterus. Denis New, the first person to describe this ex utero
technique, found that the use of rat serum as the primary growth medium

allowed rodent development comparable to that in utero.

Since these pioneering studies, however, many different sera and media
have been tested with the aim of finding a simple, cheap alternative to rat
serum (Figure 3-1). Despite its significant advantages in terms of supporting
optimum embryonic growth, rat serum is expensive, time consuming to
collect, has an ill-defined make-up, and requires high animal usage. Early
work evaluated Waymouth’s medium, Tyrode’s solution, new-born calf serum
and fetal calf serum as alternatives, but all proved inadequate for supporting
normal growth (Sadler and New, 1981). Sera from humans, monkeys, cows
and dogs were also tested, but none proved as effective as rat serum (Chatot
et al., 1980, Chambers et al., 1995, Coelho et al., 1989, Flynn et al., 1987).

A handful of recent attempts have been made to identify a serum-free
medium for use in mouse embryo culture. KnockOut DMEM and KnockOut
Serum Replacement were the main medium constituents in two studies of
embryo culture beginning at embryonic day (E)10.5 (Kalaskar and
Lauderdale, 2014, Moore-Scott et al., 2003). One described embryos
cultured for 24 h as being ‘morphologically similar’ to freshly dissected E11.5
embryos (Moore-Scott et al., 2003), while the other reported ‘intermediate
development’ in 28% of embryos (Kalaskar and Lauderdale, 2014). Neither
study compared serum-free embryo culture with rat serum controls. Another
serum-free medium named ‘N2B27’ was used for 24 h and 48 h cultures of

E5.5 mouse embryos, which were then compared to a previously established
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in utero scoring system. These authors describe 100% of embryos reaching
‘various gastrulation stages’ (Drakou and Georgiades, 2015). In addition, a
few groups have used diluted rat serum as culture medium: for example,
Huang et al diluted rat serum 1:1 with a GMEM-based medium for studies
involving cellular grafting and electroporation of mouse embryos (Huang et
al., 2015). This article, like many others, reports the use of diluted serum for
manipulative techniques or histological comparisons between treated and
untreated embryos, without assessing development itself (Kesby, 2000,
Ambroso and Harris, 1993, Hardy and New, 1991, Fisher and Martinez de
Villarreal, 1982).

Without a formal comparison with embryos cultured in undiluted rat serum or
developed in vivo, it is impossible to evaluate the effectiveness of serum-free
media or diluted serum in terms of developmental potential. Hence, while the
history of rodent whole embryo culture has shown major advances in terms
of methods for manipulating and imaging mammalian development
(Takahashi et al., 2014, Calegari et al., 2004, Massarwa and Niswander,
2013), there are still no successful alternatives to the use of rat serum as the

primary culture medium.

The present study was designed to assess the effect of replacing or reducing
rat serum on the success of whole mouse embryo culture, by comparison
with littermate embryos developing in 100% rat serum. The period of
development from E8.5 to E9.5 was chosen for several reasons. Firstly, the
two serum-free media previously mentioned were used to culture E10.5 (i.e.
post-neurulation) and E5.5 (pre-neurulation) embryos, leaving open the
guestion of their efficacy for culture during the intervening developmental
time period. Secondly, the E8.5-E9.5 period of organogenesis is known to be
critical for the origin of developmental anomalies that lead to clinically
important birth defects; hence, embryo culture is of particular importance in
enabling experimental studies at this stage. Thirdly, the E8.5-E9.5 culture
period has been used previously as a teratogen screening tool (Webster et
al., 1997), and so advances in culture methodology would be beneficial for
this purpose.
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3.1.1 Literature Review

A literature review was conducted to fully assess the history of culture
medium used in rodent whole embryo culture, and to clarify where
advancements could be made. Figure 3-1 summarizes the main findings of
the review. The search term: ‘Postimplantation rodent embryo culture
medium’ was used to search in PubMed, and relevant Denis New
publications were added if not identified in the PubMed search. Review
articles and studies using embryos younger than embryonic day 5, were
excluded. This resulted in a total publication number of 64 to be carefully
reviewed. The full table with publication references can be found in

Appendices.
TOTAL PUBLICATIONS: 64
100% SERUM: 37 REDUCED SERUM: 25 | 3 }SEEE’E"
E8.5-E9.5 OR _ DEVELOPMENT
EQUIVALENT: 18 =t EllB e ASSESSED: 16
9
DEVELOPMENT HAMSTER INCREASED STATIC FINDINGS
ANALYSIS ANIMAL MODEL.: FREQUENCY OF CULTURE DISPROVED IN
BETWEEN 2 CRANIAL STUDY: 1 LATER
TREATED AND NEURAL TUBE PUBLICATION: 1
UNTREATED ABNORMALITIES
ONLY: 4 :1

Figure 3-1: Diagrammatic summary of literature review.

Literature review focused on media used for whole embryo culture. This was based on the
search term: 'Postimplantation rodent embryo culture medium’ in PubMed, combined with
relevant Denis New publications (no restriction on year published). Numbers indicate the
number of articles that included embryo culture methods within each category.

It was found that 37/64 publications had used 100% serum in all embryo
culture experiments and 25/64 had used media with a reduced serum

component (< 100%). Only 3/64 publications had used 100% serum-free
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medium, and these are detailed above (KnockOut and N2B27 media)
(Kalaskar and Lauderdale, 2014, Moore-Scott et al., 2003, Drakou and
Georgiades, 2015). Of the 25 publications which used a reduced serum
component, 18 had assessed the gestational time point (E8.5-E9.5) which
was to be addressed in this study, 15 had used equal to or less than 50%
serum and 16 had assessed embryonic development post-culture. Only 9
publications combined all 3 of these prerequisites. Of these, 4 had assessed
development between untreated and treated embryos only (both sets
cultured in reduced serum), with no comparison to 100% rat serum or in vivo
controls (Kesby, 2000, Ambroso and Harris, 1993, Hardy and New, 1991,
Fisher and Martinez de Villarreal, 1982). This allowed conclusions to be
drawn on toxicity of a test reagent, but not on the appropriateness of the
reduced-serum media in supporting ‘normal’ development. 2/9 publications
used hamster embryos as the rodent animal model (Wlodarczyk et al., 2001,
Ebron-McCoy et al., 1988). Although hamster embryos bear similarities to
mouse and rat embryos, they have a shorter period of gestation and their use
is limited amongst developmental biologists. 1 publication found comparable
development between 50:50 rat serum:DMEM, and 100% rat serum-cultured
embryos (Sadler and New, 1981). However, the incidence of open cranial
neural tube was increased, a developmental biomarker which would lead to
exencephaly. 1 publication used a reduced-serum medium to grow embryos
in static culture (Jones et al., 2002), where developmental assessment was
limited to somite number counting and degree of axial rotation (see 2.1.7).
The final publication found development to be improved in embryos cultured
in 20:80 rat serum: Waymouth’s MB 752/1 medium, compared with rat serum
controls (Clarkson et al., 1969). However, these findings were later
challenged when insufficient development was seen in embryos cultured in

50% rat serum diluted with the same medium (Sadler and New, 1981).

Hence, detailed assessment of the literature has clarified that, although a
number of attempts have been made to replace or reduce rat serum in rodent
whole embryo culture, there have been no systematic comparisons between
serum-free, or reduced serum cultures and those in 100% rat serum.
Therefore, the following aims of this project, utilising the whole embryo
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culture method to support embryonic development from E8.5 to E9.5, were

as follows:

- Investigate the possibility of complete replacement of rat serum with two

serum-free media that ‘performed well’ in previous assessments.

- Test a variety of diluents at 50:50 with rat serum, for their efficacy in

supporting development.

- If possible, optimise serum reduction further through increased rat serum

dilution or supplementation of the media.

3.2 Results

3.2.1 Serum-free media fail to replicate the development of embryos

cultured in rat serum

Embryonic development was evaluated by measuring yolk sac circulation
and diameter, degree of axial rotation, dorsal and head length, somite
number (see Figure 2-1: Morphological scoring parameters), and total protein

content.

Yolk sac circulation was scored first to assess the state of embryo health
(Pinter et al., 1986). Embryos cultured in KnockOut serum-free medium
showed very poor yolk sac circulation. Blood islands were occasionally
present but there was little evidence of circulation and no maturely developed
blood vessels, in contrast to embryos cultured in rat serum (Figure 3-2, B).
The majority of KnockOut serum-free embryos had a yolk sac score of O
(69%), whereas 76% of their littermates that were cultured in rat serum
achieved a maximum score of 3. Similarly, among embryos cultured in
serum-free N2B27, 73% scored 0 with most showing no evidence of blood
islands, and 100% embryos scored <1. Both serum-free media were found to
give a significantly lower yolk sac circulation score than rat serum controls
(Figure 3-3, A). In contrast, yolk sac diameter showed no significant
difference across the three culture conditions (Figure 3-3, C).
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Axial rotation, the third scoring parameter, is a vital developmental process
which embryos should have initiated or completed, when cultured from the
headfold stage (Matsuda and Yasutomi, 1995). Following this expectation,
24% of embryos grown in rat serum had fully turned (score of 3) and 68%
were in the process of turning (score of 2) at the end of the 24 h culture
(Figure 3-3, B). In contrast, no embryo cultured in either serum-free medium
had fully turned. Only 31% of embryos cultured in KnockOut medium
achieved a score of 2 (turning) and 69% were entirely unturned. In N2B27
medium, 18% embryos were partially turned and 82% were unturned (Figure
3-3, B). These results for serum-free media were significantly different from

rat serum-cultured embryos.

Rat serum KnockOut serum free

Figure 3-2: Comparison of whole embryo culture using rat serum or serum-
free media

Representative images of yolk sac-containing (A-C) and isolated embryos (D-F) following 24
h culture from E8.5 in rat serum (A,D), KnockOut serum-free medium (B,E) or N2B27 serum-
free medium (C,F). (A,D) Rat serum culture was generally associated with extensive
vasculature and rapid blood movement in the yolk sac (e.g. score of 3 shown in A) together
with fully turned embryos that exhibited a mostly normal appearance for this developmental
stage. (B,E) KnockOut serum-free culture produced conceptuses with evidence of yolk sac
blood islands but little blood movement (score of 1 shown in B) and embryos that were
growth retarded, incompletely turned, and with an open cranial neural tube (arrow in E).
(C,F) N2B27 serum-free culture yielded conceptuses with no evidence of yolk sac circulation
(score of 0 shown in C) together with embryos that were unturned, growth retarded and with
open cranial neural tube. Note that the embryo in C was completely unturned although it
secondarily developed a convex dorsal surface following removal from the yolk sac (in F).
Scale bars: 1 mm.
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Dorsal length and head length were measured following removal of the
embryos from their extraembryonic membranes. Both growth parameters
were significantly reduced in serum-free media compared with rat serum
cultures. Mean (+ SEM) dorsal length in rat serum culture was 6.02 + 0.22
mm, whereas embryos in serum-free medium had values of 4.41 + 0.22 mm
(KnockOut medium) and 3.63 + 0.43 mm (N2B27). Head length was 0.73 +
0.03 mm in rat serum, compared with 0.49 + 0.03 mm, and 0.40 + 0.06 mm

in KnockOut medium and N2B27 medium respectively (Figure 3-3, C)

Somite number is used as a measure of developmental progression in
embryo culture, as there is a linear increase with time between E8.5 and
E9.5, with a new somite pair added approximately every 2 h (Kalaskar and
Lauderdale, 2014). E8.5 CD-1 embryos typically had 3-6 somites prior to
culture (data not shown), suggesting that these embryos should exhibit 15-19
somites after 24 h culture. Mean somite number in rat serum-cultured
embryos (16.3 + 0.39) fell within this expected range, whereas somite
number in embryos cultured in serum-free media fell short. KnockOut serum-
free cultures (14.9 + 0.71), however, did not differ significantly from rat serum
controls, whereas culture in N2B27 yielded a significantly lower mean somite
number (13.1 + 0.64) (Figure 3-3, D).

Exencephaly, a NTD that commonly affects the midbrain and hindbrain of
mouse embryos, results from failure of cranial neural tube closure. Open
cranial neural tube frequency was assessed as follows: 2/25 (open/total) in
rat serum, 7/16 in KnockOut medium and 9/11 in N2B27 medium. However, it
is important to consider the mid/hindbrain of most mouse strains remains
open until the 16 somite stage (van Maele-Fabry et al., 1992), so
exencephaly can only be considered to be present in embryos with 17
somites or more. While 12/25 embryos cultured in rat serum had 17 or more
somites, only one embryo in KnockOut medium and no embryos in N2B27
had 17 or more somites. Therefore, the higher apparent frequency of cranial

closure failure in serum-free media culture compared to rat serum, may be
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related to the developmental retardation of these embryos, rather than the

specific requirement for rat serum in successful cranial neurulation.

Protein content was measured following embryo lysate preparation, to

assess total embryonic growth. Embryos cultured in rat serum had a mean (+

SEM) protein content of 45.2 + 3.53 ug whereas embryos in serum-free

media contained significantly less protein: 29.6 + 3.50 pug (KnockOut) and
21.5 + 4.38 ug (N2B27) (Figure 3-3, E).
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Figure 3-3: Developmental and growth parameters of embryos cultured in rat
serum or serum-free media

(A) Yolk sac circulation scores. KnockOut serum-free medium and N2B27 produce
significantly lower scores than culture in rat serum. (B) Turning scores. KnockOut serum-free
medium and N2B27 embryos have significantly lower scores than rat serum-cultured
embryos. (C) Yolk sac and embryo size measurements (mean + SEM). Rat serum and
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serum-free media do not differ significantly in yolk sac diameter, whereas both dorsal length
and head length are significantly reduced in embryos cultured in serum-free media
compared with rat serum. (D) Somite numbers. Embryos cultured in KnockOut serum-free
medium show no significant difference compared with rat serum controls, whereas embryos
cultured in N2B27 have significantly fewer somites than those grown in rat serum. (E) Total
protein content. Embryos from both serum-free media cultures have significantly reduced
total protein content compared with rat serum-cultured embryos. Statistical analysis: (A,B)
Chi-square tests comparing all score categories across the 3 culture media are significant for
both yolk sac circulation and turning (p < 0.001). Post-hoc tests of serum-free media versus
rat serum: *** p £ 0.001; 2x4 Chi-square test for yolk sac circulation and 2x3 Chi-square test
for turning score. (C-E) One-way ANOVA shows significant variation in each measurement
between the 3 culture media (p < 0.01), with the exception of yolk sac diameter. Post-hoc
tests of serum-free media versus rat serum: *** p < 0.001, Student’s t-tests. Rat serum: n =
25; KnockOut serum-free medium: n = 16; N2B27 serum-free medium: n = 11.

In conclusion, when all developmental parameters are considered, neither
serum-free medium can support embryonic development in a comparable

way to 100% rat serum.

3.2.2 Diluted rat serum can support normal development in culture

Four different serum-free media were tested as diluents for rat serum, to
assess the potential of reducing serum usage in embryo culture. KnockOut
serum-free medium, N2B27 medium, DMEM, and GMEM + defined
supplements were each used to dilute rat serum 2-fold, with quantification of

development after 24 h culture.

Yolk sac circulation achieved the maximum score of 3 in the majority of
embryos cultured in 100% rat serum and in all the diluted serum-containing
media, with the exception of N2B27 medium (Figure 3-4, A). All diluted
media, however, gave markedly higher yolk sac scores (2-3) than the two
100% serum-free media. Embryos cultured in N2B27-diluted rat serum had a
significantly lower proportion (38%) of embryos with a yolk sac score of 3
than undiluted rat serum (66%), whereas dilution with DMEM gave a
significantly higher proportion (95%) of embryos with a score of 3. In contrast,
axial rotation scores in all combination media, did not differ significantly from
undiluted rat (Figure 3-4, B).

67



Yolk sac diameter was significantly reduced in DMEM-diluted rat serum,
whereas other combination media did not differ significantly from undiluted

rat serum (Figure 3-4, C).

Embryonic growth measurements showed more discrepancy between diluted
rat serum and controls. Dorsal and head length were both reduced in all
combination media, compared to rat serum controls, excluding the GMEM +
defined supplement-diluted rat serum cultures, where embryonic growth
measurements were very similar to 100% rat serum-cultured embryos
(Figure 3-4, C).

Somite number did not vary significantly from rat serum controls across any
of the combined media (Figure 3-4, D). Somite numbers ranged between
17.2 £ 0.8 and 18.3 £ 0.5 somites, well within the expected frequency
following 24 h culture from the headfold stage (Kalaskar and Lauderdale,
2014).

Total protein content did not differ between embryos cultured in undiluted rat
serum and any of the diluted media. The apparent increase in protein content
following culture in GMEM + defined supplements (Figure 3-4, E) was not

significantly different from rat serum controls.
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Figure 3-4: Developmental and growth parameters of embryos cultured in rat
serum or the four combination (diluted) media

(A) Yolk sac circulation scores. Rat serum diluted with N2B27 supports significantly
diminished yolk sac circulation compared with 100% rat serum, whereas dilution with DMEM
produces significantly enhanced scores. Dilution with KnockOut serum-free medium or
GMEM + defined supplements show no significant difference from 100% rat serum controls.
(B) Turning score. No significant differences are observed between 100% rat serum and the
four combination media. (C) Yolk sac diameter is significantly reduced when DMEM is the
diluent, whereas other media do not differ from the rat serum control. Dorsal length and head
length are both significantly reduced in all combination media cultures except GMEM +
defined supplements, which does not differ from 100% rat serum. (D) Somite number. No
significant differences are observed between undiluted rat serum and the four diluted media.
(E) Total protein content. No difference in total protein content were found for any of the
combination media compared with 100% rat serum controls. Statistical analysis: (A,B) Chi-
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square tests comparing all score categories across the 5 culture media are significant for
yolk sac circulation (p < 0.001) but not for turning (p > 0.05). Post-hoc tests of combination
media versus rat serum: ** p < 0.01 and * p < 0.05; 2x4 Chi-square tests for yolk sac
circulation. (C-E) One-way ANOVA shows significant variation in linear measurements
between the 5 culture media (p < 0.05). Post-hoc tests of combination media versus rat
serum: *** p < 0.001, ** p < 0.01, * p < 0.05; Student’s t-tests. Rat serum: n = 43. Other
diluents: KnockOut serum-free medium: n = 16; N2B27 serum-free medium: n = 16; DMEM:
n = 21; GMEM + defined supplements: n = 16.

Open midbrain frequency, in relation to somite number, was recorded for all 5
media. An open midbrain neural tube was present in only 2/33 embryos with
217 somites cultured in 100% rat serum (Figure 3-5, D), and the brain in both
of these embryos appeared almost closed (Figure 3-5, B). Similarly, only a
minority (2/10) of embryos with 217 somites cultured in serum diluted with
GMEM + defined supplements had open midbrain: not significantly different
from rat serum controls. In contrast, rat serum dilution with KnockOut
medium, N2B27 and DMEM diluents all produced a significantly higher
proportion of open midbrain in embryos with 17 somites or more, compared
with undiluted rat serum, and 50 — 100% of these embryos exhibited neural

folds that were widely separated (Figure 3-5, C, D).
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Figure 3-5: Frequency of open cranial neural tube in embryos cultured in rat
serum or the four combination media

(A-C) Sample images to demonstrate extent of cranial neural tube closure. (A) Closed
cranial neural tube. (B) Open cranial neural tube but with fully elevated neural folds which
are likely to complete closure. (C) Open cranial neural tube with neural folds that are widely
‘splayed apart’. Embryos with this appearance are unlikely to complete cranial neural tube
closure. (D) Dilution of rat serum with KnockOut Serum-Free medium, N2B27 medium and
DMEM are all associated with a significant increase in the proportion of embryos with 217
somites that have an open cranial neural tube. GMEM + defined supplements shows no
significant difference, compared with 100% rat serum. Statistical analysis: Chi-square test
comparing frequency of open cranial neural tube across the 5 culture media is significant (p
< 0.05). Post-hoc tests of combination media versus rat serum: *** p < 0.001, ** p<0.01, *p
< 0.05; 2x2 Chi-square tests. Rat serum embryos with =217 somites: n = 33. Other diluents:
KnockOut serum-free medium: n = 12; N2B27 serum-free medium: n = 12; DMEM: n = 17,
GMEM + defined supplements: n = 10.

Throughout these dilution experiments, a volume of 0.5-1 ml of medium was
used per embryo in all treatment groups. However, typical mouse culture

studies often include three embryos per ml of medium from E8.5 to E9.5. To
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assess whether a smaller volume of medium might compromise any of the
developmental parameters, five embryos were cultured in 1.5 ml of rat serum
diluted with GMEM + defined supplements. No significant changes were
seen in any of the growth or developmental parameters compared with the

larger volume cultures (data not shown).

Overall, GMEM + defined supplements is the only diluent that shows no
statistically significant difference in any growth or developmental parameter,
when compared with 100% rat serum (Figure 3-4, Figure 3-5). All other
diluents show statistically significant reductions in one or more of the
parameters, showing they support sub-optimal growth or development.

In summary, it is possible to reproduce embryonic growth and development
of the quality of 100% rat serum using GMEM + defined supplements as a
50% diluent. Although this is a significant advancement in terms of the 3Rs,
further dilution of rat serum using GMEM with defined supplements is an

important avenue to investigate.

3.2.3 Rat serum dilution of more than 50% results in sub optimal

embryo growth in culture

Greater dilution of rat serum to 30% of total medium volume, would represent
a further saving in rat usage for embryo culture. Embryos were cultured in rat
serum diluted 30:70 with GMEM + defined supplements as the diluent, by
comparison with 100% rat serum controls. Embryo health appeared
unchanged in the 30:70 diluted medium: 10/11 embryos achieved a yolk sac
score of 3, indicating extensive vasculature and rapid blood circulation were
observed in most cases (Figure 3-6, C). This proportion did not differ
significantly from parallel rat serum control cultures (5/7 with yolk sac score
of 3), nor from the rat serum controls in the 50% culture experiments. In
terms of neural tube development, 2/3 embryos with > 17 somites in the
30:70 diluted medium exhibited an open cranial neural tube (Figure 3-6, F), in
comparison to only 1/4 embryos with = 17 somites in 100% rat serum

controls, where the brain appeared almost closed (as in Figure 3-5, B).
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Rat serum 50:50 Rat Serum:GMEM + ds 30:70 Rat Serum:GMEM + ds

Figure 3-6: Effect of increased dilution of rat serum on success of embryo
culture

Representative images of yolk sacs (A-C) and isolated embryos (D-F) cultured in 100% rat
serum (A,D), or in rat serum diluted 50:50 (B,E) or 30:70 (C,F) with GMEM plus defined
supplements (ds). (A-C) Yolk sac development is closely comparable in 100% rat serum and
in both dilutions with GMEM + ds. All three examples (A-C) scored a maximum of 3 on the
yolk sac circulation scale. (D-F) Morphological appearance of embryos is closely similar in
100% rat serum (D) and in serum diluted 50:50 with GMEM + ds (E). Embryos are fully
turned, of similar size, and with no obvious abnormalities. In contrast, embryos cultured in rat
serum diluted 30:70 with GMEM + ds (F) exhibit reduction in growth parameters (e.g. small
head) and more often have an open cranial neural tube (arrows). Scale bars: 1 mm.

Axial rotation score did not differ between groups (data not shown), and with
regard to yolk sac diameter and somite number (Figure 3-7, A, B), both
showed no significant differences between the 30:70 diluted medium and the

control media.

In contrast, growth parameters were adversely affected by culture in the
30:70 serum dilution. Mean dorsal length and head length were both
significantly reduced in 30:70 diluted medium compared with 100% rat serum
(Figure 3-7, A). Mean head length differed between 0.68 + 0.02 (rat serum)
and 0.53 + 0.04 (30:70 serum dilution). Mean dorsal length in 100% rat

serum was 6.01 + 0.14, compared to 4.77 + 0.35 in diluted serum cultures.
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These measurements were also significantly lower than the 50% rat serum

controls shown previously (p<0.001, Student’s t Test) (data not shown).

Total protein content replicated the reduction in embryo size seen in dorsal

and head length results: there was a significant reduction in total protein

content in the 30:70 serum dilution cultures compared to controls (Figure 3-7,

Q).
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Figure 3-7: Developmental and growth parameters of embryos cultured in
100% rat serum or in serum diluted 30:70 with GMEM plus defined

supplements

(A) Yolk sac diameter shows no difference between 100% and diluted rat serum cultures,
whereas dorsal length and head length are both significantly diminished in the 30% rat
serum cultures. (B) Somite number does not differ significantly in embryos cultured in 100%
or 30% rat serum. (C) Total protein content shows a trend towards reduction in 30% rat
serum cultures, although there is no significant difference from 100% rat serum controls.
Statistical analysis: ** p £0.01, * p < 0.05; Student’s t-tests. Rat serum: n =7, 30% rat

serum: n=11.

In summary, 70% dilution of rat serum by GMEM + defined supplements is

not able to replicate embryonic growth in 100% rat serum culture. Although

embryo health and developmental progression are comparable, there is a

significant adverse effect on embryonic growth parameters and there
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appears to be a higher incidence of cranial neural tube closure delay or
failure. This finding would preclude the use of rat serum diluted by more than

50% for experimental studies in the E8.5-E9.5 embryonic period.

3.2.4 Addition of glucose does not restore development in 30% rat

serum-cultured embryos

Previous studies of rat embryos undergoing organogenesis in vitro found that
addition of glucose could restore embryo growth in a minimal medium
(Cockroft, 1979). To investigate a possible beneficial effect of glucose
addition in the current study, E8.5 embryos were cultured for 24 h in the
30:70 dilution of rat serum by GMEM + defined supplements, with the
addition of 2 mg/ml glucose. All aforementioned parameters were assessed.
Although some improvement in growth parameters was seen, yolk sac
diameter (p < 0.01) and head length (p < 0.05) both showed significant
reductions compared with 100% rat serum cultures (data not shown). Hence,
the addition of glucose is unable to rescue the compromised growth of

mouse embryos cultured in rat serum diluted 70% with serum-free medium.

3.3 Discussion

This study is the first to compare developmental progression and growth of
embryos cultured in serum-free media compared with rat serum littermate
controls, using the original optimised method of whole embryo culture (Sadler
and New, 1981). In some of the earliest studies with rodent embryos, it was
found that approximately parallel progression of embryo development in
utero can be obtained in vitro using rat serum (New, 1978, New et al.,
1976a). As summarised in Figure 3-1, previous serum replacement or
reduction studies have been insufficient in drawing conclusions on the
developmental viability of embryos grown in defined medium, compared to
littermate controls in 100% rat serum. Here it was demonstrated that,
although rat serum cannot be replaced entirely with serum-free medium due
to significant loss in embryo quality, it is possible to dilute rat serum by 50%,
with GMEM + defined supplements, while still achieving excellent embryonic

growth and development.
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This leads to the question: which components in GMEM + defined
supplements make it a more suitable medium for embryo growth, compared
with the other mediums. Amino acids have been shown to be essential for
embryo development. In pre-implantation embryos, non-essential amino
acids and L-glutamine have been shown to reduce the time of cleavage
divisions to the eight-cell stage in zygotes and enhance blastocyst formation
and hatching, and essential amino acid transport supports development of
more viable embryos (Lane and Gardner, 1997, Van Winkle, 2001). In post-
implantation embryos, there is evidence that nonessential amino acids and
glutamine also support the highest implantation and embryo development
rates, with the highest implantation rate observed when all 20 amino acids
(11 non-essential + 9 essential) were in the culture medium (Lane and
Gardner, 1994). The evident need for the non-essential amino acid
glutamine, is perhaps the reason why KnockOut Serum-Free medium, mainly
composed of L-glutamine-free basal medium (KnockOut DMEM) and N2B27,
composed of 50% L-glutamine-free Neurobasal medium, were unable to

support optimal embryo growth.

The difference between GMEM + defined supplements and DMEM was
determined in more detail to assess the differences in amino acid content.
GMEM + defined supplements contains half the concentration of amino acids
compared to DMEM, with the exception of additional non-essential amino
acids: proline, asparagine, aspartic acid and alanine, and an increased

concentration of L-glutamine through supplementation (Table 3-1).
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Table 3-1: Amino acid concentrations of DMEM and GMEM + defined
supplements

DMEM | GMEM + defined supplements
Essential amino acids mg/L mg/L
L-Histidine hydrochloride-H20 | 42 21
L-Isoleucine 105 52.4
L-Leucine 105 52.4
L-Lysine hydrochloride 146 73.1
L-Methionine 30 15
L-Phenylalanine 66 33
L-Threonine 95 47.6
L-Tryptophan 16 8
L-Valine 94 46.8
Non-essential amino acids
Glycine 30.0 15
L-Arginine hydrochloride 84.0 42
L-Cystine 2HCI 63 31.3
L-Glutamine 580 712
L-Serine 42 21
L-Tyrosine 72 36
L-Proline - 11.5
L-Asparagine - 13.2
L-Aspartic acid - 13.3
L-Alanine - 8.5

This suggests that, as shown in implantation rates (Lane and Gardner, 1994),
embryo growth and development could also be reliant on nearly all 20 amino
acids (essential and non-essential) being present in the medium, and the
lower doses in GMEM + defined supplements (half DMEM) are sufficient for
this point in gestation. Additionally, the increased concentration of L-
glutamine could be the key factor, its importance demonstrated in early
studies (Lane and Gardner, 1997, Van Winkle, 2001).

Rat serum reduction by 50% represents a significant step towards realising
the goals of the National Centre for the 3Rs (NC3Rs) which aims to replace,
reduce and refine animal use in research (Burden et al., 2015). Whole
embryo culture, as it stands, provides a refinement of developmental studies
on rodent embryos: it allows multiple treatments and conditions to be applied
to the same litter from a single pregnant dam, ensuring a lower number of
dams are exposed to harmful procedures or sacrificed. However, the culture
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medium used in whole embryo culture studies remains to be improved.
Based on the literature search detailed in (3.1.1) and Appendices, 73%
publications used rat serum as the main medium component in rodent whole
embryo cultures. A PubMed search identified 118 papers that used whole
embryo culture in the period 2013 to 2018. Based on the work in our lab,
each study may have cultured ~ 200 embryos. If, on average, 1 ml of serum
is used per embryo and an adult male rat produces 6 ml serum, this
approximates to > 550 rats that are used per year purely for serum

production in embryo culture.

The diluted rat serum medium identified here, provides a means towards
significantly reducing the number of rats used for whole embryo culture
experiments. Preparation of rat serum to the specifications demanded by
embryo culture is expensive and technically demanding (Takahashi et al.,
2014). By reducing the requirement for rat serum in the culture medium,
whole embryo culture could become a more attractive experimental method
for developmental biologists and reproductive toxicologists. As a result, this
has the potential to lead to a further reduction in mouse experimental usage,

as in vitro culture gradually replaces in vivo treatment of pregnant dams.

GMEM + defined supplements, as a diluent, has provided a significant
optimisation for culture of E8.5-E9.5 mouse embryos, yet further
experimentation could define exactly how useful this medium could be in
reducing rat serum usage. For example, it is conceivable that the culture
period could be extended beyond 24 h, perhaps with regular replenishment
of the combined medium, to allow further progression in embryo
development. It has been shown that mouse embryos with 2-4 somites can
be cultured for at least 48 h in 100% rat serum without any deterioration in
development, using a single serum replenishment and a gas phase change
(Sadler, 1979). Other embryonic stage starting points could also be
investigated. Postimplantation embryos have been cultured as early as E5.5
(pre-gastrulation stage) and as late as E10.5 (Rivera-Perez et al., 2010). If
the proposed combination medium in this study could be used for longer

culture periods, and for cultures starting at multiple gestational ages, this
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would further improve the versatility of whole embryo culture. It is also
possible that rat serum proportions could be reduced further for less sensitive

developmental time points or for shorter cultures.

Further experimentation to determine the constituents of rat serum which
become limiting at 70% dilution, leading to sub-optimal growth, would also be
interesting. Rat serum is relatively uncharacterised in terms of the factors that
contribute to rodent embryonic development. Early experiments studying the
components of rat serum that change over the culture period found the most
significant decrease was in glucose concentration, whose exhaustion
coincided with embryonic death (Sanyal, 1980). It was also shown in
experiments with dialysed serum, that the addition of glucose as an energy
source, restored growth to control levels (Cockroft, 1979). For these reasons,
the addition of glucose to the 70% diluted rat serum medium was tested in an
attempt to re-establish normal growth, but this was unsuccessful: yolk sac
diameter and head length were significantly impaired, compared with control
embryos cultured in 100% rat serum. Vitamins including pantothenic acid,
riboflavin and inositol are essential constituents of rat serum as a culture
medium, at certain concentrations (Cockroft, 1979). All three of these
vitamins are also components of GMEM and DMEM, yet the low relative
concentrations may be the reason behind unsuccessful development.
Therefore, further experiments involving these vitamins and perhaps other
growth factors could potentially enable the rat serum component of embryo

culture medium to be reduced below 50%.

In conclusion, the present study describes an optimisation of whole embryo
culture in relation to the 3Rs, enabling reduced costs and a potential
extension of the use of embryo culture as a key tool in developmental and

toxicological analysis of mouse embryo development.
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Chapter 4 Characterisation of a late-arising NTD phenotype
in ASPP2 mutant mice

4.1 Introduction

ASPP2 (apoptosis-stimulating protein of p53, 2) belongs to the ASPP family
of proteins, characterized by ankyrin repeats, an SH3 domain, and a proline-
rich region in the C-terminal (Sullivan and Lu, 2007). The best-known
function of ASPP2 is as a haplo-insufficient tumour suppressor, related to its
positive regulation of p53-dependent apoptosis through enhancing DNA
binding and transactivation of pro-apoptotic genes (Bergamaschi et al., 2004,
Samuels-Lev et al., 2001). As a result, the role of ASPP2 has been most
thoroughly explored in relation to cancer, with findings of ASPP2
dysregulation in colorectal cancer (Yin et al., 2018), downregulation in
pancreatic cancer (Song et al., 2015), and association with pituitary
adenomas (Turnquist et al., 2014).

Investigations into the relevance of ASPP2 in embryology and development
have been far fewer. Interestingly, however, one such investigation shed light
on the importance of ASPP2 during development, through creation of an
ASPP2 mutant mouse model (Vives et al., 2006). Exon 3 of Trp53bp2, the
mouse gene that encodes ASPP2, was deleted and replaced with a
neomycin resistant cassette in order to produce a ‘null’ mutant. This was
found to cause significant perinatal death in a proportion of homozygous
Trp53bp223/23 fetuses, whereas hydrocephalus was observed in those
Trp53bp223/A3 mice that survived beyond birth (Vives et al., 2006).

Trp53bp2 consists of 18 exons and codes for three separate mRNA species
and three protein isoforms. Exon 1 contains the translation start site for
ASPP2, the longest protein of 1128 amino acids. BBP, sometimes referred to
as 53BP2, is a shorter isoform (1005 amino acids), which has a reduced but
similar function to ASPP2 (Van Hook et al., 2017) and has its translation start
site in exon 6. The open reading frame of ASPP2 is interrupted by a stop

codon located in exon 3, and it has been shown that exon 3 is transcribed in
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BBP mRNA (hence the more downstream translation start site), but not
ASPP2 mRNA species (Takahashi et al., 2004). The third and most recently
discovered isoform is named AN-ASPP2, which arises from a separate
transcription start site in intron 6 (Van Hook et al., 2017). Deletion of exon 3,
as in Trp53bp22323 mice, has been shown to result in deletion of the ASPP2
protein, detected using an N-terminal targeted antibody (Vives et al., 2006).
This suggests that the translational machinery is disrupted, resulting in
knockout of ASPP2 as well as BBP. Neither mMRNA quantity or AN-ASPP2

protein have been assessed in Trp53bp22%23 mice.

Trp53bp22323 mice were later used in a study to further assess the reason for
perinatal death in homozygotes (Sottocornola et al., 2010). Dilation of the
brain ventricles (correlated with 100% hydrocephalus in homozygotes), loss
of cellular organisation in the neuroepithelium, and bilateral retinal dysplasia
were all observed in Trp53bp22323 fetuses (Sottocornola et al., 2010).
Although this study highlighted many neural-related consequences of a
homozygous exon 3 deletion in ASPP2, it did not study regions outside of the
cranial region, nor did it examine mutant embryos at neurulation stages.
More recently, a variety of NTD lesions were observed in Trp53bp223/43
mouse embryos (Zak et al., 2016), although the developmental origin of
these defects was not investigated. The conclusion of these previous studies
is that ASPP2 mutation, on a mixed genetic background, produces patrtially
penetrant NTDs, together with ~30% of Trp53bp22%/23 embryos surviving
postnatally, when hydrocephalus arises and leads to premature death
(Sottocornola et al., 2010).

Further work in our lab (Copp et al, unpublished) has demonstrated that the
NTDs in Trp53bp22323 embryos arise by re-opening of a closed neural tube,
in contrast to failure of primary neurulation (neural tube closure) as is seen in
most mouse mutants with NTDs. Moreover, it was found that folic acid, which
can reduce the risk of NTDs in humans and in some mouse strains, actually
has an exacerbating effect on NTDs in Trp53bp22323 embryos. In contrast,

maternal folate deficiency reduced the NTD frequency. Hence, the NTDs in
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the Trp53bp223 strain are unusual among mouse models and deserving of

more detailed analysis.

The present work was designed to further characterise the phenotype seen in
Trp53bp223/23 embryos, largely concentrating on the spinal region. An
important question is why only a proportion of homozygous embryos develop
NTDs whereas the remainder lack this overt phenotype, despite having the
same genetic defect. Hence, a key element of the approach in the present
study was to perform a 3-way comparison between wild-type (Trp53bp2*/*
embryos, Trp53bp22%23 non-macroscopically phenotypic (NMP) embryos and
Trp53bp22323 macroscopically phenotypic (MP) embryos. Specific aims of

this chapter are to:

- Visualise and quantify ASPP2 mRNA expression in the mouse embryo

- Assess the variability of the NTD phenotype seen in Trp53bp223A3 mouse

embryos

- Assess cell proliferation in the spinal neuroepithelium of Trp53bp223/A3

embryos

- Address cell cycle exit and neuronal differentiation in the spinal

neuroepithelium of Trp53bp22323 embryos

4.2 Results

4.2.1 ASPP2 mRNA expression is strongest in the ventral neural tube
and there is no difference between N- and C-terminal derived
MRNA

It has been shown previously that ASPP2 is expressed in the brain, spinal
cord and optic cup of wild-type embryos from E9.5 onwards (Sottocornola et
al., 2010). To confirm these findings and extend the analysis to include a
Trp53bp223/23 embryo, whole-mount in situ hybridisation was used on E9-9.5

embryos: one wild-type and one non-macroscopically phenotypic mutant
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were compared using a Trp53bp2 MRNA probe (see details in 2.2.2 and
2.3.2).

Figure 4-1: Whole-mount in situ hybridisation with a Trp53bp2 mRNA probe

(A) E9.5 wild-type embryo from ASPP?2 litter hybridised with Trp53bp2 mRNA probe.
Expression can be seen in the first 2 branchial arches, the ventral neural tube and the
developing eye. Dashed lines refer to the section images C-E. (B) E9 Trp53bp22323 embryo
probed with the same mRNA probe, for an equal amount of time as the embryo in (A).
Weaker but similar expression pattern seen as in (A). Dashed line refers to section image F.
(C-F) Vibratome sections taken from embryos in (A) and (B), showing strongest expression
of ASPP2 mRNA in the ventral neural tube, particularly the apical surface (C-F), and
branchial arches (C). The Trp53bp22%243 embryo section (F) shows much less intense
expression than in the wild-type. Scale bars 1mm.

The Trp53bp2 mMRNA probe revealed expression in the ventral neural tube,

the first two branchial arches and the developing eye (Figure 4-1).

Expression in the ASPP2 mutant embryo was in a similar distribution to that

of the wild-type, although the signal appeared weaker (Figure 4-1, B, F),

despite probe development for the same time, in the same experiment. If the
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Trp53bp223 allele is a null, then there should be no detectable ASPP2
expression in homozygous embryos. This issue was therefore explored
further through mRNA gquantification.

Quantitative RT-PCR was used to measure Trp53bp2 mRNA in wild-type
(WT), heterozygous Trp53bp24%+ (Het) and homozygous Trp53bp243/43
(Hom) embryos. AN-ASPP2 arises due to a transcriptional rather than
translational alternative start site, beyond the N-terminus in intron 6 (Figure
4-2). Therefore, it became relevant to study both N- and C-terminal derived
MRNA expression. As a result, primer pairs used to generate site-specific
MRNAs for gPCR, were designed to bind exons 1-3 (to confirm exon 3
deletion in Trp53bp223), exons 1-2 (N-terminal; excluded from AN-ASPP2
MRNA but included in both Trp53bp2 and BBP mRNA), and exon 13 (C-
terminal; present in AN-ASPP2, Trp53bp2 and BBP mRNA).

Trp53bp2: 18 exons

ASPP2 TSS
| 1 2

Primers }

AN-ASPP2 TSS
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Figure 4-2: Transcription start sites and protein structures of ASPP2 vs AN-
ASPP2

The transcription start site (TSS) of full-length ASPP2 protein is upstream of exon 1. The
TSS of AN-ASPP2 is in intron 6. Following translation, this results in the creation of a 1128
amino acid (aa) ASPP2 protein and a 880 aa AN-ASPP2 protein. Both proteins contain the
proline domain, ankyrin repeats and SH3 domain which characterise the C-terminal. Only the
full-length ASPP2 protein has an N-terminus which contains an alpha-helical domain.
Primers for gPCR included a forward primer in exon 1, reverse primers in exon 2 and 3, and
a primer pair within exon 13.
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Figure 4-3: Quantitative RT-PCR results

Amplification of N- and C-terminally-derived mRNAs in WT, Het and Hom embryos. Y-axis
values represent relative mRNA expression: i.e. fold change compared with WT, which is
assumed to represent total Trp53bp2 MRNA and assigned a value of 1.0. N-terminal:
exons 1-3: mRNA expression in Het embryos: ~0.53 (53%) mRNA, Hom embryos: ~0.02
(2%) mRNA compared to WT embryo mRNA. N-terminal, exons 1-2: Het embryos: ~0.89
(89%) mRNA, Hom embryos: ~0.77 (77%) mRNA compared to WT embryo mRNA. C-
terminal: exon 13: Het embryos: ~0.9 (90%) mMRNA, Hom embryos: ~0.76 (76%) mMRNA
compared to WT embryo mRNA. One-way ANOVA showed significant variation in Het and
Hom mRNA fold change (compared to WT mRNA) (p < 0.05). Post-hoc pair-wise tests of Het
mRNA fold change / Hom mRNA fold change: *** p < 0.001, * p < 0.05; Student’s t-tests. No
significant difference between Het or Hom mRNA fold change between N-terminal: exon 1-2,
and C-terminal: exon 13. Error bars: standard error. WT / Het / Hom: n = 3 embryos per
genotype. Number of replications: 2.

The guantitative RT-PCR results were analysed by measuring mRNA
expression fold-change in Het and Hom embryos, compared to WT embryo
MRNA. When primers were used to amplify a region between exons 1-3, a
~50% reduction in MRNA in Het embryos and almost a complete loss of
MRNA in Hom embryos was observed (Figure 4-3). Since exon 3 is deleted
in one (Het) or both (Hom) alleles at the Trp53bp2 23 locus, the percentage
fold changes were as expected. Interestingly, there was no difference in the
MRNA expression between WT, Het and Hom embryos for either of the N-
terminal (exons 1-2) or C-terminal (exon 13) targeted primer pairs. In both

regions, Het embryos showed ~90% mRNA expression, and Hom embryos
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showed ~77% mRNA expression, compared to total mMRNA expression in the
wild-type (Figure 4-3). Slight reduction in mRNA expression in Het embryos,
and further reduction in Hom embryos, reflected the weaker mRNA
expression seen in the Trp53bp223/23 embryo following in situ hybridisation.
Despite persistent mMRNA expression in homozygous mutants, ASPP2
protein knockdown has been confirmed previously as a result of a frame-shift
induced by deletion of exon 3 (Vives et al., 2006).

To summarise, MRNA expression of Trp53bp2 is strongest in the ventral
neural tube, the branchial arches, and in the developing eye. Both in situ
hybridisation and RT-PCR showed that mRNA expression is reduced in
heterozygotes and homozygotes, due to exon 3 knockout via insertion of a
neomycin cassette. Complete protein knock-down has already been
confirmed (Vives et al., 2006).

4.2.2 Trp53bp22323embryos have a variable NTD phenotype

To analyse the phenotype of Trp53bp223/23 embryos, three gestational ages
were assessed: E9.5, E11.5 and E13.5. These stages were chosen as it is
apparent that ASPP2 is not expressed at E8.5 (Sottocornola et al., 2010),
and that complex NTDs can be observed at E14.5 or earlier (Zak et al.,
2016). Therefore, it was reasoned that a potential temporal progression of

the phenotype could best be assessed between E9.5 and E13.5.

Table 4-1 shows the total number of embryos assessed and the frequency of
embryos with: (i) a closed and normal neural tube; (ii) an open neural tube;
(i) a deflated or undulated head region at E9.5; (iv) an overgrown head
region at E11.5 or E13.5. Cranial defects were often first to arise, therefore
embryos were categorised based on this region initially; however, spinal
regions were also affected, most notably in the later embryonic stages (E11.5
and E13.5). Appearance of closed cranial defects changed with
developmental stage: from a deflated or undulating brain at E9.5 to an
appearance of tissue overgrowth at E11.5 and E13.5. The final column in

Table 4-1 shows the proportion of embryos, where sectioning was performed,
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that were found to have histological abnormalities within the spinal region.
WT, Het and Hom embryos were analysed. Homozygous embryos were
separated into ‘non-macroscopically phenotypic’ (NMP), with wild-type
appearance, and ‘macroscopically phenotypic’, where there was any

evidence of a macroscopic phenotype (MP).
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Table 4-1: NTD frequency in wild-type, heterozygous, and homozygous ASPP2 embryos

Total Number | Closed and normal Open Deflated/undulated brain Histological abnormality
E9.5 34

WT 12 (35.3%) 12 (100%) 0 0 0/3 analysed
Het 13 (38.2%) 13 (100%) 0 0 Not analysed
Hom-NMP 3 (8.8%) 3 (100%) 0 0 1/3 analysed
Hom-MP 6 (17.6%) 0 2 (33.3%) 4 (66.7%) 3/3 analysed

E11.5 46 Overgrown cranial region
WT 9 (19.6%) 9 (100%) 0 0 0/3 analysed
Het 22 (47.8%) 21 (95.4%) 1 (4.5%) 0 Not analysed
Hom-NMP 6 (13%) 6 (100%) 0 0 3/3 analysed
Hom-MP 9 (19.6%) 0 4 (44.4%) 5 (55.6%) 3/3 analysed

E13.5 27 Overgrown cranial region
WT 7 (25.9%) 7 (100%) 0 0 0/3 analysed
Het 13 (48.1%) 13 (100%) 0 0 Not analysed
Hom-NMP 3 (11.1%) 3 (100%) 0 0 3/3 analysed
Hom-MP 4 (14.8%) 0 3 (75%) 1 (25%) 3/3 analysed




To generate all three genotypes (WT/Het/Hom), heterozygous females were
crossed with heterozygous males (Trp53bp223* x Trp53bp223+). Therefore
the expected ratio would be 1:2:1 WT:Het:Hom. This was largely true at each
age group, with E13.5 embryos following the expected frequency almost
exactly: 26% WT, 48% Het, and 26% Hom (Hom-NMP and Hom-MP
combined) (Table 4-1). The genotypic ratio did not differ significantly between
the 3 age groups (3X3 Chi-square contingency table, data not shown). This
suggests embryonic lethality is not a contributing factor to genotype ratio

within these gestational time points.

In all cases, WT and Het embryos were normal, bar one Trp53bp223* embryo
at E11.5 which had a small opening in the forebrain region (see Table 4-1).
This is not sufficient evidence to suggest heterozygosity for Trp53bp223
increases NTD risk.

The ratio of homozygotes scored as ‘closed and normal’ (Hom-NMP)
compared to either open or deflated/undulated/overgrown (Hom-MP), did not
differ significantly between the three gestational ages (3X3 Chi-square test,
data not shown). Despite this, within Hom+ embryos, there does appear to
be a trend towards increased open neural tube frequency with increased age:
33% E9.5 Hom+ embryos, compared to 75% E13.5 Hom+ embryos (Table
4-1), as well as a decreasing trend of closed defects with age, from 67% E9.5
embryos to 25% E13.5 embryos. However, statistically, the three phenotypic
categories do not change in proportion with stage.

Histological abnormality was classified as any cellular disruption of the neural
tube, compared to wild-type, in transverse embryo cryosections (see 2.3.1). 3
WT, 3 Hom-NMP and 3 Hom-MP embryos were sectioned per stage, in a
way that ensured the whole-body axis was represented (see 2.3.1). Only 1/3
E9.5 non-macroscopically phenotypic homozygous (Hom-NMP) embryos
exhibited an abnormal neural tube histologically, whereas 100% of Hom-MP
embryos that were analysed at E11.5 and E13.5 exhibited histological
overgrowth or abnormality (see Table 4-1). This suggests that a ‘normal’

exterior does not always equate to a ‘normal’ interior in Trp53bp223/A3
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embryos. 100% macroscopically phenotypic (Hom-MP) embryos at each
stage also had histological abnormalities.

Figure 4-4 and Figure 4-5 provide examples of the macroscopic and

histological abnormalities seen in Trp53bp223/23 embryos.

Hom-NMP Hom-MP

Closed and normal Closed defect

Figure 4-4: Macroscopic appearance of Trp53bp22%¥43 embryos

Representative images of homozygous Trp53bp22343 embryos: non-macroscopically
phenotypic (Hom-NMP) (closed and normal), and macroscopically phenotypic (Hom-MP)
(open and closed defects). (A) Normal E9.5 embryo with domed, smooth head and closed
neural tube, excluding the PNP (B) E9.5 embryo with open neural tube region between the
midbrain and upper neural tube (see arrows). (C) E9.5 embryo with a misshapen, deflated
cranial region. (D) Closed and normal E11.5 homozygote. (E) E11.5 embryo with wide open
cranial neural folds and intracranial haemorrhage. (F) E11.5 embryo with a closed defect.
Cranial region is expanded and misshapen, with facial abnormalities. Neural tube is
overgrown to the level of the hindlimb bud (see arrows). (G) Normal E13.5 homozygote. (H)
E13.5 embryo with craniorachischisis. Plaque of tissue seen protruding through the neural
tube opening along the body axis. (1) E13.5 embryo with slight overgrowth of the hindbrain
(see arrow) and a unilateral eye abnormality. Scale bars 1mm.
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Macroscopically, the severity of open NTDs in Trp53bp22%23 embryos
increased with gestational age, from an open region spanning the cranial and
upper NT regions only (see arrows in Figure 4-4, B), to craniorachischisis
(almost entirely open neural tube) in some E13.5 embryos (see Figure 4-4,
H). E9.5 and E11.5 open defects mostly appeared as open cranial neural
folds (Figure 4-4, B, E), whereas at E13.5 a plaque of tissue could often be
seen protruding through the neural tube opening, overlying the dorsal aspect

of the entire spinal region (Figure 4-4, H).

Closed defects were highly variable and did not appear to progress as clearly
through gestational age points compared to open defects. At E9.5 the newly
closed cranial neural folds were often misshapen and asymmetrical (Figure
4-4, C), whereas E11.5 and E13.5 embryos showed a variety of facial
abnormalities, uni/bi-lateral eye abnormalities/agenesis, and overgrowth of
the cranial and spinal regions (Figure 4-4, F, 1). These abnormalities have
been previously reported (Zak et al., 2016), as well as histological structural
changes of the retina (Sottocornola et al., 2010). For the purpose of this
study on NTDs, the analysis of histological structural changes was limited to
the neural tube.

Figure 4-5 shows the variation of disruption in neural tube architecture
observed in sections at the three developmental ages, in mutant
(Trp53bp223/23) embryos with and without a macroscopic phenotype, in

comparison to wild-type embryos.
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Mutant: non-macroscopically Mutant: macroscopically
Wild-type phenotypic phenotypic

E11.5 E9.5

E13.5

Figure 4-5: Histological morphology of the neural tube in wild-type and Trp53bp22%23 embryos

Example images of wild-type, non-macroscopically phenotypic mutant and macroscopically phenotypic mutant embryos, at each of E9.5, E11.5 and E13.5,
with corresponding section images depicting their histological morphology. Dorsal is upwards and ventral is downwards for all section images. (A) Wild-type
E9.5 embryo with two section lines relating to images B and C. (B) Neural tube with single lumen spanning the majority of the midline neuroepithelium in the
dorso-ventral axis. Otic vesicle can be seen on the right-hand side (RHS). (C) Neural tube further caudal to B with single lumen. (D) Non-macroscopically
phenotypic mutant E9.5 embryo with two section lines relating to images E and F. (E) Neural tube with 2 lumens separated by an apparent ‘bridge’ of
neuroepithelium that crosses the midline. Otic vesicle on RHS. (F) Neural tube further caudal to E, with single lumen spanning dorsal to ventral aspects. (G)
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Macroscopically phenotypic mutant embryo with a small, deformed cranial region and an open neural tube in the region between the arrows. Two section lines
relate to images H and I. (H) Neural tube section with 3 lumens and an undefined mass of cells in the dorsal region, inferior to the surface ectoderm. (1)
Neural tube section further caudal to H, showing 3 lumens surrounding central cell cluster containing a possible 4t lumen. (J) Wild-type E11.5 embryo with
two section lines corresponding to images K and L. (K) Neural tube with single lumen spanning the dorsal-ventral axis in the midline. Asterisks show the
regions of motor neuron differentiation in the ventro-lateral swellings of the neural tube. (L) Neural tube further caudal to K, with single continuous lumen and
lack of motor neuron swellings. (M) Non-macroscopically phenotypic E11.5 embryo with two section lines relating to images N and O. (N) Neural tube with 2
lumens separated by a bridge of neuroepithelium crossing the midline. Small circular lumen retained just above the floor-plate. (O) Neural tube section further
caudal to O, with 3 clear lumens and 3 lesion-like openings. (P) Macroscopically phenotypic mutant E11.5 embryo with craniofacial abnormalities, intracranial
haemorrhage and a contorted, overgrown neural tube (see arrows). Section lines relate to images Q and R. (Q) Neural tube with 3 lumens and potential
midline lesions. Small circular lumen retained just above the floor-plate. (R) Caudal neural tube with 2 slit-like lumens, 1 circular lumen and a flattened disc-
shaped lumen immediately above the floor-plate. (S) Wild-type E13.5 embryo with two section lines corresponding to images T and U. (T) Neural tube section
showing a circular, symmetrical neural tube with a lumen spanning the midline in the dorso-ventral axis. (U) Similar neural tube architecture as in T, but
slightly more elongated. (V) Non-macroscopically phenotypic mutant E13.5 embryo with section lines corresponding to W and X. (W) Neural tube of a similar
proportion and shape as in T, but with 3 separate lumens located along the midline. (X) Similarly shaped neural tube as in U, with 2 lumens separated by a
bridge of neuroepithelium. A clearly distinct circular lumen lies just above the floor-plate. (Y) Macroscopically phenotypic E13.5 embryo with exencephalic-like
protrusions extending to the hindbrain and upper neural tube, and eye abnormalities (also exhibited uni-lateral eye agenesis, not seen in this image). Section
lines correspond to Z and A’ (Z) Neural tube of embryo in Y, with 3 slit-like lumens situated along the midline (A’) Neural tube further caudal to Z, with no
apparent lumen. Cell clusters appear in the neuroepithelium, the most distinct being just above the floor-plate. Scale bars 1mm.



The histological appearance of wild-type embryos at all three gestational
ages was of a symmetrical neural tube containing a single midline lumen,
extending from roof-plate to floor-plate. At E9.5, the lumen was bordered by a
pseudostratified neuroepithelium of relatively uniform appearance except at
the dorsal and ventral poles where it was extremely thin (Figure 4-5, B, C). At
E11.5, ventro-lateral thickenings of the neuroepithelium corresponded to
motor neuron differentiation in these regions, whereas the proliferative
neuroepithelium occupied most of the wall thickness of the neural tube more
dorsally (Figure 4-5, K). By E13.5 the proliferative neuroepithelium had
reduced to a thin ventricular zone, bordering the lumen along the entire
dorso-ventral axis, while the majority of the neural tube more laterally (the

‘mantle zone’) contained differentiated neurons.

The histological architecture of the neural tube in E9.5 non-macroscopically
phenotypic Trp53bp22%23 embryos (Hom-NMP) appeared normal in 2/3
embryos compared to the wild-type (Table 4-1). However, in 1/3 non-
macroscopically phenotypic embryos, disruption could be seen in certain
regions where apparent overgrowth of the neuroepithelium resulted in lumen
obliteration. This mainly affected the ventral portion of the neural tube,
whereas the dorsal region showed a relatively normal structure (Figure 4-5,
E). The histological architecture of macroscopically phenotypic E9.5
Trp53bp223/A3 embryos appeared chaotic, with multiple lumens and abnormal
neuroepithelial organisation (Figure 4-5, H-I). At E11.5, the neural tube of
non-macroscopically phenotypic embryos tended to vary depending on
location along the body axis. More rostral regions were often similar to wild-
type, with the exception of a neuroepithelial tissue bridge that crossed the
midline, separating the dorsoventrally-aligned lumen into two parts (Figure
4-5 N). In macroscopically phenotypic cases, multiple lumens were visible
within the neural tube, often with a highly complex folded structure (Figure
4-5 Q-R). At E13.5, the Trp53bp223/23 embryonic spinal cord varied
histologically, based on whether the region of neural tube in the section was
open or closed. Where open, an extensive plaque lay over the affected
region, appearing histologically as a mass of tissue over a small lumen
retained just superior to the floor-plate (not shown). Sections of closed neural
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tube regions at E13.5 often exhibited chaotic neuroepithelial cells and
intersected midline lumens (Figure 4-5, W-X, Z-A’). Occasionally cell clusters
or rosettes could be seen dispersed throughout the neuroepithelium (Figure
4-5, A’). A small lumen above the floor-plate was retained in the majority of
sections in E11.5 and E13.5 Trp53bp22%23 embryos, which was a striking
finding given the otherwise highly variable appearance of the overgrowth

phenotype.

In conclusion, while many Trp53bp223/23 embryos appear ‘normal’ by
macroscopic morphology (Hom-NMP), leading to the idea that the ASPP2
phenotype is partially penetrant, the histological architecture of these
embryos suggests otherwise, and tissue-level abnormalities are present in
almost all cases from E11.5 onwards. This raises the possibility that all
mutants have defects at the cellular level, but that this is only sufficient to
produce a macroscopically visible phenotype in a proportion of homozygotes.

4.2.3 Proliferation is increased in late-stage Trp53bp224%323embryos and

ectopic mitoses are increased in mutants at all gestational ages

To understand the cellular mechanisms leading to the complex phenotype in
Trp53bp223A3 embryos, which involves apparent overgrowth of the ventral
neuroepithelium by E11.5, proliferation was the first cellular process to be
assessed. Although it was now clear that mutant embryos lacking a
macroscopic phenotype exhibit histological abnormalities, the distinction
between non-macroscopically phenotypic and macroscopically phenotypic
homozygous mutants was maintained to assess the progression of the
phenotype within the same gestational age group. Therefore, for all future
immunofluorescence assessment, a 3-way comparison between Trp53bp2*/*
(wild-type) embryos, Trp53bp223/23 (mutant) non-macroscopically phenotypic
(NMP) embryos and Trp53bp22%/23 macroscopically phenotypic (MP)
embryos was used (phenotypic classed as any macroscopic sign of

abnormality).
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Phospho-histone H3 (PHH3) was used to label cells going through mitosis at
the time embryos were fixed. Mitosis normally occurs at the apical/lumenal
border of the neural tube in mouse embryos. However, a previous study
found an increase of mitotic cells away from the lumenal border in the brains
of ASPP2 mutant embryos (Sottocornola et al., 2010). Hence, two
guantifications were made: total mitotic index was calculated as: (no. PHH3+
cells / DAPI+ cells) x 100, and ectopic mitotic index (mitoses away from the
lumenal border) was calculated as: (no. ectopic PHH3+ cells / no. total
PHH3+ cells) x 100. Mitoses were considered as ectopic if they occurred >3
nuclear diameters away from the lumenal surface within the neuroepithelium
(see 2.5.1).
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Figure 4-6: Total and ectopic mitotic index analysis

(A,D,G) Transverse sections of E9.5, E11.5 and E13.5 neural tubes, with PHH3-labelled
mitoses in green, DAPI-labelled nuclei in blue, and dotted circles around examples of ectopic
mitoses. Dashed line highlights neural tube border. (B,E,H) % PHH3+ cells / DAPI+ cells (y-
axis max. 10%) in E9.5 (B), E11.5 (E), and E13.5 (H) embryos. Macroscopically phenotypic
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mutant embryos (mutant: MP) have a significantly higher proportion of mitoses (PHH3) out of
total cell count (DAPI), compared to wild-type embryos at all stages, and compared to non-
macroscopically phenotypic embryos (mutant: NMP) at E9.5 and E11.5. NMP mutant
embryos have a significantly different mitotic index compared to wild-types at E11.5 and
E13.5. (C,F,l) % ectopic PHH3+ cells / total PHH3+ cells in E9.5 (C), E11.5 (F) and E13.5 ()
embryos. MP mutants have a significantly higher proportion of ectopic mitoses compared to
wild-type and NMP mutant embryos at all 3 stages. NMP mutants have a significantly higher
proportion of ectopic mitoses compared to wild-type embryos at E11.5 and E13.5. Statistical
analysis: One-way ANOVA showed significant variation in mitotic index and % ectopic
mitoses measurements between the 3 genotype/phenotype combinations in all analyses (p <
0.05). Post-hoc pair-wise tests of NMP mutant / MP mutant / wild-type embryos: *** p <
0.001, * p < 0.05; Student’s t-tests. Error bars: standard error. n = 3 embryos per
genotype/phenotype group, 3-4 slides per embryo, 4-5 sections per slide. Total
mitoses/ectopic mitoses counted: E9.5: wild-type: 1580/262. Mutant: NHM: 1650/308.
Mutant: MP: 2223/845. E11.5: wild-type: 2707/241. Mutant: NHM: 3082/947. Mutant: MP:
4202/1954. E13.5: wild-type: 403/53. Mutant: NHM: 931/530. Mutant: MP: 2668/2560.

Initial observations of PHH3-labelled mutant embryo sections highlighted an
apparent increase in mitotic cells away from the apical border (ectopic
mitoses), compared to wild-type sections (see Figure 4-6, A, D, G). To
explore this in more detail, both overall mitotic index and % ectopic mitoses

were determined in wild-type and mutant embryos.

An indication of total proliferative rate was obtained by calculating % PHH3+
cells / DAPI+ cells. This showed that total mitotic index is increased in MP
mutants at all gestational ages studied, compared to wild-type embryos and
also significantly increased compared to non-macroscopically phenotypic
embryos at both E9.5 and E11.5. Interestingly, total mitotic index was
reduced in the NMP mutant embryos compared with wild-type at E11.5, yet
was significantly increased at E13.5 (Figure 4-6, B, E, H).

Quantification of ectopic PHH3+ cells / total PHH3+ cells revealed that
macroscopically phenotypic mutant embryos had a significantly higher
proportion of ectopic mitoses than both wild-type and non-macroscopically
phenotypic embryos at each gestational age. NMP mutant embryos also had
a significantly higher proportion of ectopic mitoses compared to wild-type at
E11.5 and E13.5. Hence, not only are non-macroscopically phenotypic
Trp53bp223/23 embryos disrupted histologically, the apical localisation of

mitosis is also affected.
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It was noted that ectopic mitoses often correlate with the presence of a

smaller apical border / lumenal surface (Figure 4-6, G). On the other hand,

even when the neural tube appeared of normal structure, ectopic mitoses

were still numerous in mutant embryos (Figure 4-6, D). To investigate this

question in more detail, it was decided to explore the relationship between

lumenal circumference (and therefore total length of the apical border), and

frequency of ectopic mitoses (Figure 4-7).
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Figure 4-7: Lumen circumference analysis

(A-C) Lumen circumference in pixels (px) normalised to neural tube circumference (px) for
wild-type, non-macroscopically phenotypic (Mutant: NMP) and macroscopically phenotypic
mutant embryos (Mutant: MP). (A) Total lumen circumference did not differ significantly
compared to wild-type embryos in either E9.5 mutant type. (B,C) Both MP and NMP mutants
had a significantly smaller total lumen circumference compared to wild-type embryos at
E11.5 (B) and E13.5 (C). MP mutants had a significantly smaller lumen circumference
compared to NMP mutants at both stages. (D) % ectopic PHH3+ / total PHH3+ (y-axis)

plotted against lumen circumference (x-axis) (E11.5 only). The proportion of ectopic mitoses
stays low (around ~10%), regardless of lumen circumference, in wild-type embryos, whereas
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large variation is seen in both MP and NMP mutants. Linear regression lines show a trend
towards a decrease in % ectopic mitoses when lumen circumference increases. (Wild-type:
y=-0.001x+10.875, R?=0.007, mutant: NMP: y=-0.0065x+41.908, R2=0.0885, mutant: MP y=-
0.0094x+59.053, R2=0.1238. Linear regression for total data points: y=-0.0159x+58.452,
R2=0.2485 (not shown). Statistical analysis: One-way ANOVA showed significant variation
in lumen circumference between the 3 genotype / phenotype combinations in E11.5 and
E13.5 analysis (p < 0.05). No significant variation was found in E9.5 analysis. Post-hoc pair-
wise tests of NMP mutant / MP mutant / wild-type E11.5 and E13.5 embryos: *** p < 0.001,
** p < 0.01; Student’s t-tests. Error bars: standard error. n = 3 embryos per
genotype/phenotype group, 3-4 slides per embryo, 4-5 sections per slide. Number of lumens
measured: E9.5: wild-type: 35. Mutant: NHM: 37. Mutant: MP: 35. E11.5: wild-type: 30.
Mutant: NHM: 35. Mutant: MP: 34. E13.5: wild-type: 25. Mutant: NHM: 19. Mutant: MP: 19.

Firstly, total lumen circumference (sum of all present lumens in the neural
tube) in each embryo group was measured. To alleviate discrepancies of
neural tube size between sections, lumen circumference was normalised to
neural tube circumference (both measured in pixels). In E9.5 embryos there
proved to be no significant difference in lumen circumference in either mutant
type, compared to wild-type embryos (Figure 4-7, A). E11.5 and E13.5
embryos, however, showed a reduction in lumenal circumference (i.e.
normalised length of apical border) in both the macroscopically phenotypic
and non-macroscopically phenotypic mutants compared to the wild-type, with
the largest reduction in lumen circumference seen in MP mutants at both
gestational ages (Figure 4-7, B, C). Hence, with increasing occurrence of
multiple lumens within the neuroepithelium, the proportion of lumenal

circumference to neural tube circumference reduces.

It was hypothesised that the significant increase in % ectopic mitoses in
E11.5 and E13.5 mutants (Figure 4-6, F, 1) may result from the reduction in
apical border (lumenal circumference) at these stages. To visualise the
relationship between lumen circumference and ectopic mitosis, % ectopic
PHH3+ cells / total PHH3+ cells was plotted against lumen circumference
(px), using E11.5 embryo data. The expectation, assuming there is a direct
correlation between the two factors, would be: when lumen circumference is
decreased, ectopic mitoses are increased (less apical border = fewer apical
mitoses and more ectopic mitoses). Figure 4-7, D, shows that in E11.5 wild-
type embryos the proportion of ectopic mitoses remained at a low level
despite variations in lumen circumference. In the mutant situation, however,
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where the proportion of ectopic mitoses is higher and lumen circumference
more varied, linear regression lines suggest a more negative correlation

between lumen circumference and ectopic mitotic index (Figure 4-7, D).

Importantly, however, Figure 4-7D shows that for a given lumenal
circumference (e.g. 2000-2500 pixels), mutants show a 3-4 times higher %
ectopic mitoses than wild-type embryos. This argues that ectopic mitosis is a
feature specific to loss of ASPP2 function, and not simply a result of reduced

apical neuroepithelial border.

To further investigate the location of proliferating cells within the
neuroepithelium, E11.5 embryos were used to analyse mitosis in the ventral
and dorsal halves of the neural tube. E9.5 embryos had a more variable and
less established neural tube structure and a large proportion of E13.5 MP
Trp53bp223/A3 embryos were open with an extensive plaque, whereas E11.5
embryos, even when macroscopically phenotypic, provided an appropriate
basis to differentiate between the ventral/dorsal regions. Using the images
taken for complete neural tube PHH3 analysis, a midline was drawn between
the dorsal and ventral regions of the neural tube in E11.5 sections, and
PHH3+ counting was repeated (see 2.5.1).
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Figure 4-8: Ventral and dorsal neural tube: mitotic and ectopic mitotic index

analysis

(A) Section examples of E11.5 wild-type (WT), mutant: non-macroscopically phenotypic
(Hom-NMP), and mutant: macroscopically phenotypic (Hom-MP) embryos. Dashed lines
represent neural tube border and half-way section line separates ventral and dorsal regions.
(B-C) Dorsal vs ventral analysis of E11.5 WT, mutant: non-macroscopically phenotypic
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(NMP), and mutant: macroscopically phenotypic embryos (MP). (B) Mitotic index analysis (%
PHH3+ cells / DAPI+ cells). All 3 genotype / phenotype combinations had a significantly
lower proportion of mitoses in the ventral half compared to the dorsal half. MP mutant
embryos had a significantly higher mitotic index in the dorsal region compared to both wild-
type and NMP mutant dorsal regions. (C) Ectopic proliferation analysis (% ectopic PHH3+
cells / total PHH3+ cells). WT embryos had significantly fewer ectopic mitoses in the ventral
portion compared to the dorsal region. In both NMP and MP mutants there was a
significantly higher proportion of ectopic mitoses in the ventral half compared to the dorsal
half. MP mutant embryos had significantly more ectopic mitoses in both the ventral and
dorsal halves compared to the corresponding half in NMP mutants and wild-types. NMP
mutants had significantly more ectopic mitoses in both halves compared to the wild-type.
Statistical analysis: One-way ANOVA showed significant variation in dorsal half mitotic
index and both dorsal and ventral half ectopic mitotic index between the 3 genotype /
phenotype combinations (p < 0.05). No significant variation was found in ventral half mitotic
index analysis. Post-hoc pair-wise tests of NMP mutant / MP mutant / wild-type: *** p <
0.001, ** p = 0.01; Student’s t-tests. Tests of dorsal vs ventral regions for each embryo set:
*»**p <0.001, ** p<0.01; Student’s t-tests. Error bars: standard error. n = 3 embryos per
genotype/phenotype group, 3-4 slides per embryo, 4-5 sections per slide. Number of total
mitoses/ectopic mitoses counted: Wild-type dorsal: 1075/98, wild-type ventral: 665/35.
Mutant: NHM dorsal: 1226/339, mutant: NHM ventral: 713/273. Mutant: MP dorsal:
1809/701, mutant: MP ventral: 1061/612.

Total mitotic index analysis showed that within the wild-type and both mutant
types, the proportion of PHH3+ / DAPI+ cells was reduced in the ventral half
of the neural tube, compared to the dorsal region of the same section (Figure
4-8, B). This was unsurprising due to the presence of post-mitotic,
differentiating motor neurons in the ventro-lateral regions of the neural tube
at this time point (see asterisks in Figure 4-5, K). When comparing the 3
embryo sets, mitosis was increased in the dorsal region of macroscopically
phenotypic mutants compared to the dorsal region of wild-type embryos
(Figure 4-8, B), whereas no significant difference was found between ventral
regions. This suggests it is the dorsal region only, that corresponds to the

total increase in mitoses in MP mutants seen previously (Figure 4-6, E).

Ectopic proliferation analysis showed significantly reduced ectopic PHH3+ /
total PHH3+ cells in the ventral region of wild-type embryos compared to the
corresponding dorsal region (Figure 4-8, C). This was reversed in both
mutants with and without a phenotype, where the ventral region had a higher
proportion of ectopic mitoses compared to the dorsal region (Figure 4-8, C).
When comparing between embryo sets, a significant increase in ectopic
mitoses in both dorsal and ventral regions was found in macroscopically

phenotypic and non-macroscopically phenotypic mutants compared to the
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corresponding region in wild-type embryos, with the largest increase seen in
MP mutants. Therefore, the significant increase in the overall proportion of
ectopic mitoses reported earlier (Figure 4-6, F), was not restricted to either

dorsal or ventral regions of the neural tube.

To expand proliferation analysis further, a SOX2 antibody was used to
assess the proportion of progenitor cells in the neuroepithelium of E11.5
ASPP2 embryos. For this, image analysis was based on a staining threshold

combined with automated cell counting (see 2.5.1, Table 2-4, Figure 2-4).
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Figure 4-9: SOX2 threshold analysis

(A) Example images of E11.5 wild-type (WT), non-macroscopically phenotypic mutant (Hom-
NMP) and macroscopically phenotypic mutant (Hom-MP) embryos immunostained for SOX2
(DAPI staining channel removed in these images). White dashed line demarcates neural
tube border. SOX2 staining in the WT appeared strongest around the lumen, with little
staining found laterally. SOX2 staining in Hom-NMP embryos remained strong around the
lumen(s) yet had a more scattered appearance with positive cells appearing in ventro-lateral
positions (see arrow head in Hom-NMP image). SOX2 staining in MP mutants appeared
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more widespread throughout the neuroepithelium. (B) SOX2 staining quantification using
threshold analysis combined with cell counting analysis. %SOX2+ cells / DAPI+ cells did not
differ significantly between wild-type and non-macroscopically phenotypic mutants.
Macroscopically phenotypic mutants had a significantly higher proportion of SOX2+ cells
compared to wild-type embryos. There was no difference between MP and NMP mutants.
Statistical analysis: One-way ANOVA showed significant variation in SOX2 staining
between the 3 genotype / phenotype combinations (p < 0.05). Post-hoc pair-wise tests of
NMP mutant / MP mutant / wild-type: ** p < 0.01; Student’s t-tests. Error bars: standard error.
n = 3 embryos per genotype/phenotype group, 3-4 slides per embryo, 4-5 sections per slide.
Nuclei count/SOX2+ count: wild-type: 21948/14640, mutant: NHM: 21008/15373, mutant:
MP: 21424/16841.

SOX2 is a transcription factor, known to be expressed in neural progenitor
populations within the central nervous system (Hutton and Pevny, 2011). It
was used here to assess a wider population of proliferating, immature cells
within the neuroepithelium. Observations of wild-type embryos showed
densely populated SOX2 positive cells lining the border of the lumen. In the
dorsal region of the neural tube, positive cells reached more laterally within
the neuroepithelium but were rarely found at the basal border (Figure 4-9, A,
WT). In non-macroscopically phenotypic mutant embryos, although SOX2
staining remained strongest around the apical border, it also appeared more
disordered and scattered throughout the neuroepithelium. Positive cells were
even found in ventro-lateral positions where motor neuron differentiation is
normally occurring (see arrowhead in Figure 4-9, A, Hom-NMP). SOX2
staining in macroscopically phenotypic mutants appeared to be present
across the entire mid-lateral width of the neural tube in dorsal and middle
regions. Staining was not strongest around the lumen border, as in the wild-
type, but instead was equally spread out over a wide proportion of the

neuroepithelium (Figure 4-9, A, Hom+).

To quantify these observations, Shanbhag threshold analysis of SOX2
staining was combined with automated cell counting of DAPI staining, to give
% SOX2+ cells / DAPI+ cells (see 2.5.1). It was found that there was no
significant difference between NMP mutant SOX2 staining compared to the
wild-type, nor between mutants. However, there was a significantly higher
proportion of SOX2 positive cells (~79%) within the neuroepithelium of MP
mutants, compared to wild-type embryos (~69%) (Figure 4-9, B).
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In conclusion, cell proliferation and progenitor cell population assessment
suggested considerable disruption in Trp53bp22323 embryo neuroepithelial
cells, both quantitatively, and qualitatively (distribution of mitoses and
progenitor cells). Mitotic index of the neural tube was shown to be
significantly increased in macroscopically phenotypic mutants at all 3
gestational ages, as well as in NMP E13.5 embryos (Figure 4-6, B, E, H), and
the most striking change in both MP and NMP ASPP2 mutant embryos was
the increase in ectopic mitoses, at least partially irrespective of lumen
circumference (Figure 4-7). The next investigation followed what became of
cells in Trp53bp223/23 embryos when they left the cell cycle and started to

differentiate.

4.2.4 Cell cycle exit is unchanged and neuronal differentiation is

disrupted in Trp53bp22%43 embryos

Cell cycle exit occurs when cells stop dividing and begin to differentiate. To
assess this process, EdU, a modified thymidine analogue, can be combined
with Ki67 staining to calculate the proportion of cells leaving the cell cycle, as
follows: EdU, when injected intraperitoneally into a pregnant dam, is
incorporated into cells during DNA synthesis (S-phase) within the embryo
(the ‘pulse’); after a pre-determined period of time (the ‘chase’), embryos
from the injected pregnant dam are collected, fixed, and stained for Ki67, a
marker that labels cells in any phase of the cell cycle; cells originally labelled
with EdU (therefore within the cell cycle upon the point of injection) can now
be assessed as to whether they, and their progeny, have remained in the cell
cycle up to the time of collection. This technique has been used in many
studies previously: e.g. to assess cell cycle exit in the developing cerebral
cortex, using an alternative thymidine analogue, BrdU (Woodhead et al.,
2006).

E11.5 embryo sections stained for EdU / Ki67 / DAPI were analysed, firstly,
for % EdU+ cells / DAPI+ cells, to assess the proportion of cells in S phase at
the point of injection, and secondly, for % Ki67+ & EdU+ cells / EdU+ cells, to

assess the proportion of cells that re-enter and remain in the cell cycle during
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the time period prior to embryo collection. For both analyses, 2 different time
points were assessed: 6 and 24 h after EdU injection. Both sets were
collected at the same time on embryonic day 11.5, to ensure matching of

gestational ages at the end-point for observational comparisons.
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Figure 4-10: EdU and Ki67 staining analysis

(A) Example image panel of 6 h EdU and Ki67-stained sections from E11.5 wild-type, non-
macroscopically phenotypic (Mutant: NMP) and macroscopically phenotypic mutant embryos
(Mutant: MP). Mixed = composite image. Blue = DAPI. Green = EdU. Red = Ki67. Note: Ki67
staining intensities vary depending on cell cycle stage, e.g. mitotic cells are brightest but not
exclusively labelled. White dashed line demarcates neural tube border. On first observations,
EdU staining appears more disorganised in both mutants compared to the wild-type. Ki67
appears to closely match the EdU staining in all 3 embryos sets. (B) 6 h EdU pulse: % EdU+
cells / DAPI+ cells. No significant difference was found in the proportion of EdU positive cells
between the three embryo sets. % EdU+ cells ranged ~40-50%. (C) 6 h EdU pulse: %
Ki67+EdU+ cells / total EdU+ cells. No significant difference was found in the proportion of
double-labelled cells (out of total EAU positive cells) between either mutant group and wild-
types. % Ki67+EdU+ cells ranged ~85-90% total EJU+ cells. (D) 24 h EdU pulse: % EdU+
cells / DAPI+ cells. No significant difference was found in the proportion of total cells that
were EdU positive between any embryo group type. % EdU+ cells ranged ~50-60%. (E) 24 h
EdU pulse: % Ki67+EdU+ cells / total EQU+ cells. No significant difference was found in the
proportion of double-labelled cells (out of EAU positive cells) between either mutant group
and wild-types. % Ki67+EdU+ cells ranged ~45-60% total EdU+ cells. Statistical analysis:
One-way ANOVA showed no significant variation in % EdU or % Ki67+EdU staining between
the 3 genotype / phenotype combinations. Error bars: standard error. n = 3 embryos per
genotype/phenotype group. Number of sections analysed: wild-type: 6h: 35, 24h: 23. Mutant:
NMP: 6h: 41, 24h: 22. Mutant: MP: 6h: 37, 24h: 25.

Figure 4-10, A, shows example images of E11.5 embryo sections following a
6 h time chase, between EdU injection and embryo collection. EdU staining
in wild-type showed positive cells around the lumenal border and covering
~1/2 - 2/3 of the neuroepithelium in the dorsal and mid regions. Non-
macroscopically phenotypic mutants had a more disorganised and scattered
EdU staining. Macroscopically phenotypic mutants had a variable staining
which was harder to analyse by eye due to the chaotic neural tube
architecture. Ki67 staining is known to be variable in its distribution within the
cell depending on cell cycle stage (Galea et al., 2013). Although Ki67 staining
intensity was strongest in the mitotic cells, positively labelled cells were found
to cover similar areas of the neural tube as the EdU staining, at 6 h. Embryos
collected following a 24 h chase period (images not shown), appeared to
have a slightly higher coverage of EdU staining in the neuroepithelium,
reaching the lateral borders of the neural tube. The staining intensity had
reduced compared to 6 h pulse embryos, likely due to EdU dilution with cell

divisions.

108



Quantification was achieved through double threshold analysis for EdU and
Ki67 staining, combined with automated DAPI cell counting (see 2.5.1, Figure
2-4). The proportion of EJU+ cells / DAPI+ cells was calculated to assess the
percentage of cells at 6 h or 24 h that were the mitotic descendants of cells
originally labelled with EdU. No significant difference was seen after a 6 h
EdU chase, or a 24 h EdU chase, across the three embryo sets (Figure 4-10,
B, D). Between the two time points, the % EdU+ cells increased by ~10%
(~40-50% after 6h pulse, ~50-60% after 24h pulse). Furthermore, there was
no significant difference found between wild-type, macroscopically
phenotypic and non-macroscopically phe