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Summary

Genes that are imprinted are subject to a developmentally determined
epigenetic marking, which restricts expression to a single allele, dependant on
the parent of origin. Selection of imprinted genes for monoallelic expression
indicates their function is highly dosage sensitive. Altered dosage of imprinted
genes has been linked to a number of neurological conditions, including
psychosis. Cdknlc is an example of an imprinted gene whose expression is
sensitive to the in utero environment. Considerable development of the nervous
system takes place in utero and suboptimal pregnancies have been linked to the
occurrence of psychiatric and other behavioural disorders in adults. One
mechanism through which the maternal environment may impact foetal

development is by altering the epigenetic regulation of vulnerable genes.

A prenatal low protein or high fat diet resulted in alterations in a subset of
imprinted gene in the brains of the offspring at E18.5. This was accompanied by
sexually dimorphic changes in the dopaminergic system. Previously published
findings reporting sensitivity of Cdknlc to a prenatal low protein diet were
replicated with a 1.8 fold increase in neural Cdknlc expression observed. This
was shown to be due to a change in the parental contribution to expression
levels of this gene. Modelling the specific alteration of an increase in Cdknlc
genetically (Cdkn1cBACX1 line) revealed anhedonia, but with an increased
motivational drive, towards a palatable solution, with corresponding changes in
the reward system responsivity and chemistry in the adult brain. Additionally
presence of a Cdkn1cBACx1 animal in a group destabilised the social hierarchy,

negatively effecting fitness of all group members.

An adverse in utero environment increases Cdkn1c levels to those reminiscent of
the genetic ‘loss of imprinting’ model. Such alteration in expression of Cdknlc
has significant consequences for adult neurochemistry, reward processing and
the social environment and fitness of the group. This work suggests a potentially
crucial role, of at least Cdkn1c, and perhaps imprinted genes more generally, in

mediating the negative consequences of an adverse in utero environment.
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Chapter 1: Introduction

The current research sought to examine the effect of an altered dosage of a
single imprinted gene, Cyclin dependant kinase inhibitor 1c (Cdknlc) (also
known as p57Xir2), on brain development, neurochemistry, and adult behaviour.
Additionally, the consequences of alterations to maternal diet during pregnancy
on fetal brain imprinted gene expression and neural development were

assessed.

1.1 Imprinted genes

Imprinted genes represent a subset of genes that, so far, are found exclusively in
therian mammals and some flowering plants, which violate Mendel’s second
law, namely that of independent assortment. Specifically, though each gene is
represented biallelically, expression of imprinted genes is monoallelic. During
gametic or embryonic development one allele becomes epigenetically silenced
and expression occurs predominantly from a single allele. This differs from X-
chromosome inactivation in eutherian females as, rather than being
(predominantly) random (Migeon et al, 1985), the identity of the

silenced/expressed allele is dependent on the parent of origin of that allele.

Currently there are approximately 125 genes that are recognised as classically
imprinted and show  parental specific monoallelic expression

(http://www har.mrc.ac.uk/research/genomic_imprinting/). The number of loci

loci displaying parent of origin effects on expression has been reported to be as
high as 1300 in the mouse brain (Gregg et al., 2010). However, this figure has
come under scrutiny (DeVeale et al, 2012). Regardless of the total number,
what is clear is the importance of imprinted genes for embryonic development.
Seminal  experiments  generating androgenetic,  gynogenetic  and
parthenogenetic murine embryos revealed a non-equivalence of the parental
genomes manifesting as failure of correct development of both embryonic and
placental structures, and embryonic fatality (Kaufman et al., 1977; Surani and
Barton, 1983; McGrath and Solter, 1984a; Surani et al., 1984; Thomson and
Solter, 1988). What was particularly interesting about this series of experiments

was the defined pattern of failed development for both. Embryos derived from
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two copies of the maternal genome (either parthenogenetic or gynogenetic)
died mid gestation (~E10) with relatively normal, if growth restricted fetal
development but with poor development of extra-embryonic tissues (Kaufman
et al.,, 1977; Surani and Barton, 1983; Surani et al,, 1984, 1986; Thomson and
Solter, 1988). Androgenetic embryos (derived from two copies of the paternal
genome from a single donor) died at an earlier timepoint, E8.5, and were both
growth restricted and developmentally delayed but with an abundance of extra-
embryonic tissue (Barton et al., 1984; Surani et al., 1986; Thomson and Solter,

1988).

Further experiments were performed using embryonic stem cells (ESCs)
derived from monoparental blastocysts. Detailed examination of the brains from
mouse chimeras generated with parthenogenic ES cells demonstrated the
necessity of representation of both parental chromosomes for neural
development (Allen et al., 1995). Parthenogenetic cells were confined to specific
sub-regions of the brain at embryonic and adult time-points, specifically cortical
regions (including the hippocampus), superior colliuclus, red nucleus, ventral
tegmental area (VTA), substantia nigra (SN), locus coeruleous, medial raphe and
parabrachial nucleus with notable exclusion from the hypothalamus (Allen et
al, 1995; Keverne et al, 1996). The reciprocal experiment determining the
contribution of androgenic cells to the nervous system identified an almost
inverse pattern, with relatively high representation of androgenetic cells in the

hypothalamus and choroid plexus (Keverne et al., 1996).

Genetically more focused experiments examining uniparental disomy of specific
chromosomes identified maternally inherited murine distal chromosome 7 as
being crucial for development of the placental spongiotrophoblast (McLaughlin
et al., 1996) and embryonic growth (Ferguson-Smith et al., 1991). Additionally,
maternal or paternal disomy of proximal chromosome 11 (but not chromosome
13) of the mouse, resulted in smaller and larger offspring/placenta,
respectively, compared to controls (Cattanach and Kirk, 1985; Cattanach et al,,

2004). Similarly, both maternal and paternal uniparental disomy of distal
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chromosome 2 resulted in perinatal lethality, with gross morphological

differences from normal biparental neonates (Cattanach and Kirk, 1985).

While some imprinted genes display universally imprinted expression, some are
imprinted in only a subset of tissues, while some show temporal imprinting.
Kcnq1 is imprinted in the placenta and early embryo but becomes progressively
biallelically expressed (Gould and Pfeifer, 1998; Paulsen et al., 1998; Umlauf et
al., 2004; Wang et al,, 2011b). Peg12 is imprinted in the embryo, adult nervous
system, spleen and lung but not in the placenta (Kobayashi et al., 2002; Tran et
al,, 2013). Gnas is imprinted in adipose tissue but displays biallelic expression in
the placenta and kidney (Yu et al, 1998; Okae et al, 2011). In the adult
subventricular zone (SVZ), the neurogenic niche of the adult brain, DIkI,
imprinted in the placenta and adult brain, displays complex imprinting status.
DIk1 is monoallelic and biallelic in adjacent cells, the SVZ and the neural stem
cells (NSCs) and niche astrocytes therein, simultaneously (Ferron et al.,, 2011).
Igf2 is monoallelically expressed from the paternal allele in the placenta and
embryo with the exception of the choroid plexus epithelium and the
leptomeninges, and the adult brain (Ohlsson et al., 1994; Pham et al., 1998). So
important is correct dosage of IgfZ that lethality of parthenogenetic embryos
can, to some extent, be rescued by deletion of the Igf2/H19 imprinting control
region (ICR), restoring Igf2 dosage (Kono et al, 2004). Possibly most
interestingly of all is the case of Grb10, which is expressed from the maternal
allele in the placenta and the majority of embryonic tissues but from the
paternal allele in the nervous system (Miyoshi et al., 1998; Arnaud et al., 2003;
Charalambous et al,, 2003b). These parental alleles perform distinct roles in
behaviour and placental function (Charalambous et al.,, 2010; Garfield et al,,

2011; Cowley et al., 2014).

1.1.1 Evolution

The emergence of monoallelic gene expression within mammalian lineages did
not occur at all imprinted loci simultaneously as indicated by differing
imprinting status at the same loci between evolutionarily distant therian
mammals, such as the tammer wallaby (marsupial) and mouse (eutherian)

(Renfree et al., 2013). The selective pressures for monoallelic expression have
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been much speculated upon (Holman and Kokko, 2013; Patten et al., 2014). One
theory postulates that imprinted gene expression evolved as a method of co-
adaption of interacting genes at distant loci (Wolf, 2013). Indeed, it is the case
that imprinted function converges not only on the same physiological functions
but also often on the same pathway or signalling cascade. For example,
imprinted gene function, thus far, appears to converge on a limited number of
physiological functions including fetal growth (Smith et al, 2006), metabolic
function (Radford et al., 2011), placental development (Frost and Moore, 2010)
and behaviour (Wilkinson et al., 2007). Even within the broad reaching topic of
‘behaviour’, though currently under-investigated, imprinted gene function
converges on socio-sexual behaviours (Curley and Mashoodh, 2010; Ubeda and
Gardner, 2010; Garfield et al,, 2011; Ubeda and Gardner, 2011; McNamara and
Isles, 2014), novelty reactivity (Plagge et al., 2005) and maternal care (Swaney
et al, 2007; Broad et al., 2009). This convergence of imprinted gene function
may arise, in some cases, from co-expression within the same cell type, as is the
case for Grb10 and Nesp55 in the nervous system (Dent et al., in preparation).
Alternatively, convergence may occur within the same signalling cascade, for
example the cell cycle (Hernandez et al., 2003). G1 to S- phase transition in
neural progenitors has been shown to be regulated by Zac1 and Cdkn1c via Tcf4
(Lee et al., 1995; Matsuoka et al., 1995; Schmidt-Edelkraut et al.,, 2013). In fact
Zacl has been shown to directly bind the long noncoding RNA (IncRNA)
Kcnqlotl unmethylated promotor (Arima et al, 2005) and promote its
transcription. Transcription of this IncRNA is required for monoallelic Cdknlc
expression (Mancini-Dinardo et al, 2006). In the opposite case, high Igf2
expression, both in vitro and in vivo, leads to decreased Cdknlc expression
(Caspary et al.,, 1999; Grandjean et al., 2000), possibly through Igf2 binding to
the tyrosine kinase receptor Igflr and phosphorylation of Akt (Protein Kinase
B). Akt has been shown to directly down regulate Cdkn1c through binding and
cytoplasmic translocation (Lo, 2013; Zhao et al., 2013).

An alternative theory relates to the observation that imprinted genes tend to
occur in clusters throughout the genome (Verona et al., 2003). This has led to a

number of variations of the ‘bystander hypothesis’ of imprinted gene evolution.
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The origin of this comes from the so-called ‘ovarian time bomb’ hypothesis put
forward in the early 90’s (Varmuza and Mann, 1994). This speculated that the
establishment of imprinting was to prevent parthenogenesis and protect the
female from hydratiform mole, or other ovarian teratoma, formation. This
theory speculated that this is achieved via ovarian inactivation of genes
required for trophoblast development, and that monoallelic expression spread
from this initial site (Varmuza and Mann, 1994). From its inception, this theory
has generated heated debate (Haig, 1994; Mann and Varmuza, 1994; Moore,
1994; Solter, 1994). Primary criticisms include that the relative rarity of
malignant ovarian teratomas, especially outside of humans, was not a great
enough selective pressure. Additionally the theory failed to explain the

imprinting phenomenon in plants.

While the causative event for establishment of the initial imprint may be a
source of contention, the ‘innocent bystander’ aspect to the theory is attractive
and has garnered more attention that the initial theory itself. Alternative
pressures for gene silencing have been since described, with the advent of
whole genome sequence data. These include, as a mechanism of host defence
from insertion of exogenous genetic material or retrotransposition. The idea of
imprinting as a mechanism of host defence itself is an old one (Barlow, 1993).
This postulates that DNA methylation arose as a mechanism to silence genomic
material recognised as ‘foreign’ and that imprinted loci, either by similarity or
proximity to this ‘non-self’ material also became silenced in the oocyte (Barlow,
1993). While this incarnation of the theory can now be considered incomplete, it
is an exciting concept that still receives attention (Ferguson-Smith, 2011). The
mammalian genome utilises DNA methylation to silence potentially harmful
retroelements (Bestor, 1999, 2003; McDonald et al., 2005; Jones et al.,, 2010;
Renfree et al., 2013). Retrotransposons are mobile genetic elements that can
replicate and, though reverse transcription of their RNA, insert copies of their
DNA into the nuclear genome (Havecker et al., 2004). A sub-class of these
include the insertion of long terminal repeats (LTRs) which have been
hypothesized as being the genome level identifier of imprinted loci as they are

enriched in therian mammals compared to monotremes (Pask et al., 2009).
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However, this is likely to be overly simplistic, as the increase in LTR has
occurred throughout the genome, not uniquely at imprinted loci. Silencing of
these elements as an initiator for the origin of imprinting remains an attractive
hypothesis. Several imprinted genes have been identified as being, or speculated
as being, as a result of a retrotranposition event (Pask et al., 2009; Kanber et al.,
2013). A number of protein coding genes in the human 15q11-13 imprinting
locus are intronless (MAGELZ2/Magel2, NDN/Ndn, Frat3/Peg1Z2) (Boccaccio et al.,

1999; Chai et al,, 2001), implying they arose from a retrotransposition event.

Microimprinted domain is a term used to describe isolated imprinted genes
with few, if any, introns that are located within an intron of a biallelically
expressed gene and consist of Neuronatin (Nnat), Np1l5, Peg13, Inpp5f v2 and
U2afl_rs1. These are hypothesised to represent the primordial imprinted
domain whereby imprinted expression may spread, or increase in complexity,
from this initial site (Reik et al., 2001; Evans et al., 2005). This is concordant
with the bystander hypothesis as three of these (Inpp5fvZ2, U2afl-rs1, and
Nap115) display characteristics of retrotransposition, lacking introns. A subset
of this group (Inpp5fvZ, Npll5 and Pegl3) display predominantly neural
expression (Davies et al., 2004; Choi et al., 2005). If these genes do represent an
early site of establishment of an imprinted locus, it implies that, at least
currently, selective pressures for monoallelic expression relate to neural

phenomenom and not, as has been long assumed, to placental function.

Whatever the initial event from which imprinted genes grew, parental
specificity is possibly the most intriguing aspect. Were these genes simply an
‘innocent bystander’ to retrotransposon silencing, we would likely not observe
the parental dimorphism (Haig, 2012). Why this might be the case is the source

of much speculation.

1.1.1.1 The conflict theory of genomic imprinting

This theory has been given the most attention since its first description shortly
after the identification of imprinted genes (Moore and Haig, 1991). Including the

updated versions of the theory to account for the effects of imprinted genes on

19



postnatal development, a large proportion of the currently available data
appears to fit this model. This centres upon the idea of a disparity, or conflict, in
the interests of the maternal and paternal genomes with respect to the
offspring. This theory postulates that it is in the paternal genome’s best
‘interest’ to extract maximal resources from the mother, both in utero and in the
pre-weaning period. This is thought to promote the likelihood of propagation of
the paternal genome within a fitter offspring. This is relevant where there is a
sexual dimorphism in geographical dispersal and a given female will have
multiple litters, potentially with multiple fathers. Conversely, the maternal
genome has equal representation in all her litters. Therefore, it is in her
genome’s ‘interest’ to limit the allocation of resources to a single litter or
offspring such that more resources remain to invest in subsequent litters. As a
result, there is a ‘conflict’ with maternally expressed/paternally silenced genes
acting to limit the resources allocated to the offspring and paternally
expressed/maternally silenced genes acting to maximise offspring resource
extraction from the mother. The classic example of this is that of the paternally
expressed, growth promoting, IgfZ and its receptor, maternally expressed,
growth restricting, Igf2r (Moore and Haig, 1991). Obviously these effects are
subtle, as it is in a requirement for the propagation of both parental genomes’ to

produce a fit offspring.

This theory has been extrapolated to describe numerous aspects of offspring
life, beyond the in utero extraction of nutrition across the placenta. Conflict
theory has sought to explain an imprinted ‘edge’ to maternal care (Wilkins and
Haig, 2003), infant sleep (Haig, 2014; Wilkins, 2014), social interactions (Haig,
2000; Ubeda and Gardner, 2010; Brandvain et al., 2011; Haig and Ubeda, 2011;
Ubeda and Gardner, 2011) and mating (Wilkins and Haig, 2003). A key theme
through these is the enhanced likelihood of propagation of the maternal or

paternal genome through the offspring.

In utero conflict, and co-adaption, described later (Haig, 2013), are easy to
conceptualise with respect to nutrient supply and demand across the placenta.

However, post-natally, the predictions are less obvious. Maternal care has been

20



predicted to be a site at which conflict may act (Haig and Wilkins, 2000; Wilkins
and Haig, 2003). Conflict may arise where there is a closer genetic relationship
between offspring and the maternal line versus the paternal line, as would be
the case with sex-biased (male) dispersal (Haig, 2000). A number of imprinted
genes appear to fit this prediction. Females which inherit a null copy of the
paternally expressed Pegl (Mest) from their father display abnormal mothering
behaviour (decreased latency to retrieve pups and build nests) as well as
reduced placentophagia (Lefebvre et al, 1998). In addition to positively
regulating suckling behaviour (Kim et al., 2013a), strikingly similar findings
were observed in females with a paternally inherited null copy of Peg3 (Li et al.,
1999). This implies that Peg1 and Peg3 normally function to enhance maternal
care. An interesting converse is the maternally expressed Ube3a/UBE3A, loss of
which has been implicated in the aetiology of the neurodevelopmental disorder,
Angelman syndrome. One of the characteristics of this syndrome is the observed
positive affect that has been described to be directed primarily to the primary
caregiver (Oliver et al, 2007; Mount et al, 2011). Somewhat similar
observations have been made in pups with a maternally inherited loss of Ube3a.
These pups made more vocalizations at frequencies associated with signaling to
mothers to elicit care giving than wild type (wt) pups (Jiang et al., 2010). This
increase was observed overall from postnatal day 8 onward and specifically
when placed on the bedding carrying maternal odor cues (Jiang et al., 2010).
Ube3a is contrasted with Peg1 and Peg3 as it seems to function to decrease care

required by offspring, fitting with the predictions of conflict theory.

In the early pre-weaning period rodent pups maintain their body temperature
through huddling and non-shivering thermogenesis (NST). Conflict theory
predicts that maternally expressed genes should promote huddling and NST
(Haig, 2004). Again some of the data available appears to fit this model. The
Gnas locus contains a number of imprinted genes, at least some of which appear
to influence the pre-weaning period materno-offspring interaction. GnasxI has
been shown to positively regulate suckling behaviour (Plagge et al., 2004). Loss
of the paternally inherited copy of Gnasxl or Gnas leads to decreased brown and

white adipose tissue (BAT and WAT, respectively) and results in a postnatal
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growth retardation and lean bodies (Yu et al., 2000; Plagge et al., 2004). This is
opposite to loss of function of the maternally expressed Gnas, whereby offspring
have increased adiposity and become obese (Yu et al., 2000). This is an example
of antagonistic effect of maternal and paternal genomes at a single genomic

locus.

Other imprinted loci have been implicated in the bidirectional regulation of
adipogenesis. The paternally expressed genes DIk1 (Pref1) and Dio3 functionally
converge on early life fat accumulation. Increased expression of these two genes
(accompanied by deregulation of the imprinted locus) leads to failure to thrive
upon switching from a high lipid (milk based) diet to the post weaning diet
(Charalambous et al., 2012). These animals display a delay in accumulation of
WAT and BAT and fail to survive and maintain body temperature when they
transition beyond huddling (Charalambous et al., 2012). Nnat is a paternally
expressed gene, variants in which have been linked to obesity (Vrang et al,,
2010). This gene appears to negatively regulate adipogenesis as knock down
promotes a BAT fate in mouse adipocytes (Gburcik et al., 2013). Nectin (Ndn) is
another paternally expressed gene, knock down/out of which in mice promotes
adipogenesis (Fujiwara et al., 2012). This data appears to support the conflict
hypothesis, paternally expressed genes negatively regulate adipogenesis and

delay offspring weaning.

Post-weaning the predictions for conflict theory have focussed on consequences
for social behaviour (Isles et al., 2006; Ubeda and Gardner, 2010; Ubeda and
Gardner, 2011). In an environment with a bias for male dispersal, it is predicted
that maternally expressed genes should promote cooperation with a group,
whereas paternally expressed genes should promote selfish, aggressive
behaviours. Evidence thus far has been limited (McNamara and Isles, 2014),
with the exception of the paternally expressed gene Grb10 (Garfield et al., 2011).
A paternally inherited knock out of Grb10 increases social dominance
behaviours in a tube test and barbering towards cage mates (Garfield et al,,

2011). Cage mate barbering has been cited as an indicator of dominance (Long,
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1972; Strozik and Festing, 1981; Haig and Ubeda, 2011), though this has come
under some criticism (Curley, 2011).

However, it can not be over-looked that there are increasingly more behaviours
shown to be under the influence of imprinted gene expression that have not yet
been accounted for in the conflict hypothesis. The maternally expressed gene,
Nesp, has been shown to regulate novelty reactivity (Plagge et al., 2005). Risk
taking and reward seeking are two facets upon which it is conceivable to
imagine a scenario involving conflict between the interests of the maternal and
paternal genomes. Given the above examples and the observation that Cdknlc
(Joseph et al.,, 2003), Igf2 (Vazin et al.,, 2009) and DIk1 (Christophersen et al.,
2007; Jacobs et al., 2009; Bauer et al, 2013) have been implicated in the
proliferation of dopaminergic neurons, the reward sensing neurons, it is

possible that these represent sites of imprinted gene functional convergence.

1.1.1.2 Co-adaptive theory of genomic imprinting

Imprinted genes as mechanism by which a degree of adaptability can be
introduced in an offspring has been speculated upon for nearly as long as
imprinted genes have been known to exist (Solter, 1988; Hall, 1990; Hurst,
1997). The theory of co-adaption of mother and offspring through imprinted
genes arose from two observations. First came from wt dams carrying concepti
with a paternally inherited knock out of Igf2. These concepti, not only appear to
place a decreased demand on maternal resources, they ‘primed’ the dam to
‘invest’ less in subsequent fully wt litters, as indicated by smaller litter size
(Charalambous et al.,, 2003a). Following on from this was the finding of an
additive effect on pup mortality when both mother and offspring were null for
Peg3 (Curley et al, 2004). This suggested that imprinted genes could
simultaneously influence maternal care and resource demand from the
fetus/pup, resulting in a maximally ‘adapted’ offspring (Wolf and Hager, 2006).
According to this theory, maternal monoallelic expression is favoured as it
enhances integration of offspring and maternal genomes and that paternally
inherited genes would become silenced if maternally inherited genes were

adapted to function harmoniously with the mother.
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An imprinted gene that appears to fit this model is Grb10. A maternally
inherited knock out of this gene results in large offspring (Charalambous et al,,
2003b) independent of genotype of ‘nurse’ during the pre-weaning period
(Cowley et al, 2014). Dams with a maternally inherited knock out, cross-
fostered with a wt litter have smaller pups. Interestingly when Grb10 is absent
in both the mother and offspring, pups regain wt size (Cowley et al., 2014),
seemingly making this gene the ‘poster child’ for materno-offspring co-adaption.
This is complicated by the observation that the function of paternally expressed
Grb10 in the brain appears to fit with the conflict theory (Wilkins, 2014). It has
been argued, and it seems likely, that these two theories are not mutually

exclusive (Haig, 2013).
1.1.2 Regulation

1.1.2.1 Establishment in germ line

Germline differentially methylated regions (DMRs) that regulate monoallelic
expression of an imprinted locus are termed ICRs. Regulation of monoallelic
expression of clusters of imprinted genes is based upon the parental specific
addition of methyl groups to cytosine residues within stretches of CpG-rich
regions, known as CpG islands. These additions, during germline development,
lay the foundations for subsequent imprinted gene expression. This DNA
methylation (Li et al.,, 1993), along with repressive histone modifications and
non- coding RNAs amongst others, co-operates to ensure monoallelic expression
(Ferguson-Smith, 2011; Kelsey and Feil, 2013). The evolution of imprinting
coincided with the appearance of novel CpG islands in the therian line (Suzuki et
al, 2011a; Renfree et al, 2013), indicating correlation if not causation for

imprinted gene regulation.

Genome wide demethylation occurs at approximately E11.5, as the primordial
germ cells (PGCs) enter the genital ridge (Hajkova et al.,, 2002; Hajkova et al,,
2008; Popp et al, 2010; Guibert et al, 2012; Cantone and Fisher, 2013).
Differential, parental allele specific methylation at ICRs is then established
during spermatogenesis or oogenesis and these germline imprint marks are

protected from the genome wide demethylation that occurs post fertilisation
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(Reik et al, 2001; Morgan et al, 2005), though this may not be complete
(Tomizawa et al., 2011). Allele specific ICR methylation is required for correct
monoallelic expression of the associated imprinted genes (Lin et al., 2003). This
germ line establishment is dependent on the de novo methlytransferases,
responsible for adding methyl groups, Dnmt3a, Dnmt3b and the co-factor
Dnmt3l (Bourc'his et al., 2001; Kaneda et al., 2004; Kato et al., 2007). Dnmt3L is
believed to act as a promotor of DNA methylation rather than a methyl
transferase (Aapola et al., 2000; Kareta et al., 2006). Loss-of-function of Dnmt3L
results in a loss of methylation at imprinted loci specifically, without an effect on
global methylation levels (Bourc'his et al., 2001; Kobayashi et al., 2012). A
number of factors have now been identified as being crucial for establishment of
germline ICRs. The KRAB (Kriippel- associated box domain) zinc-finger protein
(Zfp57) is required for establishment of methylation at the Snprn locus in
developing oocytes (Li et al., 2008). Kdm1lb (Aofl) is a histone 3-lysine
demethylase that is required in oogenesis for the establishment of methylation
at the Mest (Pegl), Grb10 and Zacl ICRs but not the Snrpn ICR (Ciccone et al,,
2009). Hells and its encoded protein Lsh, through complexes with the histone 3-
lysine 9 dimethylase enzymes Glp and G9a, have been shown to be required for

methylation at the H19 ICR(Dennis et al., 2001; Fan et al., 2005).

The maintenance DNA methyltransferase enzyme Dnmtl is required for
maintenance of germline methylation marks during embryogenesis (Li et al,,
1993). Additionally, it was shown that Dnmt1 acts to maintain parent of origin
specific methylation in the preimplantation zygote (Hirasawa et al., 2008). De
novo methylation during gametogenesis does not appear to be a unique feature
to imprinted genes. There are known and, as yet, unknown mechanisms
selectively protecting these ICRs from the post-fertilisation widespread de
methylation (Kelsey and Feil, 2013). Two key molecules have been illustrated to
function in this post fertilisation protective capacity. PCG7/Stella/Dppa3 has
been shown to protect a subset of imprinted loci, including Peg1, Peg3 and H19,
from undergoing demethylation (Nakamura et al,, 2007). This appears to be a
product of its activity in preventing the conversion of methylcytosine to

hydroxymethylcytosine and its the affinity for the methylated DNA associated
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histone modification (Santos et al., 2005), H3K9me2 (Nakamura et al.,, 2012;
Szabo and Pfeifer, 2012). Additionally ZFP57 has been shown to be required for
maintenance of methylation at the DIk1-Dio3 Gtl2 ICR (Takikawa et al., 2013) as
well as at Snrpn, Peg1, Peg3, Peg5/Nnat and H19 DMRs (Li et al.,, 2008; Zuo et al.,
2012). This is likely to be through complex formation with KAP1/TRIM28/TIF1
and the DNA methyltransferases (Zuo et al., 2012).

It is not clear how ICR are identified and targeted for protection from
demethylation. It was hypothesized that tandem repeats in CpG islands repeats
near ICR were a possible mechanism of identification of imprinted loci (Hutter
et al., 2006). However, these have been shown to be both required (Yoon et al,,
2001) and dispensable for monoallelic expression (Lewis et al., 2004; Mancini-
Dinardo et al., 2006). Another possibility is that heritable chromatin features
mark imprinted loci as it appears that histone configuration in mature sperm is
non-random around retrotransposed DNA and potentially imprinted loci

(Pittoggi et al.,, 1999; Wykes and Krawetz, 2003; van der Heijden et al., 2008).

1.1.2.2 Establishment in somatic tissue

ICRs can regulate parent of origin specific expression through at least two
distinct mechanisms, CCCTC-binding factor (CTCF)-binding insulator sequences
or IncRNA transcription (Fitzpatrick et al.,, 2002; Hikichi et al., 2003; Thakur et
al., 2004; Mancini-Dinardo et al., 2006). A number of the germline maternally
methylated ICRs (Gnas, Kcnql, IgfZ2r and Gprl loci) contain promotors for
IncRNA which are active on the unmethylated paternal allele. Transcription of
the IncRNA has been demonstrated to confer silencing on neighbouring
paternally inherited genes for at least three loci: Nespas, Kcnqlotl and Air,
respectively (Fitzpatrick et al., 2002; Sleutels et al., 2002; Mancini-Dinardo et al.,
2006; Williamson et al.,, 2006; Kobayashi et al., 2012; Kobayashi et al., 2013),
and possibly also in the case of Gpr1-Zdbf2 locus (Duffié et al., 2014). The most
well studied example of imprinted gene regulation by a IncRNA is that of Air at
the Igf2r locus. The ICR is methylated on the maternal allele whereas Air is
transcribed from the paternal allele from a promoter within the ICR (Wutz et al,,

1997). Genetic ablation of Air expression results in loss of silencing of three
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maternally expressed genes, Igf2r, Slc22a2 and Slc22a3. Airn overlaps with Igfr2
(Latos et al., 2012) which suggests the possibility of transcriptional interference,
but not with Sic22a2 and Slc22a3 suggesting a more complex mechanism
(Sleutels et al., 2002). Air may act by recruiting repressive histone modifications
to the locus (Nagano et al., 2008) as has been suggested for another regulatory

IncRNA, KCNQ10T1 (Chiesa et al,, 2012).

Four paternally methylated germline ICRs (H19, Dlk1, Rasgrfl and Zdbf2 loci)
have been identified all of which are intergenic and a CTCF binding/insulation
mechanism has been suggested to play a role at some of these loci (Bell and
Felsenfeld, 2000; de la Puente et al.,, 2002; Yoon et al., 2005; Woodfine et al,,
2011). At the H19 locus, the ICR contains several CTCF binding sites which,
when unmethylated, bind CTCF and disrupt the interaction between
downstream enhancers and the upstream Igf2 promoter. The ICR is methylated
on the paternal allele, blocking CTCF access and allowing Igf2 transcription to

occur in cis (Bell and Felsenfeld, 2000; Hark et al., 2000).

There are a number of additional DMRs associated with imprinted loci that are
established post fertilisation during embryonic development (John and
Lefebvre, 2011). These require a number of the same factors that are required
for establishment of methylation at germline ICRs. These include; the DNA
methyl transferase enzymes (Mohammad et al., 2010), Zfp57 (Li et al., 2008),
Lsh (Fan et al, 2005) and Eed (Wang et al, 2002; Fan et al, 2005). The
maternally expressed CdknI1c gene is monoallelically expressed as early as E6.5
in the murine embryo (Bhogal et al.,, 2004) and this monoallelic expression is
maintained in all tissues in which it expressed post-natally (John, personal
communication). Kcng1, monoallelic expression of which is controlled by the
same ICR as Cdknlc, transitions from mono- to biallelic expression through
development, as described above. Such differences in the maintenance of
monoallelic expression suggest a functional role of gene dosage into adulthood

for some but not all imprinted genes.
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1.1.3 Dosage

Establishing and maintaining parental specific monoallelic expression is an
energetically expensive process for an organism. Additionally, this mechanism
exposes the organism to an increased risk of fitness-costing recessive mutations
which would, in the case of a biallelically expressed gene, normally be masked
by the unmutated, dominant, allele. Therefore, it is probable that the function of
imprinted genes is sensitive to correct, monoallelic, dosage and that normal
development requires monoallelic expression of these genes. In line with this
idea, examples of the functional consequences of improper dosage of imprinted
genes can be found in human imprinting disorders. These include; transient
neonatal diabetes, resulting from an over expression of paternally expressed
imprinted genes from the chromosome 6q24 imprinted locus (Kant et al,, 2005;
Docherty et al., 2010; Laborie et al., 2010; Suzuki et al.,, 2010), the overgrowth
syndrome BWS (Beckwith-Wiedemann syndrome), the undergrowth syndrome
SRS (Silver-Russell syndrome) (Demars and Gicquel, 2012), and PWS and AS
(Angelman syndrome) (Nicholls and Knepper, 2001).

In addition to human imprinting disorders, further insight into the effects of
aberrant imprinted gene dosage in mammals can be gained from animal studies.
Mice with a maternally inherited knock-out of the maternally expressed Cdknlc
gene were characterised in three studies all of which reported an absence of the
predicted fetal overgrowth, based on the parental conflict hypothesis. Mice with
a double dose of Cdknlc were severely growth restricted from E13.5 (Yan et al,,
1997; Zhang et al, 1997; Takahashi et al, 2000). When the loss-of-function
model was explored in more detail, the mutant embryos were found to display
fetal overgrowth at E15.5 and E18.5 in small litters but not in large litters or at
term (Andrews et al., 2007; Tunster et al., 2011). The loss of growth potential in
these animals may be attributed, at least in part, to significant dysfunction of the
placenta (Tunster et al, 2011). Thus in this example, the dosage model was
essential in identifying the growth restricting properties of CdknIc. Similarly,
loss-of-function of the maternally-expressed PhldaZ gene does not result in fetal
overgrowth (Frank et al., 2002) but a model in which expression of PhldaZ was

elevated displayed late fetal growth restriction alongside significant alteration
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in placental development (Tunster et al.,, 2010; Tunster et al., 2014). Similarly,
transgenic over-expression of the paternally expressed DIk1 has demonstrated a
dosage-related function for this gene. DIkI-transgenic mice are heavier than
their wild-type littermates at E16 (da Rocha et al, 2009). Postnatally, these
animals fail to thrive and weigh less than wild-type animals by P14 highlighting
an important role for this gene in post natal development (da Rocha et al,
2009). Deletion of the Gti2/DIlk1 ICR (otherwise known as the IG ICR) leading to
de-repression of the paternally expressed genes at this locus (DIk1, Rtl1 and
Dio3) and silencing of the maternally expressed genes (Gtl2, RtlI1AS and Meg9),
results in intrauterine growth restriction (IUGR), skeletal and muscular defects
and failure to thrive postnatally (Lin et al., 2007; Charalambous et al., 2012).
Dosage sensitivity of imprinted genes is not restricted to mammals. In maize,
over-expression of the maternally expressed gene, Meg1, via a non-imprinted
promoter, resulted in heavier seeds with an enlarged endosperm and a bigger

embryo (Costa et al., 2012).

1.1.4 Imprinted genes and brain

A number of imprinted genes are expressed monoallelically in the developing
and adult brain (Isles and Wilkinson, 2000; Isles et al., 2006; Davies et al., 2007;
Wilkinson et al., 2007; Keverne, 2012). The examples of Grb10 and Nesp and
roles in behaviour have been described above (Plagge et al,, 2005; Garfield et al.,
2011; Dent and Isles, 2014). This implies a possibility for a role of imprinted
genes in adult behaviour, beyond what was classically predicted under the
conflict hypothesis (Ubeda and Gardner, 2011). As illustrated above in the case
of Pegl/Mest and Peg3 imprinted genes have a role influencing mothering
behaviour towards the offspring. These behavioral deficits, plus reduced milk
let down, have been ascribed to the decreased number of postpartum oxytocin-
positive neurons in the hypothalamus (Li et al,, 1999; Champagne et al., 2009).
This is attributed to the role of Peg3 in p53-mediated neonatal apoptosis, which
is increased in neuroanatomical regions important for reproductive behavior,
and olfactory and pheromonal processing in Peg3-null individuals (Broad et al.,
2009). Peg3 is also involved in regulating reproductive behaviour. Males with a

loss of Peg3 have an olfactory deficit, whereby they do not improve
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reproductive performance or interest with experience (Swaney et al., 2007).
This appears to be driven by deficits in the olfactory system as males carrying a
null paternal allele of Peg3 do not favour investigating sexually receptive female
urine over unreceptive (Swaney et al, 2008). Peg3-null males do not show
classic sexual experience dependent preference for estrous urine nor matched
changes in immediate early gene signalling in response to these odours wild-

type males do (Swaney et al., 2008).

Igf2, while not expressed at high levels in the adult brain, has been implicated in
inhibitory avoidance memory retention and fear conditioning in the
hippocampus and working memory by both knock down and exogenous
application of this gene (Agis-Balboa et al., 2011; Chen et al,, 2011; Ouchi et al,,
2013). The possible mode of action of these phenotypes is through the role of
Igf2 in dendritic spine formation and maturation (Schmeisser et al.,, 2012). Igf2
has also been shown to promote hippocampal neurogenesis (Agis-Balboa et al,,

2011; Ouchietal,, 2013).

A paternally inherited deletion in the Snrpn imprinting centre results in a neural
loss of expression of Mkm3, Magel2, Ndn, Snrpn, Snod115 and Snod116 alongside
a gain in Ube3a expression modelling the defect reported in some Prader-Willi
syndrome (PWS) patients (Chamberlain et al., 2004; Relkovic et al., 2010).
Animals with this deletion have been shown to have impaired performance in a
5 choice serial reaction time task, increased startle reactivity and hyperactivity

in response to palatable foodstuffs (Doe et al.,, 2009; Relkovic et al,, 2010).

A recently emerging theme is the convergence of imprinted gene function on
adult neurogenesis and NSC. Igf2, DIk1, Zac1 and Cdkn1c have all been shown to
have a role in the neurogenic niche. DIkl is expressed in monoaminergic
neurons of the mid- and hindbrain, the ventral tegmental area (VTA), substantia
nigra (SN), locus ceruleus (LC) and raphe nuclei of the adult rodent and human
central nervous system (CNS) (Jensen et al., 2001). DIk1 has been shown to have
a role in the regulation of the adult subventricular zone (SVZ) neurogenic niche.

DIkl is secreted by niche astrocytes whereas the membrane bound form is
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found on the surface of NSCs in the SVZ. Biparental loss-of-function of DIkl
reduced the number of immature NSC (Gfap, Nestin and/or Sox2 positive) and
neurons in the rostral migratory stream (RMS) and olfactory bulb (OB), the fate
of neurons born in the SVZ (Ferron et al., 2011). Zacl binds Tcf4 regulatory
units inducing Tcf4 expression mouse embryonic stem cells (ESCs) undergoing
neuronal differentiation (Schmidt-Edelkraut et al., 2014). Tcf4 then, via CdknIc,
promotes cell cycle exit and neural differentiation (Schmidt-Edelkraut et al,,
2014). Additionally, Zacl, in mouse ESCs directed to astroglial fate, blocks
inappropriate astroglial development via direct DNA binding to the regulatory
domain and activation of Socs3 (Schmidt-Edelkraut et al., 2013). Zac1 and Socs3
additionally co-localise in the developing neocortex in vivo (Schmidt-Edelkraut
et al.,, 2013), implying this in vitro role may be functionally relevant. Finally, in
the adult, similar to DIk1, Cdkn1c is expressed in the neurogenic niche of the SVZ
and the hippocampal subgranular layer (SGL) in the adult rat and mouse brain
(Jadasz et al., 2012; Furutachi et al., 2013). Its function here appears to be
maintaining quiescence of adult NSCs (Furutachi et al, 2013). Conditional
deletion of Cdknlc in immature (Nestin positive) neurons in adulthood results
in an initial increase of NSC proliferation with a later failure to induce new
neurons after induction (Furutachi et al., 2013). Cdkn1c has been linked to the
positive effect on neurogenesis of antidepressants (Anacker et al, 2011),
highlighting the importance and multi-functionality of this gene, discussed in

further detail below.

1.1.5 Cdknic

Cdknlc is a maternally expressed imprinted gene located in the Kcnql
imprinting locus on mouse distal chromosome 7/human chromosome 11p15. It
is monoallelically expressed as early as E6.5 in the murine embryo and its
promoter acquires differential DNA methylation subsequently, at around E9.5
(Bhogal et al., 2004). De novo DNA methylation appears to be required for
Cdknlc to be expressed from the maternal allele as loss of function of the
Dnmt3a results in biallelic silencing (Kaneda et al, 2004). Conversely,

maintenance of DNA methylation appears to be required for paternal silencing

31



as loss of function of Dmntl results biallelic expression of Cdknlc in the E9.5
embryo and ectoplacental cone (Caspary et al., 1998). Mouse chromosome 7
possesses a number of distinct imprinted domains (Wood and Oakey, 2006) and
imprinting of these did not occur concurrently (Ager et al., 2008). Phylogenetic
analysis showed that though the function of both Cdkn1c and Igf2 are conserved
between marsupials and eutherian mammals but in the marsupial lineage
(tammar wallaby) only Igf2 is imprinted (Ager et al., 2008) whereas Cdkn1c and
the nearby PhldaZ gene are both biallelically expressed in marsupials (Suzuki et
al,, 2005; Suzuki et al., 2011b). The CpG island which constitutes the ICR of the

Kcnq1 locus is also absent in the marsupial genome (Ager et al., 2008).

The ICR locus associated with Cdknlc, KvDMR aka IC2, is a CpG island located in
intron 10 of the Kcnq1 gene, and contains the promoter for the IncRNA Kcnqlotl
(Mancini-DiNardo, 2003). This site is a germline DMR and is methylated
specifically in oocytes, not sperm (Engemann et al., 2000). Transcription from
the paternal allele of this IncRNA is required for silencing in cis and maternal
monoallelic expression of the surrounding genes (Fitzpatrick et al., 2002).
Paternal inheritance of a deletion of the KvDMR, including the promoter of
Kcnqlotl, leads to derepression and biallelic expression of Cdknlc in the fetal
liver, as well as other maternally expressed genes at the locus (Tssc3/PhldaZ2,
Slc22all, Kcnql, Tssc4 and Ascl2) and this results in fetal growth restriction
(Fitzpatrick 2002). Paternal inheritance of a deletion of the KvDMR also results
in loss of Kcnqlotl and further work established that the IncRNA itself is
required to establish silencing of the Kcnql domain (Mancini-Dinardo et al,,
2006). One study suggested that the IncRNA acts to bring the Kcnql promotor
into proximity with the KvDMR in cis, alongside the recruitment of polycomb
repressive complex 2 resulting in the silencing of Kcnql (Zhang et al., 2014).
Though the full length Kcnqlotl was required for Cdknlc silencing in the
placenta and fetal heart, brain and gut, only partial loss of silencing occurred in
the liver, kidney and lung (Shin et al, 2007). This suggests that either the
truncated Kcnqlotl transcript possesses some function or that a more complex
mechanism regulates Cdkn1c imprinting. The insulator CTCF was found to bind

upstream of the paternally inherited unmethylated KvDMR (Fitzpatrick et al,,
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2007) which may suggest silencing of Cdknlc in a manner similar to the H19
locus. It is known that there are tissue specific enhancers/silencers that lie more
than 315 kb from the gene (John et al,, 1999; John et al., 2001) but within 880 kb
(Cerrato et al, 2005). Further work is required to determine the detailed

mechanism.

1.1.5.1 Function

Cdkn1c (aka p57Kir2) was originally identified based on similarity with p21 and
p27 and these three genes now form the Cip/Kip family of cyclin dependant
kinase inhibitor (CDKi) (Lee et al.,, 1995; Matsuoka et al., 1995). Cdkn1c acts to
block G1 to S-phase transition (Matsuoka et al., 1995) with inhibitor activity on
cyclin E/Cdk2, cyclin A/Cdk2, cyclin E/Cdk3, and cyclin D2/Cdk4 kinase
complexes in vitro and direct binding of Cdk2 in vivo (Matsuoka et al.,, 1995;
Joaquin et al, 2012; Cerqueira et al, 2014; Ishino et al, 2014). Shortly
thereafter, Cdknlc was mapped to the mouse distal 7/human 11p15 domains
and reported to be imprinted and maternally expressed in both human and mice
(Hatada and Mukai, 1995; Hatada et al., 1996b; Matsuoka et al., 1996). Critically,
CDKN1C was found to be mutated in some BWS patients (Hatada et al., 1996a)
leading to a considerable body of research to determine the function of this

gene.

1.1.5.2 Cdknlc in BWS and SRS

BWS and SRS are over/under-growth syndromes, respectively, which are
associated with dysregulation of the human 11p15 imprinted locus. This is a
complex locus containing two distinct imprinted domains one spanning the
paternally expressed growth factor Igf2 and one spanning Cdknlc. The
ICR1/H19 DMR controls the transcription of the paternally expressed growth
factor, Igf2 (Thorvaldsen et al., 1998). As described earlier, the ICR2/KvDMR
and the paternally expressed IncRNA, KCNQ10T1, regulate parent of origin
specific expression of a set of maternally expressed of genes, including CdknIc.
Loss of methylation at the KvDMR and biallelic expression of KCNQ10T1 is the
most alteration observed in BWS (~50% of cases) (Lee et al., 1999; Chiesa et al,,
2012).
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Recent studies have also identified, a BWS patient with a microdeletion
containing the KvDMR (Algar et al., 2011). Other alterations associated with
BWS include paternal uniparental disomy (Weksberg et al., 2001), deletion of
the regulatory KCNQ10T1 transcript (Niemitz et al., 2004), hypermethylation of
the H19 DMR with biallelic expression, of Igf2 (Weksberg 2001 HMG) and
microdeletion of the H19 CTCF-binding sites (Sparago et al., 2004; Demars et al.,
2014) (reviewed in (Weksberg et al, 2005; Enklaar et al,, 2006)). Although
expression levels of imprinted genes in the region have rarely been examined,
studies from the mouse predict that these alterations would result in either a
net increase in the growth promoting Igf2 transcript or a decrease Cdknlc or a

combination of these defects.

The (epi)genetic nature of SRS are less well defined compared to BWS. Like
BWS, SRS is both phenotypically and genetically heterogeneous. Maternal
uniparental disomy of 11p15 has been reported in some patients (Bullman et al,,
2008) (Kotzot et al, 1995) (reviewed in (Eggermann et al, 2010)).
Approximately 40% of SRS cases display hypomethylation at H19-DMR (Gicquel
et al,, 2005; Pefiaherrera et al., 2010; Turner et al., 2010; Begemann et al,, 2011)
occasionally associated with biallelic H19 and reduction in Igf2 (Gicquel et al,,
2005) while changes in methylation at KvDMR are rarely observed (Turner et
al, 2010; Begemann et al, 2011). Recent studies have reported maternally
inherited duplication of the region containing the KvDMR in patients with SRS
(Schonherr et al,, 2007; Bonaldi et al, 2011; Chiesa et al.,, 2012). Conflicting
evidence has been reported on the effect of paternally inherited deletion of the
centromeric 11p15 imprinted locus, with both severe growth restriction (De
Crescenzo et al., 2013) and no gross phenotype (Algar et al, 2011) being
reported. It seems counterintuitive that LOM at ICR2 can result in two
syndromes with such different clinical presentations, however it has been
suggested (Azzi et al., 2009; Begemann et al., 2011) that this may be as a result
of epigenetic tissue mosaicism, seen in the differential methylation status
between buccal, blood and fibroblasts in patients with SRS (Begemann et al,,
2011). Mutations in Cdknlc have recently also been observed in patients with

IMAGe syndrome (Arboleda et al, 2012), a complex disorder whose early
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clinical features, including IUGR, overlap with that of SRS. A number of patients
with BWS or SRS present with loss of imprinting at multiple loci (Azzi et al,
2009; Turner et al,, 2010; Kannenberg et al., 2012) which implicates a potential
imprinting deficient in these syndromes with a particular sensitivity at the

11p15 locus.

1.1.5.3 Loss of function

Studies examining a maternally inherited loss of Cdkn1c reported increased cell
proliferation alongside a number of skeletal and muscular defects with some
similarities with BWS (Yan et al, 1997; Zhang et al.,, 1997; Takahashi et al,,
2000; Tateishi et al., 2012) . No fetal overgrowth was reported in these studies
and the transgenic pups die shortly after birth attributed to difficulty sucking
due to presence of a cleft palate (Yan et al., 1997; Zhang et al., 1997). While
these early studies failed to identify a fetal overgrowth phenotype, a more
recent study examining fetal weights from E13.5 onwards reported early
overgrowth that was not maintained until term (Andrews et al.,, 2007; Tunster
et al,, 2011). Importantly, in this study fetal overgrowth was only apparent later
in gestation in litters with few foetuses present. Loss of function of Cdkn1c also
resulted in placentomegaly but with very severe malformation particularly of
the labyrinth zone (Andrews et al, 2007; Tunster et al, 2011). Human
pregnancies differ from murine in average number of offspring, humans on the
whole having singleton births, and mice having multiple births. This suggested
that, when intrauterine competition is low (i.e. when litter size is small)
embryos lacking maternally inherited Cdkn1c display an overgrowth phenotype
similar to that observed in BWS patients (Andrews et al.,, 2007; Tunster et al.,
2011) but this growth advantage is not maintained when competition is high,

possibly due to the placental defects (Tunster et al., 2011).

1.1.5.4 Gain in expression/BAC Transgenic models

In order to explore to consequences of increased Cdknlc dosage, a novel model
was developed which carried additional copies of the Cdkn1c gene on a bacterial
artificial chromosome (BAC). Mice were generated carrying an 85 kb BAC

transgene spanning Cdknlc, PhldaZ and Slc22a18 (John et al.,, 2001). The BAC
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did not recapitulate the full expression profile of CdknIc. Transgene expression
was restricted primarily to neural tissues, lung endothelium and the developing
kidney tubules, where expression overlapped with endogenous Cdknlc. In
contrast, the BAC derived Cdknlc was not expressed in the skeletal muscle,
cartilage or placenta, normal sites of Cdknlc expression (John et al, 2001;
Andrews et al., 2007). Despite this incomplete expression profile, several BAC
lines carrying increasing copy numbers of the BAC displayed marked embryonic
growth restriction on a mixed 129/MF1 background and, to a lesser extent, in a
mixed 129/C57BL/6 background (Andrews et al., 2007; Tunster et al., 2010).
Line 5D3 (single additional copy of the BAC hereafter referred to as Cdkn1cBACx1)
and line 5A4 (two additional copies hereafter referred to as Cdkn1cBACx2) both
displayed fetal growth restriction without postnatal catch-up (Andrews et al,,
2007). Growth restriction was symmetrical with no significant difference in
organ weight between those overexpressing Cdknlc (brain and kidney) and
those where endogenous Cdknlc alone was expressed (Andrews et al., 2007).
This may be due to decreased Igf1, which acts globally to regulate fetal growth.
Importantly these effects were not seen in a control BAC line carrying three
copies of the same BAC but modified such that Cdkn1c was not expressed from

the BAC (Andrews et al., 2007).

Taken together, these mouse models demonstrated a potent role for CdknIc as a
negative regulator of fetal growth potentially explaining the phenotype
observed in BWS and SRS patients with loss-of and gain-in-expression of

CDKN1C, respectively.

1.1.5.5 Neural Function

In addition to a more global role in regulating fetal growth and placental
development, numerous studies have identified more specific functions for
CdknIc in the nervous system. Cdknlc is expressed in the developing nervous
system with abundant expression at E11.5 and E13.5 particularly in the
developing neural fold (Westbury et al,, 2001). More detailed neural analysis
showed Cdknlc expression to be located to zones of neurogenesis, specifically

the ventricular, mantle and SVZs, from which cortical neurons are born and
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migrate dorsally to the their final neocortical location (Ye et al., 2009). Cdknlc
was present in approximately 52% of hypothalamic neurons during
proliferation (E14.5) but not BrdU positive neurons (Ye et al., 2009). This
implied a role for Cdknlc in neurons as they exit the cell cycle and begin to
differentiate (Gui et al., 2007). Down regulation of Cdknlc after knock out of
nucleosome assembly protein 1-like 2 (Nap1l2) in mice, likely as a result of
increased histone 3-lysine 9 and 14 acetylation, is hypothesized to be the cause
of the observed overproduction of neural progenitors and failure of neural tube
closure in these mice (Rogner et al., 2000; Attia et al., 2007). Interestingly, a
secondary role for Cdknlc in cortical migration has been described that is
independent of effects of differentiation. RNAi mediated knock down of Cdknlc
at E14 impaired neocortical neuronal migration without an effect on
differentiation or on radial glia (Itoh et al., 2007; Tury et al., 2011), though this
may be as a result of effects on the related Cdkn1b (p27kr!) (Nguyen et al.,
2006). Cortical neuron progenitors cultured from a Cdknlc knock out (KO)
embryo more frequently had increased process length (Tury et al, 2011)
implying a role for Cdknlc in neuronal morphology. Given that neurons over
produce processes that are selectively pruned in an activity dependant manner
(Zhang and Poo, 2001), it is possible this observation is as a consequence of

aberrant pruning rather than a growth promotional function.

A number of the effects of Cdkn1c on neural development are independent of its
N-terminal cell cycle domain (Tury et al, 2011). The direct transcriptional
repressive activity of Cdknlc on Mash1 remained intact after mutation of the N-
terminal cyclin dependent kinase (CDK) binding domain (Joseph et al., 2009).
This interaction, observed at E12.5 in the developing mouse brain, inhibits
neural differentiation (Joseph et al., 2009), possibly to prevent precocious
neurogenesis (Yan et al, 1997; Dyer and Cepko, 2000). Additionally, Cdknlc
cooperates with Nurrl, by direct interaction with Nurrl N-terminal, to promote
the proliferation of midbrain dopaminergic neurons (Joseph et al., 2003). At
E13.5 Cdknlc, unlike Cdknla or Cdkn1b, expression in the developing midbrain
overlaps with Nurrl and Th. Embryos null for maternally inherited Cdknlc

display reduced numbers of Nurrl positive and Th positive (a marker for
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dopaminergic neurons) cells specifically in the ventral midbrain at E18.5, but
not E13.5 (Joseph et al,, 2003). This link between Cdkn1c and dopaminergic cell

fate has been replicated in vitro in human ESCs (Freed et al., 2008).

1.2 Dopaminergic system

There are four main dopaminergic tracts in the mammalian brain; the
nigrostriatal pathway (movement), the mesocortical and mesolimbic tracts
(emotion and motivation) and the tuberoinfundibular tract (hormone secretion)
(Schwartz, 2000). Cdknlc from the BAC transgene in Cdkn1cBACx1 animals is
expressed in the developing midbrain from which the SN pars compacta (SNc)
(A9) and VTA (A10) arise (Dahlstroem and Fuxe, 1964; Smidt and Burbach,
2007). These two nuclei project to the striatum and forebrain and have well
characterised effects of motor circuitry and motivation, respectively, though
some functional overlap does occur (Wise, 2009). All catecholamine
transmitters (dopamine, noradrenaline and adrenaline) are synthesized from a
common precursor, tyrosine, by the rate limiting enzyme tyrosine hydroxylase.
This produces L-DOPA which is then decarboxylated to form dopamine
(Schwartz, 2000). Noradrenergic neurons are characterised by the presence of
dopamine (-hydroxylase on the membrane of the presynaptic vesicles where
dopamine is converted to noradrenaline (Schwartz, 2000). Dopamine is loaded
into presynaptic vesicles in preparation for release into the synaptic cleft by
activity of the vesicular monoamine transporter 2 (Erickson et al.,, 1992). After
neurotransmitter release dopamine is removed from the synaptic cleft by the
activity of the pre-synaptic membrane bound dopamine transporter (Dat)
(Schwartz, 2000). The stimulant amphetamine acts on Dat as a competitive
inhibitor of dopamine reuptake, prolonging dopamine activity on its receptors
(Jones et al., 1998). There are two main families of dopaminergic receptors, D1
and D2, based on their structural similarities and intracellular messengers.
DRD1 and DRD5 make up the D1-like group and couple to Gas intra-cellularly
and increase cAMP levels (Dearry et al., 1990; Zhou et al,, 1990; Grandy et al.,
1991; Sunahara et al,, 1991). DRD2, DRD3 and DRD4 make up the D2-like group
and couple to Gai intra-cellularly and decrease cAMP levels (Bunzow et al,,

1988; Dal Toso et al., 1989; Sokoloff et al., 1990; Van Tol et al,, 1991). DRD1 and
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DRD?2 are the most abundantly expressed dopaminergic receptors in the human
brain (Hurley and Jenner, 2006). DRD2 has two splice variants, a long and short
form with the short form predominantly acting as an autoreceptor located on
the presynaptic terminal (Sesack et al.,, 1994; Haber et al., 1995) and the long
form acting as a postsynaptic receptor (Usiello et al., 2000). DRD1 and DRD2
receptors also differ with respect to their binding capacity for dopamine, with
DRD2 having a greater affinity for dopamine than DRD1 (Baik, 2013). This
means that different receptors can be activated differentially depending on
whether dopaminergic cell firing is phasic or tonic, introducing flexibility within

the system.

1.2.1 Motor circuitry

Dopamine released from the SNc activates two receptor subtypes on the
postsynaptic neuron in the striatum, specifically in the putamen. These
postsynaptic medium spiny neurons (MSNs) are GABAergic and are activated or
inhibited depending on whether dopamine receptor type 1 (Drd1) or dopamine
receptor type 2 (Drd2), respectively, is stimulated (Gerfen et al., 1990). From
this the direct (Drd1) or indirect (Drd2) pathways provide positive or negative
feedback to the thalamus, respectively, and ultimately the motor cortices
(DeLong, 2000). Activity of the striatum has the net effect of reducing thalamo-
cortical inhibition and, therefore, facilitating movement initiation (DeLong,
2000). Activity in this circuitry that is reduced in Parkinson’s disease, as a result
of dopaminergic cell death in the SNc, resulting in the characteristic akinesia
(Redgrave et al., 2010). This classical view of basal ganglia control is likely to be
overly simplistic. It is now understood that there is a much greater degree of
interconnectivity between nuclei (Redgrave et al., 2010). Additionally, cortical
projections from the basal ganglia (consisting of the striatum, globus pallidus,
substantia nigra and the subthalamic nucleus) are not only involved in
movement initiation. Bilateral basal ganglia activity has been observed, using
functional magnetic resonance imaging (fMRI), in human subjects performing
tasks involving emotion, reward, working memory and executive function
(Arsalidou et al, 2013). This highlights the functional heterogenetity of the

basal ganglia output.
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1.2.2 Reward circuitry

A10 (VTA) dopaminergic neurons project predominantly to the ventral
striatum, cortical and limbic areas. They are involved in the regulation of
emotion and natural reward. With respect to reward “wanting” the mesolimbic
pathway consisting of VTA projections to the nucleus accumbens has been the
best characterised (Berridge, 1996; Baik, 2013). The VTA receives a number of
modulatory inputs including projections from the cortex, core and shell of the
nucleus accumbens, dorsal striatum, pallidum central nucleus of the amygdala,
lateral hypothalamic area, zona incerta, parasubthalamic nucleus,
periaqueductal grey, dorsal raphe nucleus and the parabrachial nucleus of the
hindbrain (Watabe-Uchida et al., 2012). This suggests a role for a range of
neurotransmitters, neuropeptide and other signalling molecules in regulating

reward processing.

The mesolimbic and mesocortical dopaminergic tracts are also the site of action
of a number of drugs of abuse (Wise, 1998). LTD at glutamatergic synapses in
the VTA, described above, is impaired in the presence of amphetamine (Jones et
al, 2000). VTA projections to the nucleus accumbens in the ventral striatum
undergo changes in connectivity in response to prolonged exposure to drugs of
abuse, resulting in dependence and addiction (Nestler, 2001). Dopamine
released onto neurons in the nucleus accumbens stimulates an increase in
cAMP, CREB phosphorlyation and CREB binding protein (CBP) mediated
transcription induction (Guitart et al., 1992; Nestler, 2001). Overexpression of
CREB in the nucleus accumbens decreases the rewarding properties of cocaine
as indexed by a conditioned place preference (CPP) task (Carlezon et al., 1998).
Regulation of the Fos family of transcription factors is thought to underlie the
transition to addiction (Nestler et al, 2001). A number of these genes (c-Fos,
FosB, Fra-1, Fra-2) are rapidly, but transiently, induced in the nucleus
accumbens after exposure to an addictive substance (Hope et al., 1994). c-Fos
induction reduces in intensity after repeated administrations of cocaine
(Moratalla et al., 1996). AFosB, though only weakly induced by cocaine, is
particularly stable (Chen et al, 1997) and accumulates upon repeated

administration (Moratalla et al., 1996). Induced expression of AFosB induced
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expression in the nucleus accubens increases sensitivity to low doses of cocaine
in a CPP and a locomotor activity task in mice (Kelz et al., 1999). The plasticity
of the mesolimbic and mesocortical systems may underlie the variability in
vulnerability to developing drug addiction and other neuropsychiatric disorders
associated with this circuit, including schizophrenia (Keshavan et al., 2008) and

depression (Nestler and Carlezon Jr, 2006).

1.2.3 Hormone secretion

Dopaminergic neurons in the dorsomedial arcuate nucleus in the mediobasal
hypothalamus inhibit prolactin secretion from the anterior pituitary (MacLeod
and Lehmeyer, 1974) by binding to Drd2 receptors on the prolactin producing
lactotrophs (Lyons and Broberger, 2014). Prolactin has numerous functions in
relation to lactation stimulation and reproduction (Lyons and Broberger, 2014).
These include promotion of maternal behaviour (Bridges et al, 1985),
stimulation of increased food intake (Sauve and Woodside, 1996), increased fat
storage through leptin resistance (Augustine and Grattan, 2008; Trujillo et al,,
2011), neurogenesis in the SVZ (Shingo et al, 2003) and fertility (Devi and
Halperin, 2014). Many typical antipsychotics, including hapoperidol, induce
hyperprolactinaemia (Esel et al, 2001), generating a slew of unwanted side

effects. This is as a result of antagonism of the Drd2 receptor (Stone et al.,, 2009).

1.2.4 Role of imprinted genes

In addition to Cdknlc, Igf2 and DIlk1 described above, other imprinted genes
have been implicated in the development of the dopaminergic system. Grb10
has been shown to be expressed in the developing ventral midbrain at E14.5, in
Dat positive neurons in the adult SNc and in the VTA (Garfield et al., 2011). More
generally, as mentioned above, in chimeric embryos parthenogenetic ESCs
contribute to a subset of neural regions, including the VTA and SNc (Allen et al,,
1995; Keverne et al., 1996). More recently, the midbrain, including the VTA and
SNc was identified as an imprinting ‘hotspot’ in the mouse brain (Gregg et al,,
2010). It is plausible, therefore, that imprinted gene functionally converge on

reward related behaviours.
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1.4 In utero environment

1.4.1 Effects on postnatal behaviour

Numerous studies, in both rodent and human, have linked suboptimal in utero
environments to adverse outcomes in the offspring. A host of bodily systems
have been found to be compromised, from cardiovascular (Barker, 1995) to
metabolic function (Entringer, 2013), but of particular interest here are the
effects on offspring behaviour (Bale et al., 2010). In humans, maternal stress
(Meijer, 1985; Wadhwa et al,, 1993; Weinstock, 2008), poor diet (Brown et al,,
2000), depression (Rice et al, 2007), drug use (Roussotte et al, 2011;
Buckingham-Howes et al., 2013) and/or alcohol use (Jacobson and Jacobson,
2002; Mattson et al.,, 2006) during pregnancy have been linked to a host of
abnormalities. These include, but not limited to, delayed fetal growth, neural
structural alterations, impaired cognitive performance, social abnormalities and
an increased risk of psychiatric illnesses later in life (Huttunen and Niskanen,
1978; van Os and Selten, 1998; Brown et al., 2000; Richards et al., 2001;
Laplante et al, 2004; Malaspina et al., 2008; Sandman et al., 2011). This is
paralleled by work in rodents whereby prenatal stressors, mimicking human
adverse in utero environments, cause a number of behavioural (Abel, 1982;
Fride et al.,, 1986; Ward and Stehm, 1991; Keshet and Weinstock, 1995; Jones et
al., 2010; Cullen et al,, 2013) (Zagron and Weinstock, 2006; Vucetic et al., 2010a;
Vucetic et al,, 2010b; van den Hove et al,, 2011; Vucetic et al., 2011; Vucetic et
al,, 2012; Carlin et al., 2013; Hausknecht et al,, 2013; Sanchez Vega et al., 2013)
Poon 2013, (Grissom et al., 2013; Poon et al.,, 2013) and neural abnormalities
(Berger et al, 2002; Van den Hove et al., 2006; Hausknecht et al., 2013). The
wide variety in outcomes may be a reflection of the fetal age at of exposure as

well as the nature of the stresser.

Additionally important to consider are the trans-generational effects of an
adverse in utero environment. The primordial germ cells are formed in utero
and consequences resulting from manipulations to the in utero environment
have been observed in the F2 generation (Radford et al., 2012; Radford et al,,

2014). In fact, it is not singly the maternal environment during gestation that

42



can affect offspring behaviour. Spermatogenesis continues in the adult male,
therefore the male environment has the potential to impact sperm development
in the adult. It has been shown, in rodents, that paternal alcohol ingestion, both
acute and sustained, in the absence of any maternal environmental
abnormalities, results in offspring hyperactivity (Abel, 1993), deficit in passive

avoidance training (Abel, 1994) and spacial learning (Wozniak et al., 1991).

The consequences on offspring behaviour of a suboptimal in utero environment
are varied. Rodents exposed to stress prenatally display a heightened sensitivity
to hepatic beta-adrenergic receptor stimulation by isoprenaline later in
gestation (Slotkin et al., 1994) and additionally have been shown to have 2.5
fold increase in CRF binding sites in the amygdala compared to control animals
(Ward et al, 2000). In rodents, though prenatal stress is associated with
elevated corticosterone release on postnatal day 1 (P1), this has been shown to
be reversed by P8, implying an enhanced ability to cope with stress exposure
(Post, 1992). A nutrient restricted environment in utero causes early pubertal
onset in female rats, irrespective of postnatal diet (Sloboda et al., 2009). This
could allow greater reproductive success compared to a normal age pubertal
onset in a challenging environment which would be advantageous. Interestingly,
early pubertal development, in one study, has recently been linked to
polymorphisms in imprinted domains (Perry, 2014). Additionally, though
significantly smaller than those exposed to a standard diet in utero, offspring
exposed to gestational malnutrition when fed ad libitum are heavier, with
increased food intake, than control animals from P30 onwards (Manuel-
Apolinar et al, 2010). This is consistent with fetal programming of these
animals to store energy reserves when available, potentially anticipating a
future nutrient poor environment. This system could programme the offspring
for the postnatal environment, such that their development is as efficient as
possible. These studies are consistent with the hypothesis that changes seen in
animals in response to an environmental challenge appear to be adaptive in

nature (Bateson et al., 2004).
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This priming effect assumes all gestational environmental conditions
encountered are natural ones. This flexibility in developmental trajectories can
be hijacked by non-natural stimuli such as ‘junk-food’ or drugs of abuse. For
example, offspring of rodent dams fed palatable foods during pregnancy and
lactation and maintained on this diet into adulthood displayed an enhanced
preference for food rich in fat, sugars and salt, compared to those exposed to a
‘junk food’ diet during lactation and/or gestation alone (Bayol et al., 2007).
Additionally, human children exposed to methamphetamine in utero at two
years had an elevated cortisol response after separation from their caregiver,
especially if the caregiver reported a high potential for physical abuse (Kirlic et
al., 2013). This could be a consequence maladaptive programming of the fetus

for the post natal environment based on prenatal insults.

1.4.2 Imprinted gene sensitivity

The in utero environment is critical for the development of the nervous system.
The expansion in complexity requires precise gene expression, for often
restricted time windows and in discrete locations, and perturbations in this can
have severe consequences for the foetus. Imprinted genes, in both human and
rodent studies, have been shown to be sensitive in a number of tissues, in utero
to various conditions including maternal dietary fat (Gallou-Kabani et al., 2010;
Lin et al,, 2012; King et al,, 2013), fibre (Lin et al., 2012), protein (Gong et al,,
2010; Vucetic et al., 2010b; Ivanova et al, 2012; Claycombe et al., 2013),
nutrient restriction (Broad and Keverne, 2011; Radford et al., 2012; Radford et
al, 2014), IUGR (McMinn et al., 2006; Guo et al., 2008; Cordeiro et al., 2014),
bisphenol A exposure (Susiarjo et al, 2013) and maternal glucocorticoid
treatment (Drake et al., 2011) (see table 1.1). Some of these effects can be
detected in the F2 generation (Drake et al,, 2011; Radford et al., 2012; Radford
et al., 2014). The function of the plasticity of these gene in response to the in
utero environment has been speculated on previously with respect to control of
energy balance (Charalambous et al., 2007; Radford et al,, 2011), but given the
role of imprinted genes in the brain, as discussed above, this plasticity may

affect adult behaviour of the offspring.
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However, plasticity of imprinted gene expression may not be a universal
phenomenon. Radford and colleagues (Radford et al., 2012) showed in an
unbiased general screen that placental and hepatic expression of imprinted
genes was neither more nor less susceptible to an environmental insult, relative
to the transcriptome as a whole. Instead, a subset of imprinted genes appeared
to moderate offspring response to this particular insult, namely maternal under-
nutrition. However, like all experiments of this nature, this study has limitations,
for instance only one environmental manipulation was examined and exposure
was within a limited time-window (embryo day (E) 12.5-18.5). Moreover, there
was no assessment of neural transcriptome in this manner; therefore it is
possible that a key subset of imprinted genes in the brain may also programme
the offspring’s adult behaviour as consequence of this environmental challenge,
tweaking to suit the environment. Nonetheless, what the Radford et al. (Radford
et al, 2012) study highlights is that there is not a “one size fits all” profile of
imprinted genes affected by gestational and/or early life adversity. Genes that
are altered differ by tissue and nature of the insult, possibly reflecting
differential sensitivity of the upstream regulators of individual genes.
Expression of these genes may either be sensitive to, insensitive to or protected
against changes in maternal diet during pregnancy. These changes, if any, may
or not cause alterations in the neural development and could explain some of
the behavioural alteration observed in offspring exposed to gestational

adversity.

Table 1.1: Prenatal and early life conditions shown to alter imprinted gene

expression in the offspring (FO: females only, MO: males only)

Placenta Slc22a2 (Gallou-Kabani

etal., 2010)
Slc22a3 E15.5 N

Rtl1 E15.5 N2
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Dio3 E15.5 J(FO)
DIk1 E15.5 L (FO)
Placenta Igf2 E14.5 ™NMO) Mouse (King et al.,
2013)
lgf2r E14.5 ™ (MO)
Slc38a4 E14.5 MFO)
Sub- lgf2 P84 N MO) Mouse (Claycombe et
cutaneous al., 2013)
adipose
tissue
Placenta Igf2 E16 ™ Mouse (Sferruzzi-Perri
et al, 2013)
DIk1 E16 T
Snrpn El6 T
Grbi10 E16 ™
H19 E16 T
Placenta Igf2 E13.5 ™ Rat (Lin et al,
2012)
Placenta H19 E13.5E17.5 ™ Rat (Lin et al,
2012)
/[\
Liver Gnas(LP P21, P84 N Mouse (Ilvanova et al.,
gestation 2012)
only)
Liver Grb10(LP P21 ™ Mouse (lvanova et al.,
lactation only) 2012)
Various Cdknlc Adult ™ Mouse (Vucetic et al.,
brain 2010b)
lgf2 Adult ™
regions
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Tssc4 Adult ™
Blastocyst | H19 NE Rat (Kwong et al.,
2006)
Liver H19 E20, PO 4, NMO | Rat, (Kwong et al,,
) mouse 2006), (Gong
Igf2 E20, PO
et al., 2010)
4, ™Mo
)
Hypothal- | Peg3 E13 ™ Mouse (Broad and
amus Keverne, 2011)
Placenta Peg3 E13, E16.5 NN Mouse (Broad and
Keverne, 2011)
Brain Cdknlc E16.5 NE Mouse (Radford et al.,
2012)
Snrpn E16.5 J
Peg3 (protein | E16.5 ™
only)
Liver H19 E16.5 ™ Mouse (Radford et al.,
2012)
lgf2R E16.5 ™
Zacl E16.5 T
Grb10 E16.5 T
Peg3 E16.5 T
Placenta PHLDA2 Adjusted for | T Human (McMinn et al.,
gestational 2006)
MEST N
age
MEG3 N
GATM N
GNAS N
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PLAGL1

CDKN1C
IGF2
Placenta IGF2 Second Human (Cordeiro et
trimester al., 2014)
Fetus IGF2 Second Human (Cordeiro et
trimester al., 2014)
Placenta PHLDA2 Neonates Human (Guo et al,
>26 weeks 2008)
Placenta Snrpn E9.5 Mouse (Susiarjo et al.,
2013)
Kcnglotl ES.5
Ube3a E9.5
Cdknlc E9.5
Embryo Igf2 E9.5 Mouse (Susiarjo et al.,
2013)
Brain Ube3a E12.5 Mouse (Susiarjo et al.,
2013)
Liver Igf2 E20 Rat (Drake et al.,
2011)
Cdknlc E20
Grb10 E20
H19 E20
Placenta Phlda2 E20 Rat (Drake et al.,
2011)
Slc38a4 E20
Ventral Cdknlc P6 Rat (Jensen Pefia
midbrain etal., 2014)
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1.5 Aims of this work

The aim of this work was to characterise the behavioural and neurochemical
consequences of an ectopic increase in Cdknlc expression in a mouse line
carrying a BAC transgene spanning Cdknlc (Cdkn1cBACx1 line) in comparison to
wt littermates (John et al, 2001). This work was performed alongside an
analysis of a second BAC transgenic line which spanned the same genomic
region but with a f-galactosidase reporter construct inserted into Cdknlc to
disrupt transgenic Cdknlc expression (CdknlcBAClacZ ]ine). This second line
allows attribution of phenotypes specifically to an increased dosage in CdknIc.
Cdknlc was reported to be over expressed from the BAC transgene in
Cdkn1cBACx1 animals at E13.5 in the developing midbrain and anterior pituitary
(John et al., 2001). Detailed characterisation of the consequences of Cdknlc
over-expression on neural development has not been carried out and this forms
the first part of this current study, focussing on the dopaminergic system, given

the role of CdknIc in this system (Joseph et al., 2003; Freed et al., 2008).

The behavioural consequences of increased dosage of Cdknlc have not been
examined. Given the documented role for Cdknlc in dopaminergic neurons
proliferation and the expression of the transgene in the developing mid brain at
E13.5 (John et al,, 2001), this study particularly focuses on dopaminergic driven
behaviours. Additionally, given the apparent converge of imprinted gene
function on social behaviours (Garfield et al, 2011; Jensen Pefia et al.,, 2014;
McNamara and Isles, 2014) the consequences for the social environment after

Cdkn1c overexpression are examined in this study.

Vucetic et al. (2010b) had reported the elevated adult neural expression of
CdknlIc in offspring exposed in utero to a low protein maternal diet (Vucetic et
al, 2010b). Given the sensitivity of CdknIc to the in utero and early postnatal

environment and its prominent role in neural development, the second part of
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this study focused on examining Cdknlc expression and imprinting in response
to a variety of maternal conditions, alongside other neurally important,
imprinted genes. Finally, to begin to tie together in utero exposures with Cdkn1c
over expression, this work aimed to examine the consequences on the
dopaminergic system after gestational adversity in the context of findings from

the transgenic model.

Specifically the aims of this thesis were to:

1. Characterise the neurochemistry of the adult male Cdkn1cBACx1 line and
the CdknlcBAClacZ Jine, focusing on the dopaminergic system, basally and in
response to external stimuli (Chapter 3).

2. Perform basic behavioural characterisation of the adult male Cdkn1cBACx1
line and the Cdkn1cBAClacZ [ine to asses motor, anxiogenic, sensorimotor gating
and response to a dopaminergic system agonist (Chapter 4).

3. Examine the effects of an increased dosage of Cdknlc on motivational
and hedonic responding (Chapter 5).

4. Determine the consequences of increased CdknIc expression for a social
group of Cdkn1cBACx1 animals and wt cage mates in comparison to social groups
of Cdkn1cBAClacZ gnimals and wt cage mates (Chapter 6).

5. Evaluate the sensitivity/resilience of imprinted gene expression in the
developing fore- and mid- brain to a suboptimal prenatal diet and assess
parental allele contribution to any alterations in Cdkn1c (Chapter 7).

6. Assess the consequences for the dopaminergic system of altered

imprinted gene dosage following prenatal dietary alterations.
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Chapter 2: Methods
2.1 Animals
2.1.1 Animal lines

2.1.1.1 Cdkn1cBACx! and Cdkn1cBACLacZ

Two transgenic mouse lines were used for experiments to study the effects of
Cdknlc over-expression. The experimental line Cdkn1cBACx1 possesses one copy
of a BAC (Genome Systems 144D14) that spans the Cdknlc gene and two other
genes, PhldaZ and Slc22a18. This BAC is illustrated in Figure 2.1B. This line were
initially generated by electroporating the linearised BAC in mouse 129 RI ES
cells, making chimeras and then identifying transgenic offspring (John et al,,
2001). The line was initially bred into an MF1 background as no survivors were
found on a pure 129 background. For the purposes of this study, the lines were
bred for =8 generations in the BL6 background. The reporter line Cdkn1cBACLacz
possesses a modified version of BAC 144D14, illustrated below in Figure 2.1C.
For creation of this reporter line, the BAC 144D14 clone was modified by
homologous recombination of a p-galactosidase reporter construct (p57Kip2-
IRESBgeoloxPalkP) into the Cdknlc locus. Transgenic mice were generated by
pronuclear injection of the construct into F1 C57BL/6 x CBA embryos. The line
can be used as a reporter (LacZ staining) to observe Cdknlc expression
originating from the transgene, as has been performed previously (John et al,,
2001). This line also acted as a control for the experimental line to attribute any
phenotypes observed specifically to the over expression of Cdknlc (i.e. present
in line 1 Cdkn1cBAX1, absent in line Cdkn1cBAClacZ), Trangenic animals were
generated by mating male transgenics with wt females, all on a C57BL/6

background.
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Figure 2.1: Cdknlc containing locus and position of transgenes. A)
Representation of five of the imprinted genes found in mouse distal
chromosome 7. The five pictured genes are maternally expressed imprinted
genes, while the non-coding Kcnplotl transcript is paternally expressed. B)
Representation of the unmodified BAC144D14. Line Cdkn1cBAC1 contains one
copy of the BAC and all three genes are expressed from the transgenic at level
similar to the endogenous loci (Andrews et al.,, 2007; Tunster et al., 2010). C)
Representation of modified BAC transgene. Line Cdkn1cBAClacZ carries one copy
of this modified BAC in which a -galactosidase insert interrupts expression of
Cdkn1c expression from the BAC. PhldaZ2 and Sic22a18 expression are the only
genes expressed from this modified BAC (Andrews et al., 2007; Tunster et al,,

2010).

A Napll4 Phlda2 Slc22al18 Cdknlc Kengl
<€ ->
Kenqlotl
Nap1l4 Phlda2 Slc22a18 Cdknlc
B
Nap1l4 Phldaz Slc22al8 Cdknlc

(e}

—_—> —
— — —I

B-galactosidase insert

2.1.1.2 Cdknl1c RFLP line

For analysis of parent of origin expression of imprinted genes located on distal
chromosome 7, a wt line was used, which was polymorphic at this site. This line
was generated by mating an individual from the C57BL/6 strain with an animal

from the genomically polymorphic out-bred mouse strain, Mus spretus.
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Offspring were back crossed onto a B57BL/6 background for >8 generations,
selecting for a restriction fragment length polymorphism (RFLP) in CdknIc,
position of RFLP is demonstrated in Figure 2.2. Material for parent of origin
analysis was generated by mating an RFLP carrying male with a C57BL/6

female.

Figure 2.2: Position of RFLP within the Cdkn1c protein
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Mice were housed in cages in cohorts not greater than five individuals per cage
in non-barrier conditions as per Home Office regulations. Environment was kept
at 20°C = 1°C on a 12 hour light-dark cycle with standard chow (Harlan,
Oxfordshire) and water freely accessible, except where described in
experimental chapters. Mice were weaned at four weeks and caged separately
from parents in single sex cages. For generation of material from embryonic
time points presence or absence of a vaginal plug was examined each morning
before 10:00. Females were removed from sire’s cage each morning and

replaced each night to minimise number of missed plugs.

For water deprivation, water access was limited initially to 4 hours per day and
water bottles were weighed before and after access to ensure consumption.
Animal weight was monitored to ensure weight gain over time. When
consumption during 4 hours access had stabilised, access was reduced to 2

hours per day. Water bottles were weighed before and after access to ensure
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consumption and animal weight was monitored daily. For testing water access

was provided for 2 hours immediately following testing.

For food deprivation, food was removed from hopper 16 hours prior to testing
and replaced immediately following testing. Animal weight was monitored daily

to ensure weight gain.

2.1.3 Genotyping, RFLP detection and sex-typing

Ear biopsy from 4 week old animals was digested overnight in 200 pl lysis
buffer (0.1 M Tris.HCI pH 8.5, 0.005 M EDTA pH8.0, 0.02% SDS, 0.2 M NacCl, 100
pg/ml Proteinase K (Promega)) at 55-60°C. Embryonic yolk sacs were treated in
the same manner but lysed in 300 pl of lysis buffer. The following morning,
samples were vortexed briefly and centrifuged at 13000 rpm for 14 minutes to
pellet cellular debris. Supernatant was then transferred to a fresh 1.5 ml tube
and 1X volume of isopropanol was added to precipitate gDNA. Samples were
mixed thoroughly and incubated at 4°C for 30 minutes to promote gDNA
precipitation. Following incubation, samples were vortexed briefly and
centrifuged at 13000 rpm for 12 minutes to pellet gDNA. Supernatant was
removed and pellet was allowed to air dry at room temperature for 10 minutes.
Pellet was resuspended in 30 pl (Ear biopsy) or 80 ul (yolk sac) TE buffer
(10mM Tris pH8.0, 1mM EDTA pH8.0). 1 pl of this was used as template for PCR.

PCR mastermix is shown in table 2.1.

Amplification of target was carried out under the following conditions:

For Cdkn1cBACx1 and Cdkn1cBACLacZ 1, 94°C 15 minutes, 2. 94°C 30 secs, 3. 58.9°C
30 secs, 4. 72°C 30 secs, repeat cycle 2-5 35 times, 6. 72°C 5 minutes.

For RFLP detection: 1. 94°C 15 minutes, 2. 94°C 30 secs, 3. 64.5°C 30 secs, 4.
72°C 30 secs, repeat cycle 2-5 35 times, 6. 72°C 5 minutes.

For sex typing: 1. 94°C 15 minutes, 2. 94°C 45 secs, 3. 61°C 45 secs, 4. 72°C 45

secs, repeat cycle 2-5 35 times, 6. 72°C 5 minutes.
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For Cdkn1cBACx! and Cdkn1cBAClacZ genotyping and sex-typing PCR products were
separated on a 1% agarose gel and viewed under U.V light. A negative and a
positive control were used for every reaction. For sex-typing an autosomal
linked gene (Omla) and a Y linked gene (Ssty) were amplified, females were

identified by a single band and males with a double band.

For RFLP detection, following PCR amplification, PCR product was precipitated
using 0.3 M sodium acetate pH, 2.5X 100% ethanol and 1 pl glycogen. Mixture
was incubated at -20°C for 30 minutes to enhance PCR product precipitation.
Following incubation, samples were vortexed briefly and centrifuged at 13000
rpm for 12 minutes to pellet PCR product. Supernatant was digarded and pellet
was immediately resuspended in 20 pl digestion mix (1X restriction buffer 4
(New England Biolabs, UK), 1 ul Aval (New England Biolabs, UK), 18 pl nuclease
free water (Life Technologies, UK). Samples were incubated at 37°C for at least
two hours to ensure complete digection. Samples were separated on a 1%
agarose gel and viewed under U.V light. PCR amplified a 386 bp region
containing an RFLP site. Aval recognises CCCGAG (CYCGRG) on the C57BL/6
allele and cuts it, resulting in two fragments, 281 and 105 bp in length. The
corresponding M. Spretus site has a polymorphism CCTGAG that the restriction
enzyme does not recognise. Therefore, presence of the RFLP is indicated by 386
(undigested), 281 and 105 (digested) bp bands. Absence of an RFLP (two 100%
C57BL/6 chromosomes) is indicated by presence of 281 and 105 (digested) bp
bands. The 105 bp band is not always visible after resolving. A representative

image is shown in Figure 2.3.
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Table 2.1 1X mastermix for PCR

Reagent Volume (per reaction, pl)
10X PCR Buffer with 15 mM MgCl; (Qiagen) 2.5

MgCl: (25 mM) 2

dNTPs (4 mM) 2

Primers F + R (25 pM of each) 1

HotStart Taq (Qiagen) 0.25

Template 1

ddH20 to 25 ul

Figure 2.3: A representative image of genotyping for presence of RFLP. All

animals were either homozygous for C57BL/6 alleles or heterozygous.

2.1.4 Serum collection

For serum collection animals were weighed and injected intraperitonally (i.p.)
with a terminal dose of sodium pentobarbinal (100 mg/kg; Euthatal; Merial
Animal Health, Harlow, UK). Once animal was unresponsive to limb and tail
stimulation the abdominal cavity and heart was exposed. A 19G needle attached
to a 1 ml syringe was used to pierce the left ventricle and the syringe was held
at negative pressure to draw blood out. Collected blood was allowed to
coagulate for 30 minutes in microtainer tubes (BD, Oxford, UK) at room
temperature (RT). Samples were centrifuged at 13,000 rpm for 5 minutes and

snap frozen for later analysis.
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2.1.5 Dissections

Following serum collection, animals were decapitated and the brain was
removed from the skull. The following regions were then isolated:
hypothalamus, frontal cortex, dorsal and ventral striatum. Hypothalamus
removed initially from the ventral surface of the brain. The brain was then
turned dorsal side upwards and the frontal cortex was isolated in the coronal
plane. This was achieved by removal of the olfactory bulb and making a cut at a
45° angle from 2 mm caudal to the front of the brain. 1 mm caudally from this
cut site a second cut was made at a 90° angle, the tissue isolated here was
discarded. A further 2 mm caudally a second cut was made at a 90° angle. The
tissue isolated here constituted the majority of the striatum, plus surrounding
cortices. The striatum was isolated by removal of the surrounding tissue and
then was subdivided into dorsal and ventral striatum. Each tissue piece was

snap frozen and stored for later analysis.

2.2 qPCR

2.2.1 RNA extraction

Three methods of RNA extraction were used in this work. For Chapter 3.3.1,
Figure 3.1A, RNA was extracted and DNase treated by G.I. McNamara and Dr. D
Relkovic. All RNA to cDNA conversion and qPCR was carried out by G.I.

McNamara.

2.2.1.1 Chapter 3, embryonic brain Cdkn1cBACx1

RNA and protein were extracted simultaneously using PARIS kit (Life
Technologies, UK) according to manufactures instructors. Samples were
homogenised using 300 pl cell disruption buffer and RNase free pellet pestle
(Anachem, UK). RNA was stored at -80°C.

2.2.1.2 Chapter 3, wt embryonic tissue and adult neural tissue

400 pl trizol was added to each sample while frozen. Homogenisation was
carried out using RNase free pellet pestle (Anachem, UK) until there were no
visible particles. Samples were centrifuged at 4°C at 13000g for 10 minutes.

Supernatant was transferred to a fresh RNase free 1.5 ml tube and 200 pl
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chloroform (Sigma-Aldrich, UK) was added. Samples were vortexed for 15 s and
incubated at room temperature for 10 minutes. Samples were centrifuged at 4°C
at 13000g for 10 minutes. Aqueous phase was transferred to a fresh RNase free
1.5 ml tube and 300 pl isopropanol (Thermo-Fisher Scientific, UK) was added.
Samples were vortexed for 15 s and incubated at room temperature for 10
minutes. Samples were centrifuged at 4°C at 13000g for 10 minutes and a pellet
was visible. Supernatant was removed and sample was washed in 500 pl 75%
ethanol (Thermo-Fisher Scientific, UK). Samples were centrifuged at 4°C at
13000g for 5 minutes and supernatant was removed. Pellet was air dried for 15
minutes at room temperature and resuspended in 30 pl nuclease free water

(Life Technologies, UK) and stored at -80°C.

2.2.1.3 Chapter 7, embryonic brain and kidney

RNA was extracted using GenElute™ Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich, UK) according to manufactures instructors. Samples were
homogenised using 200 pl buffer and MP lysing matrix D tubes (Anachem, UK)
and fast prep 120 (Thermo-Fisher Scientific, UK). Homogenisation was

performed twice for 10 s at 5 m/s. RNA was stored at -80°C.

2.2.2 DNase treatment
All RNA was DNase treated following extraction. Up to 10 pg of RNA was treated
using DNA-free DNase treatment and removal kit (Applied Biosystems, UK)

according to the manufacturer’s instructions.

2.2.3 RNA to cDNA conversion

Two methods of reverse transcription were used in this work.

2.2.3.1 Chapter 3

Equal amounts of RNA, up to 5 pug were reverse transcribed using RNA to cDNA
EcoDry (random hexamers) premix strips (Takara Bio Europe, France). cDNA

was diluted 1:50 and stored at -20°C.

2.2.3.2 Chapter 7

Equal amounts of RNA, up to 5 pg were reverse transcribed using the mastermix
below (Table 2.3). RNA was incubated with random hexamer primers for 10

minutes at 70°C to allow annealing. Remainder of master mix was added and
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samples (RT+) were incubated at 37°C for 1 hour. A negative control (RT-)was
included in which no enzyme was added. Reaction was stopped by sample
incubation at 70°C for 15 minutes. cDNA was diluted 1:50 in TE buffer and
stored at -20°C. cDNA was checked by performing a PCR on RT+ and RT-
samples using the mastermix outlined above (Table 2.1) with primers for factin.

PCR products were resolved on a 1% agarose gel under UV light.

Table 2.2: 1X master mix for RNA reverse transcription.

Reagent Volume per reaction (ul)

5X first strand sunthesis buffer (Promega, | 4

UK)

dNTPs (10 mM) 1

Random hexamers (0.5 pg/ml) (Promega, | 1

UK)

MMULV reverse transcriptase (Promega, | 1

UK)

DNase treated RNA Upto5pg
Nuclease free H20 Up to 20 pl
2.2.4 qPCR protocol

All gqPCR primers were designed to work optimally with an annealing
temperature of 60 °C, spanned at least one intron and the product size was less
than 200 bp. Primer information detailed in Table 2.6. For every experiment
amplification of all genes of interest plus two housekeeping genes was
performed in triplicate in the same qPCR run. 25 ng of cDNA was used for each
reaction. The mastermix is shown in Table 2.3. The cycling conditions used for
all gPCR reaction was: 1. 94°C 10 minutes, 2. 94°C 20 secs, 3. 60°C 20 secs, 4.
72°C 20 secs, repeat cycle 2-4 45 times. Fluorescence of each reaction was
acquired at step 4 for each cycle. Following this thermo-cycling step the PCR
product was heated in 1°C steps from 50- 99 °C, held for 2s at each step and

fluorescence was recorded. This allowed quality control of qPCR product.

59



2.2.5 High resolution melt analysis (HRM) protocol
HRM analysis was carried out as described in Chapter 7.2.4 using the master

mix shown below in table 2.4

Table 2.3: 1X qPCR master mix

Reagent Volume per reaction (ul)
2X SensiMix SYBR No-ROX (Bioline, | 10

UK)

Forward primer 1.4

Reverse primer 1.4

cDNA template 50 ng

Nuclease free water To 20 ul

Table 2.4: 1X HRM master mix

Reagent Volume per reaction (ul)
2X SensiMix HRM (Bioline, UK) 10

EvaGreen dye 1

Forward primer 1.4

Reverse primer 1.4

cDNA template 50 ng

Nuclease free water To 20 ul

2.3 Western blotting

2.3.1 Protein extraction

Tissue samples were homogenised using using RNase free pellet pestle
(Anachem, UK) in 200 pl filter sterilised treatment buffer (Table 2.5) without 2-
mercaptoethanol until there were no visible particles. Samples were centrifuged
briefly to pellet lysate and then sonicated briefly to shear DNA and reduce
viscosity of sample. Sample was the centrifuged for at 13000 g for 10 minutes at

4°C. BCA assay was then carried out to quantify protein in sample.
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2.3.2 BCA assay

BCA assay was carried out using BCA Protein Assay Kit (Thermo-Fisher
Scientific, UK) according to manufacturer’s instructions. Briefly, a range of
known concentration protein standards were prepared from a stock bovine
serum albumin standard (Thermo-Fisher Scientific, UK), ranging from 25-2000
pg/ml. Unknown protein samples to be quantified were diluted 1:10. 50 pl of
known standards and unknown samples were transferred to a 96 well plate
(Thermo-Fisher Scientific, UK) and 200 pl of a 50:1 reagent A: reagent B mixture
was added. Each sample was quantified in duplicate. Samples were incubated at
37 °C for 30 minutes and following this absorbance was read at 562 nm using a
microplate spectrophotometer (pQuant, BioTek, UK). Unknown protein samples
were quantified by comparing to known standard absorption at 562 nm.
Unknown samples concentration was diluted to 5 mg/ml using treatment buffer
including 5% 2- mercaptoethanol (Sigma-Aldrich, UK) and bromophenol blue
(Sigma-Aldrich, UK).

Component Stock Volume/Amount
75 mM Tris HCL pH6.8 1.5M 0.5 ml

3.8% SDS(Sigma-Aldrich, UK) 20% 1.9 ml

4M Urea (Sigma-Aldrich, UK) 8M 5.0 ml

20% glycerol (Thermo-Fisher Scientific, | 100% 2.0 ml

UK)

dH20 Up to 10 ml

5% 2-mercaptoethanol 100% 0.5 ml
Bromophenol blue 02g

Table 2.5: Treatment buffer for protein extraction

2.3.3 Gel electrophoresis and Western blot

Samples were defrosted on ice and 20 pl (100 pg) was transferred to a fresh
tube with 1 pl 2-mercaptoethanol to ensure protein denaturation. 75 pg of
protein was analysed for each sample. Proteins were electrophoretically

separated on a 10% bis-tris acrylamide gel (NuPAGE Novex, Life Technologies,
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UK) at 200V for 35 mins using 1X NuPAGE MES SDS Running Buffer (Life
Technologies, UK). Proteins were then transferred onto a nitrocellulose
membrane (pore size 0.45 pm, Life Technologies, UK) at 400 mA for 2 hours at
room temperature in tris-glycine methanol transfer buffer (10% (v/v) methanol
(Thermo-Fisher Scientific, UK), 0.02 M tris (Thermo-Fisher Scientific, UK), 0.19
M glycine (Sigma-Aldrich, UK)). Membranes were subsequently blocked in 1%
(w/v) bovine serum albumin (BSA) (Sigma-Aldrich, UK) tris-buffered saline
(TBS) for 1 hour at room temperature with agitation. Primary antibodies were
diluted in 1% (w/v) BSA TBT-T (1% (v/v) Tween-40 (Sigma-Aldrich, UK) TBS)
and incubated with membrane overnight at 4°C with mild agitation. Antibodies
used were rabbit polyclonal anti-Th (Abcam, UK) diluted in 1:1000 and mouse
monoclonal anti-Bactin (Sigma-Aldrich, UK) diluted 1:3300. Membranes were
washed in TBS-T for 10 minutes at room temperature four times. Secondary
antibodies used were either conjugated to an Alexa Fluor 680 dye (Life
Technologies, UK), for visualisation of test protein or were conjugated to IRDye
800 (LI-COR, UK) for visualisation of actin loading control. Secondary
antibodies diluted 1:3000 in 1% BSA TBS-T and membranes were incubated in
this at room temperature for one hour with agitation. Membranes were washed
in TBS-T for 10 minutes four times and once in PBS for 5 minutes at room
temperature. Proteins were visualised using LI-COR Odyssey infrared imaging

system (LI-COR, UK).

2.3.4 Relative protein quantification

Relative protein abundance was quantified using a computerized image-analysis
system (NIH Image] software version 1.45s; http://rsb. info.nih.gov/ij/). Protein
band was outlined and average intensity was recorded. This was performed for
Th and Bactin bands and relative Th abundance was calculated using the
formula (average intensity of Th band)/(average intensity for Pactin band).

Statistical analysis was carried out on this value.
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2.4 Immunohistochemistry and image analysis

2.4.1 Immunohistochemistry

Perfusion of the brain and sectioning was carried out as described in this thesis
chapter 3.2.1.3. Coronal sections stored in cyroprotectant were washed four
times for 10 minutes at room temperature with mild agitation in TBS (0.1 M tris
0.15 M NaCl (Thermo-Fisher Scientific, UK) pH 7.4). To block endogenous
peroxidises, sections were incubated in 0.6% (v/v) hydrogen peroxidise in TBS
at room temperature for 30 minutes. This was followed by three 10 minute
washes in TBS. Sections were blocked in 3% (v/v) normal goat serum (NGS)
TBS-T (0.1% Triton-X (Sigma-Aldrich, UK) TBS). Primary antibody was diluted
in 3 % NGS TBS-T and sections were incubated in this overnight at 4°C.
Antibodies used were rabbit polyclonal anti-NeuN (1:1000) (Abcam, UK) and
rabbit polyclonal anti-Th (1:1000) (Abcam, UK). Following primary incubation
sections were washed three times for 10 minutes in TBS-T. The VECTASTAIN
ABC kit (Vector Labs, Peterborough, UK) was used as per manufacturer’s
instructions. Briefly, biotinylated secondary antibody was diluted 1:200 in 3%
NGS TBS-T and sections were incubated in this for one hour at room
temperature with mild agitation. This was followed by another wash step as
before. Sections were then incubated in avidin- biotinylated horseradish
peroxidise (HRP) reagent for one hour at room temperature with mild agitation.
This was followed by a wash step as above, plus two additional washes in 0.05
M Tris buffer. The DAB peroxidise substrate kit (Vector Labs, UK) was used as
per manufacturer’s instructions to detect biotinylated HRP bound to secondary
antibody. Sections were washed in ice cold PBS to stop the reaction, followed by
a final TBS-T wash. Sections were mounted on gelatin coated slides (Thermo-
Fisher Scientific, UK) and allowed to dry overnight at room temperature.
Sections were dehydrated by a series of 2 minute incubations in 50%, 70%,
90%, 100% and 100% ethanol, followed by two serial incubations in xylene
(Thermo-Fisher Scientific, UK) and a cover slip was affixed using DPX (VWR,

UK) as a mountant. Slides were dried overnight at RT.
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2.4.2 Image analysis

Images were acquired at 1.5X (for Th immuno-reactivity) or 5X (for NeuN
immunoreactivity) magnification using Leica Olympus DP73. For Th immuno-
reactivity all sections containing the straitum were imaged. For NeuN 10
sections distributed evenly throughout the striatum were chosen for analysis. A
single image was taken of the striatum and another of the adjacent cortex, for
each hemisphere, a total of 20 images per animal. All image analysis was carried
out using Image]. For striatal Th average optical density of the striatum,
separated into dorsal and ventral regions at the as outlined in Figure 2.4, was
obtained and the average background staining from the cortex was subtracted
to give a value comparable between sections. This measurement also allowed
analysis of striatal area. Cell number was calculated using Image] cell counter
plugin (NIH Image] software version 1.45s; http://rsb. info.nih.gov/ij/). Briefly
the image was converted into an 8-bit black and white image and cell counting
was performed. This was performed for all striatal and cortical sections to
obtain an estimate of cell number. Representatives of image processing steps

are outlined in Figure 2.5A-H.
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Figure 2.4: 1.5X magnification of a representative section stained for Th.

Regions identified as dorsal and ventral striatum during analysis are outlined.
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Figure 2.5: 5X magnification of a representative section stained for NeuN. Image
processing stages are out lined below. A) Captured image. B) region of interest
(cortex in this image) was selected and surround was cleared. C) Image was
converted into 8-bit greyscale image. D) Background was subtracted using 6
pixel rolling ball radium criteria. E) Image was auto-thresholded such that each
pixel because binary. F) Image was auto-eroded and dilated to remove small,
non cellular pixels. G) Watershed analysis was performed to auto-detect

individual objects. H) Auto particle analysis was carried out
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Table 2.6: List of primers used in this thesis with accompanying sequences and

annealing temperatures

Primer Sequence 5’-3’ PCR/ Annealing | Product
name qPCR temp. (°C) | size (bp)
(target)

R85 (BAC | GGGCACCAATAACTGCCTTA PCR 58.9 575
transgene)

R86 (BAC | GCGTGTTACGGTGAAAACCT PCR 58.9

transgene)

R299 GGCTTCAGATCTGACCTCAG PCR 64.5 386
(RFLP site)

R300 AGAGAGGCTGGTCCTTCAGC PCR 64.5

(RFLP site)

Cdknlc-F | AGAGAACTGCGCAGGAGAAC qPCR | 60 141
(CdknlIc)

Cdknlc-R | TCTGGCCGTTAGCCTCTAAA qPCR | 60

(CdknlIc)

Dat-F (Dat) | GGTGCTGATTGCCTTCTCCA qPCR | 60 116
Dat-R AGAAGACAACGAAGCCAGAGGAG | gPCR |60

(Dat)

Drd1-F GGACACCGAGGATGACAACT qPCR | 60 89
(Drd1)

Drd1-R TGGCTACGGGGATGTAAAAG qPCR | 60

(Drd1)

Drd2-F CTGGTGTGCATGGCTGTATC qPCR | 60 119
(Drd2)

Drd2-R TAGACGACCCAGGGCATAAC qPCR | 60

(Drd2)

DIk1-F GAAAGGACTGCCAGCACAA qPCR | 60 141
(DIk1)
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DIk1-R CACAGAAGTTGCCTGAGAA qPCR | 60

(DIk1)

Grb10-F TGCACCACTTCTTGAGGATG qPCR | 60 202
(Grb10)

Grb10-R ACCAGTGAGCTCCGGAAATG qPCR | 60

(Grb10)

Igf2-F GTCGATGTTGGTGCTTCTCA qPCR | 60 195
Ugf2)

Igf2-R AAGCAGCACTCTTCCACGAT qPCR | 60

Ugf2)

Nnat-F AGAAAAGCAGCACCGACAAT qPCR | 60 204
(Nnat)

Nnat-R GGCTGTTCGATCTTCATGGT qPCR | 60

(Nnat)

Nurrl-F CGGACTGCAGGACGAGC qPCR | 60 115
(Nurrl)

Nurrl-R GCTATTGGGAATCCAGCCCG qPCR | 60

(Nurrl)

Om1la-F TTACGTCCATCGTGGACAGCAT PCR 61 245
(Om1a)

Omla-R TGGGCTGGGTGTTAGTCTTAT PCR 61

(Om1a)

Peg3-F AAAACTCACCACTCCGTTGG qPCR | 60 190
(Peg3)

Peg3-R GTCTCGAGGCTCCACATCTC qPCR | 60

(Peg3)

Snol16-F | ATCTAATGATTCCCAGTCAAACAT | gPCR | 60 53
(Sno116)

Snol16-R | TCACTCATTTTGTTCAGCTTTTCC | qPCR | 60

(Sno116)

Ssty-F CTGGAGCTCTACAGTGATGA PCR 61 343
(Ssty)
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Ssty-R CAGTTACCAATCAACACATCAC PCR 61

(Ssty)

Th-F (Th) | AATTCCCCACGTGGAATACA qPCR | 60 83
Th-R (Th) | GGGTAGCATAGAGGCCCTTC qPCR | 60

Hprt-F ATGATCAGTCAACGGGGGA qPCR | 60 189
(Hprt)

Hprt-R GAGAGGTCCTTTTCACCAG qPCR | 60

(Hprt)

Bactin-F TCTGTGTGGATTGGTGGCTCTA qPCR/ | 60 69
(Bactin) PCR

Bactin- CTGCTTGCTGATCCACATCTG qPCR/ | 60

R(pactin) PCR
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Chapter 3: Molecular characterisation of Cdkn1 cBACx1

3.1 Introduction

During embryonic development Cdknlc has a number of different roles in the
nervous system including facets of cell proliferation, differentiation and
migration, as detailed in Chapter 1. However, a comprehensive characterisation
of the consequences of altered Cdknlc dosage on embryonic and adult
neurochemistry has not been carried out. This chapter addresses the
developmental and neurochemical consequences of altering the dosage of
Cdknlc using two BAC transgenic lines. Animals carrying an extra copy of
Cdknlc on a BAC transgene (originally called line 5D3 and renamed Cdkn1cBACx1)
were previously shown to have approximately a 1.9 fold increase in Cdknlc
mRNA levels in the embryonic head at E12.5 but not in the body, where there is
minimal transgene expression (Andrews et al., 2007). This was not the case for
a line carrying the same genomic region on a BAC in which a (-galactosidase-
neomycin fusion gene had been inserted into Cdknlc. This line, called
Cdkn1cBAClacz - reports Cdknlc expression from the transgene but Cdknlc
expression is not elevated. A comparison between these two lines allows

phenotypic assignment to elevated Cdkn1c expression.

Given the established role of Cdkn1c in promoting proliferation of dopaminergic
neurons in the developing midbrain through cooperation with Nurrl (Joseph et
al,, 2003) and Cdknl1c expression in human embryonic stem cells differentiated
into Th positive dopaminergic neurons in vitro (Freed et al, 2008), the
dopaminergic system was examined first. Development of the dopaminergic
system in animals over expressing Cdkn1c was examined using qPCR from E13.5
to E18.5 to assess the expression levels of markers of dopamine development,
Nurrl and Th (Zetterstrom et al, 1996; Zetterstrom et al., 1997). Basal
dopaminergic state of the adult male brain was assessed using a combination of
gPCR, HPLC and immunohistochemistry to obtain convergent evidence for
alterations in the dopaminergic system. Additionally, reactivity and sensitivity
of the dopaminergic system was probed by exposing animals to a sub-

stimulatory dose of the indirect dopamine agonist, amphetamine. Amphetamine
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causes a rapid release of dopamine in the nucleus accumbens (Siciliano et al,,
2014). The abundance of cells activated by dopamine binding to its post-
synaptic receptors can be indirectly assessed using the immediate early gene,
cfos, as a marker of cellular activity (Swaney et al.,, 2007; Swaney et al., 2008;
Beiderbeck et al,, 2012; Regier et al., 2012; Segovia et al., 2012; Sonntag et al,,
2014). This method allows an approximation of the number of dopaminergic
innervations and strength of connections in relevant regions. In this case, the

focus was on the ventral striatum, the site of the nucleus accumbens.

3.2 Methods

3.2.1 Animals and embryonic dissections

General housing and husbandry conditions were as described in Chapter 2.1.2.
For embryonic dissections, pregnant dams were culled by cervical dislocation at
the required E after observation of the presence of a vaginal plug. The abdomen
was sterilised using 70% ethanol and the uterus was exposed. The uterine horn
was rapidly dissection out and placed into ice cold sterile PBS. Fetuses were
removed from the yolk sac into ice cold PBS on ice and yolk sac was retained for
genotyping. Embryos were decapitated and the whole brain was rapidly isolated
and snap-frozen on dry ice in a 1.5 ml centrifuge tube. For E11.5 whole head
was taken, for all other timepoints embryonic brain was isolated. Tissue was
stored at -80°C until analysis. For qPCR analysis samples were taken from two
litters and balanced for litter, sex and genotype. Adult neural tissue was
collected from cohorts at the end of behavioural testing as described in Chapter

2.1.5.

3.2.1.1 Injections

Animals were injected intra-peritoneally (i.p.) with saline or 0.5 mg/kg D-
amphetamine sulphate (Tocris Bioscience, Bristol, UK) to detect any enhanced
sensitivity to amphetamine. Animals were culled 60 minutes after injection by
cervical dislocation and dissection of neural tissue was carried out as described

in Chapter 2.1.5.
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3.2.1.2 Perfusion

Animals were given a terminal dose of sodium pentobarbital solution
(100 mg/kg, i.p.; Euthatal; Merial Animal Health, Harlow, UK). Once the animal
was unresponsive to paw and tail pinch, the abdominal cavity and heart was
exposed. At this point serum was collected at described in Chapter 2.1.4. For
perfusion, the right atrium was severed to allow outflow and 25 ml of sterile
PBS was perfused through the circulatory system via the left ventricle.
Following this 25 ml of 10% neutral buffered formalin solution (Sigma Aldrich,
Dorset, UK) was perfused through the circulatory system. Once perfusion was
complete the brain was extracted and post-fixed in 10 ml 10% neutral buffered
formalin solution overnight at 4°C. Following this, brains were transferred to
30% (w/v) sucrose PBS solution to equilibrate at 4°C. Once equilibration was
complete, as indicated by sinking, brains were transferred to fresh 30% sucrose

PBS solution and stored at 4°C until processing.

3.2.1.3 Brain sectioning

Brain sectioning was carried out on a sliding freezing microtome. After
mounting on the platform, brains were frozen and 40 pm thick coronal sections
were obtained. Slices were retained from the frontal cortex (most anterior) until
the corpus callosum was observed to separate between the two hemispheres.
Slices were stored in cyroprotectant (30% (w/v) sucrose, 1% (w/v) Polyvinyl-
pyrrolidone, 30% (v/v) ethylene glycol in PBS) to prevent freezing at -20°C until

all samples could be processed together in order to allow a robust comparison.

3.2.2 qPCR

RNA was extracted, DNase I treated and converted to cDNA as described in
Chapter 2.2. qPCR was carried out on a Corbett rotor gene 6000 (now
maintained and produced by Qiagen) using the mastermix template outlined in
Chapter 2.2.4. Genes of interest were targeted; these were Cdknlc, Nurrl, Drdl,
DrdZ2, Th, Dat and c-fos. Each reaction was carried out in triplicate for a given
sample. The number of samples in each group is indicated in appendix A. The
ACt was obtained by normalising to the geometric mean Ct value of factin and
Hprt for that sample. Statistical analysis was carried out on these values. Fold

change from wt was calculated using the formula 2-24Ct,
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3.2.3 Immunohistochemistry and image analysis
Immunohistochemistry was carried out as described in chapter 2.4. Each
antibody was applied to 1 in every 5 slices such that the antibodies used, anti-Th

and anti-NeuN, were applied to adjacent slices.

3.2.4 High-performance liquid chromatography (HPLC)

Tissue was dissected as described in chapter 2.1.5 and snap frozen and stored at
-80°C until further analysis. Tissue was homogenized in 200 pl of 0.2M
perchloric acid by an ultrasonic cell disruptor (Microson, UK). Levels of NA, DA,
DOPAC, 5-HT and 5-HIAA were determined in the supernatant by reversed-
phase, high-performance liquid chromatography, as described previously
(Dalley et al., 2001). This was performed by Dr. Jing Xia at the Department Of
Psychology, University of Cambridge.

3.2.5 Statistical analysis

For gPCR data Shapiro-Wilk test for normality was carried out on all ACt values.
Values that were >3 SD from the group were excluded from analysis as outliers.
This total was 3 outliers, inclusions of which did not alter any results. Where
data was normally distributed independent sample t-tests were carried out.
Where the data was not normally distributed non parametric Mann-Whitney U-
tests were carried out. To correct for multiple comparisons a Bonferroni
corrected a was used for each brain region, namely a/4=0.0125. For HPLC
repeated measures ANOVA were carried out for each brain region with
MOLECULE as within subject variable and GENOTYPE as between-subjects
variable. Bonferroni corrections for multiple comparisons were applied and

adjusted F and p vales are reported.

3.3 Results

3.3.1 Embryonic expression profile of Cdknlc, Nurrl and Th

qPCR analysis of whole brain revealed a peak in neural Cdkn1c expression levels
at approximately E13.5 in the wt mouse nervous system and expression
declined thereafter (Figure 3.1A). There was a significant increase in Cdknlc

expression across E13.5, E15.5 and E185 (main effect of GENOTYPE:
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F13=12.364, p=0.039) between Cdkn1cBACxl animals and their wt littermates
(Figure 3.1B). There was no effect of genotype between Cdkn1cBACx1 animals
and their wt littermates in expression levels of Nurrl (main effect of
GENOTYPE: F14=1.185, p=0.338) (Figure 3.1C) or Th (main effect of GENOTYPE:
F14=0.179, p=0.694) (Figure 3.1D).

Figure 3.1: (A) CdknIc expression peaks at E13.5 in the wt mouse development.
Cdknlc expression (B), but not Nurrl (C) or Th (D), was elevated across
embryonic neural development in Cdknl1cBAx1 embryos relative to wt
littermates for each timepoint. n>4/timepoint. Data shown is mean fold change

+ SEM.*p<0.05.
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3.3.2 Adult neurochemistry

3.3.2.1 Frontal cortex

Over expression of Cdknlc resulted in a significant decrease in adult frontal
cortex expression of Drd1 (U = 6, p = 0.04) and Drd2 receptor transcript levels
(t(11)=-2.423, p=0.034)(Figure 3.2A). However neither of these values were
significant at the Bonferroni adjusted a=0.0125. There was no difference in
receptor expression between CdknlcBAClacz and their wt littermates (Drd1:
U=15, p=0.685; Drd2: U=14, p =0.57) (Figure 3.2C). There were no significant
changes in transcript levels of Dat (Cdkn1cBACxl: t(10)=-1.075, p=0.308);
Cdkn1cBAClacz; £(6)=0.062, p=0.952) or Th (Cdkn1cBACx1 £(11)=-0.685, p=0.507;
Cdkn1cBAClacz; £(11)=-0.685, p=0.507) between transgenic animals of either line
and their respective wt littermates (Figure 3.24, C).

Whole tissue neurochemistry analysis revealed no significant differences in any
neurotransmitters analysed between Cdkn1cBACxl and wt littermates (Figure
3.2B) or between Cdkn1cBAClacZz gand their wt littermates. (Figure 3.2D). There
was a trend for an decrease in 5-HT in Cdkn1cBACxl animals (F1,14=3.696,
p=0.075) (Figure 3.2B) but this did not reach significance (Figure 3.2D). Further
work is required to determine the relevance if this observation. Full details of

statistical results are available in Appendix A.
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Figure 3.2: qPCR (A, C) and HPLC (B, D) analysis of the frontal cortex of
Cdkn1cBACx1 (A, B) and Cdkn1cBAClacZ (C, D) adult males. Data shown is mean fold

change + SEM. NA, noradrenaline; DA, dopamine; 5HT, serotonin.
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3.3.2.2 Dorsal striatum

Within the dorsal striatum there was no significant change in levels of Drd1
(t(6)=0.54, p=0.609), Drd2 (t(6)=0.04, p=0.97) or Th (U=5, p=0.386) between
Cdkn1cBACx1 animals and their wt littermates (Figure 3.3A). There was a
significant increase in Dat (t(5)=4.504, p=0.006) (Figure 3.3A) in this region in
animals over expressing Cdkn1c at the Bonferroni adjusted a=0.0125. This was
consistent with a significant increase in tissue levels of dopamine in the dorsal
striatum of Cdkn1cBACxl  animals (F1,14=5.279, p=0.038) (Figure 3.3B).
Additionally, there was a significant increase in serotonin in this region
(F1,14=5.102, p=0.04) (Figure 3.3B). There was no significant difference in Drd1
(t(7)=-0.916, p=0.39), Drd2 (t(7)=-0.915, p=0.391), Th (t(6)=-2.247, p=0.066) or
Dat (t(8)=-0.1, p=923) expression (Figure 3.3C) nor was there a difference in

76




tissue levels of dopamine (F1,14=0.481, p=0.499) or serotonin (F1,14=0.178,
p=0.679) in this region between Cdkn1cBAClacZz and their wt littermates (Figure

3.3D).

Figure 3.3: qPCR (A, C) and HPLC (B, D) analysis of the dorsal striatum of
Cdkn1cBACx1 (A, B) and Cdkn1cBAClacZ (C, D) adult males. Data shown is mean fold

change * SEM. *p<0.05 **p<0.01. NA, noradrenaline; DA, dopamine; 5HT,

serotonin.
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3.3.2.2 Ventral striatum

In the ventral striatum there was no significant differences between animals
over expressing Cdknlc and their wt littermates in the expression of Drd1
(t(9)=1.097, p=0.301), Drd2 (t(9)=0.615, p=0.554) or Dat (t(4)=-0.343, p=0.728)

(Figure 3.4A). There was a trend for an increase of Th expression in this region
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(t(9)=2.013, p=0.075) (Figure 3.4A). There was no difference in whole tissue
levels of dopamine between Cdkn1cBACx1 animals and their wt littermates in this
region (F1,14=0.308, p=0.588) (Figure 3.4B). There was a significant increase in
5-HT in Cdkn1cBACX1 animals, after adjustment for multiple comparisons
(F1,14=6.686, p=0.022) (Figure 3.4B). This was not the case between
Cdkn1cBAClacz gnd their wt littermates (F1,14=1.471, p=0.245) (Figure 3.4D).
There was no significant change in Drd1 (t(5)=-0.920, p=0.4), Drd2 (t(5)=-0.22,
p=0.834) or Th (t(5)=-0.088, p=0.933) between CdknlcBAClacZz and their wt
littermates (Figure 3.4C). Additionally, there was no difference in tissue levels of
dopamine in this region between both Cdkn1cBACx1 and their wt littermates
(F1,14=0.007, p=0.934) and Cdkn1cBAClacZz gand their wt littermates (F1,14=0.349,
p=0.564) (Figure 3.4D).
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Figure 3.4: qPCR (A, C) and HPLC (B, D) analysis of the ventral striatum of
Cdkn1cBACx1 (A, B) and Cdkn1cBAClacZ (C, D) adult males. Data shown is mean fold

change + SEM. *p<0.05. NA, noradrenaline; DA, dopamine; 5HT, serotonin.
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3.3.2.4 Hypothalamus

There was no effect of genotype of either line on expression levels of Drd1
(Cdkn1cBACxl:  t(5)=1.102, p=0.321; Cdkn1cBAClacZ; t(5)=1.959, p=0.107),
Drd2(Cdkn1cBACx1: £(5)=1.695, p=0.151; Cdkn1cBAClacZ; t(5)=-0.374, p=0.724) or
Th(Cdkn1cBACx1: t(6)=-0.426, p=0.685; Cdkn1cBAClacZ; t(6)=-0.447, p=0.671) in
the hypothalamus (Figure 3.5A, C). There was no difference in the whole tissue
level of dopamine (F1,14=2.222, p=0.158) or 5-HT in this region (F1,14=0.211,
p=0.409) between Cdkn1cBACx1 animals and their wt littermates (Figure 3.5B).
However, there was a significant decrease in DOPAC and 5HIAA, metabolites of

both of these neurotransmitters, respectively (DOPAC: F1,14=4.99, p=0.042;
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S5HIAA F1,14=6.948, p=0.02) (Figure 3.5B), implying reduced turnover in this
region. None of these measurements differed between Cdkn1cBAClacZ gnimals and
their wt littermates (dopamine: F1,14=0.05, p=0.827; 5-HT: F1,14=0.075, p=0.788;
DOPAC: F1,14=0.23, p=0.639; SHIAA: F1,14=0.566, p=0.464) (Figure 3.5C, D).

Figure 3.5: qPCR (A, C) and HPLC (B, D) analysis of the hypothalmus of
Cdkn1cBACx1 (A, B) and Cdkn1cBAClacZ (C, D) adult males. Data shown is mean fold

change + SEM. *p<0.05. NA, noradrenaline; DA, dopamine; 5HT, serotonin.
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3.3.3 Adult neuroanatomy

There was no effect of genotype on the average number of neurons in the
striatum or surrounding cortex between Cdkn1cBACx1 and their wt littermates
(striatum: F19=0.001, p=0.982 ; cortex: F19=1.33, p=0.282) (Figure 3.6B) or

between Cdkn1cBAClacZz and their wt littermates (striatum: F1,7=0.025, p=0.879 ;
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cortex: F1,7=0.732, p=0.425) (Figure 3.6D). However, there was a significant
increase in Th staining intensity in the dorsal and ventral striatum in
Cdkn1cBACx1 animals compared to their wt littermates (Main effect of
GENOTYPE: F16=7.958,p=0.03) (Figure 3.6A) but not between Cdkn1cBAClacZ
animals compared to their wt littermates (Main effect of GENOTYPE:
F16=0.617,p=0.462) (Figure 3.6C).
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Figure 3.6: Th immuno-reactivity (A, C) and NeuN* cell count (B, D) analysis of
the striatum and cortex of Cdkn1cBACx1 (A, B) and Cdkn1cBAClacZ (C, D) adult
males. E) Representative images showing Th immuno-reactivity in striatum of
Cdkn1cBACxl and wt littermate. F) Representative images showing NeuN staining
in striatum and adjacent cortex of Cdkn1cBACx! and wt littermate. Data shown is

mean fold change + SEM. *p<0.05.

A 1 wildtype
X B B CiknicA
16 ; 1.2
_ g 1.4 % - 1.0 = 1
= = 12 1 v =
4 zZ
%S 10 {1 I o 508
= Z 03] = 06
<o =
o 5067 T Z04
S E 04 s 2
“ E 02{ £ v
0.0 0.0
N & <
g o D <
S & ST X
P & & S
& & <
C D 1 Wildtype
3 Cdkn1c®4°2
16 12 ;
> 14 - :
=2 12 ggw‘ alinm'=
%5 1014 . Z 508
= 2 08 I 2 206
S 2 06 S5
=35 S gos4
o E 04 = o
= E 02 S 02
0.0 0.0
N N :
N
E & F
Wildtype Cdkn1cBAcxt
£ X
§ s 2
% S
& S
Th .~ .E
wildtype - 3

82




3.3.4 Cdkn1cBACxT amphetamine hypersensitivity

60 minutes after a single i.p. injection of amphetamine there was a significant
increase in cfos expression in the nucleus accumbens of all animals over
expressing Cdknlc (Cdkn1cBACx1: Fy9=6.214, p=0.037) (Figure 3.7. The increase
was not significant in their wt littermates (F111=3.162, p=0.106)), nor in
Cdkn1cBAClacz gnimals (F19=0.364, p=0.563) (Figure 3.7). This implies that
Cdkn1cBACxl animals were more sensitive to amphetamine in the nucleus

accumbens than animals not over expressing CdknIc.

Figure 3.7: Cdkn1cBAC1 animals had increased neural activity in response in the
nucleus accumbens in response to a low dose of i.p. amphetamine compared to
wt littermates and Cdkn1cBACLACZ gnimals. Data shown is mean fold change *

SEM. *p<0.05.
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3.4 Discussion

This chapter focussed on the neurochemical characterisation of animals over
expressing Cdknlc. Neural over-expression of Cdknlc in Cdkn1cBACx1 animals
was demonstrated at several timepoints, as has been shown previously at E12.5
(Andrews et al, 2007). Regional changes in gene expression and
neurochemistry were identified in the adult brain between Cdkn1cBAx1 animals

and their wt littermates but not between CdknlcBAClacZ gnimals and their wt
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littermates attributing these changes to elevated CdknlIc. Finally, animals over
expressing Cdknlc were found to be hypersensitive to a low dose of
amphetamine in the nucleus accumbens, as indicated by a significant increase in
cfos expression after injection compared to the wt littermates. These results
demonstrated that Cdknlc gene dosage contributes to neural development and

impacts adult neurochemistry and neural activity.

3.4.1 Embryonic Cdkn1c and dopaminergic system development

A rapid decline in Cdknlc expression from E13.5 to P13 occurred in the
developing wt brain. As has previously been shown at E12.5 (Andrews et al,,
2007), Cdknlc expression was higher in the whole brains of Cdkn1cBACx1
embryos compared to their wt littermates. Nurrl expression was not
significantly different in response to elevated Cdknlc at any time point
examined. Nurrl is expressed in the developing and adult nervous system and
co-localises with Th, though expression during development proceeds Th
(Zetterstrom et al, 1996). Cdknlc gene is a target of Nurrl and Cdknic
expression in the developing ventral midbrain is dependent on presence of
Nurrl (Joseph et al,, 2003). Together these two genes cooperate to promote the
proliferation of midbrain dopaminergic neurons (Joseph et al., 2003). Absence
of Nurrl results in a loss of striatal dopamine (Zetterstrom et al., 1997). In
contrast, Cdkn1c null embryos retain Th immuno-reactive cells at E18.5 (Joseph
et al,, 2003). Given that Nurrl acts upstream of CdknIc, at least in this system, it
is not expected that Nurrl would be altered following Cdkn1c over expression.
Genetic ablation of Cdknlc causes a regional specific decrease in Nurrl (Joseph
et al, 2003), which given the relatively crude dissection in this study (whole
brain), may not be possible to discriminate here. Similarly for Th expression, the
dissection method may be too crude to discern any region specific changes,
especially given the relatively restricted expression of the transgene in the
nervous system (John et al., 2001). Additionally, Th is involved in the synthesis
of not just dopamine but also noradrenaline, a neurotransmitter not altered in
the adult brains of Cdkn1cBACx1 animals and this may contribute to an increased

variability when examining whole brain samples.
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3.4.2 Adult neurochemistry of Cdkn1cBAI and Cdkn1cBACLacZ [ines

3.4.2.1 Frontal cortex

Dopamine in the frontal cortex is multifunctional (Beaulieu and Gainetdinov,
2011) and the relatively crude whole tissue dissection used here means it is not
possible to discern which activities the decrease in Drd1 and Drd2 expression
may affect. Chronic treatment of rats with a Drd1l antagonist leads to up
regulation of levels of this receptor in the striatum (Hess et al., 1986) implying
that decreased activation of this receptor may lead to an up regulation.
Conversely, and relevant for this work, it is possible that increased dopamine
receptor activation, as a result of a hyper-dopaminergic mesocortical input, may
cause a reactive down regulation in these receptors. There was no observed
difference in whole tissue levels of dopamine or in expression of the Th or Dat,
in this study but it is not possible to rule out whether enhanced dopamine
release, either basally or upon stimulation, causes the observed down

regulation in receptor levels in Cdkn1cBACx! animals.

3.4.2.2 Dorsal and ventral striatum

The observation that animals over expressing Cdknlc have higher levels of
dopamine than their wt littermates in the dorsal striatum is consistent with the
role of Cdkn1c in promoting the proliferation of midbrain dopaminergic neurons
(Joseph et al., 2003; Freed et al, 2008). A higher level of dopamine was
accompanied by an increase in Th immuno-reactivity in the striatum and a
decrease in Dat levels in the dorsal striatum. Together, this would be expected
to increase tissue levels of dopamine by increasing synthesis and decreasing
reuptake for degradation. A significant increase in Th expression was not
observed at the mRNA level in Cdkn1cBACxl animals compared to their wt
littermates. The increase in protein immuno-reactivity however implies that
there is functional consequence to the increased expression of Cdknlc in
Cdkn1cBACx1 adult males. Importantly, given the role of CdknIc in the cell cycle,
there were no differences between Cdkn1cBACx! animals and their wt littermates

in neuron number in the striatum and surrounding cortex. Interestingly, there
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was a significant increase in serotonin in both the dorsal and ventral striatum.
Cdknlc is not known to have direct activity on the serotoninergic system
development. However, dopamine has been shown to promote serotonin
release in the hippocampus in a Drd2 dependant manner (Matsumoto et al,,
1996). Additionally L-DOPA (the dopamine precursor) perfusion into the
substantia nigra caused an increase in extra neuronal serotonin levels in the
same region and also in the striatum (Thorre et al, 1998). In addition to
dopamine facilitated serotonin release, the converse has also been shown to
occur. In the striatum serotonin perfusion (Benloucif and Galloway, 1991) and
in the prefrontal cortex serotonin increase mediated through a reuptake
inhibitor (Matsumoto et al., 1999), both increased extracellular dopamine.
Taken together, this implies that the Cdknlc mediated increase in dopamine
may cause changes in the serotonin system, which in turn may increase

dopamine-potentiating phenotypes.

A low dose of amphetamine was used to probe the sensitivity of animals over
expressing Cdknlc to this compound, as an enhanced sensitivity may be
expected from other studies on hyper-dopaminergic animals (O'Neill and Gu,
2013). Much higher doses than presented here are classically used to induce
cfos expression in the ventral striatum (Graybiel et al, 1990). The observed
significant cfos induction after amphetamine injection in animals over
expressing Cdknlc implies these animals are neurally hypersensitive to
rewarding stimulants. The location of activation, the ventral striatum, is of
particular significance. This contains the nucleus accumbens, a primary
constituent in the mesolimbic reward pathway. This implies that Cdkn1cBACx1

may have altered processing of rewarding stimuli.

3.4.2.3 Hypothalamus

There was no change in the hypothalamus in expression of any of the genes
examined in either line. However, there was a significant decrease in the
metabolites of dopamine and serotonin degradation but without a change in
levels of the neurotransmitters themselves. This was specific to animals over

expressing CdknIc. This finding has several possible interpretations. There may
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be reduced release of these neurotransmitters, something that is not possible to
gauge from crude tissue levels as these values include transmitters stored in
vesicles. Another possibility is that there is a reduced rate of synthesis and/or
reuptake of these neurotransmitters. While Th and Dat as well as Tph2 and 5htt
(not shown here) mRNA levels were normal, this does not exclude the
possibility of reduced protein levels. Alternatively, there may be a reduction in
the levels of the monoamine oxidase A, the common degrading enzyme for both
dopamine and serotonin, in the hypothalamus (Jahng et al., 1997). Further work

is required to investigate this cause of the altered metabolism.

3.4.3 Conclusions

Transgenic over expression of Cdknlc mediated through BAC insertion
produces a relatively moderate, embryonically sustained, increase in expression
of this gene in the brain. Importantly, this increased expression produced robust
phenotypes in both the neurochemistry and neural responsively of the adult
brain. The consequences for adult neurochemistry occurred in the region
dependant manner. Additionally, neurotransmitter systems not shown to be
directly influenced by increased Cdknlc expression per se, namely the
serotoninergic system, also showed alterations in the adult Cdkn1cBACx1 male

brain.

In conclusion, this work revealed that animals over expressing Cdknlc were
hyper-dopaminergic both in terms of their basal neurochemical state and in
their response to external stimuli. This study highlighted the importance of
correct Cdknlc dosage during development for adult neural functioning and
suggested a behavioural phenotypic consequences of this alteration in Cdknlc

expression.
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Chapter 4: Basic behavioural characterisation

4.1 Introduction

This chapter concerns the initial behavioural characterisation of male mice
overexpressing Cdknlc (Cdkn1cBACx1) alongside the control line (Cdkn1cBAClacz),
The assessment of basic motoric and anxiolytic function of these animals was
made to exclude the possibility that more basic aspects of behaviour were
compromised and to eliminate these as a potential confounders during further

testing (Crawley, 1999; Sousa et al., 2006).

The dopaminergic cells of the midbrain have a crucial role in regulating
movement (Groenewegen, 2003). For instance, drugs that increase midbrain
dopamine concentrations, such as cocaine (Gainetdinov, 1999; Walker et al,,
2001; Wyvell and Berridge, 2001; Zhuang et al., 2001; Napolitano et al., 2010;
Vucetic et al., 2010b; Yu et al, 2014), amphetamine (Gainetdinov, 1999;
Napolitano et al, 2010; Flores et al, 2011; O'Neill and Gu, 2013) or
methylphenidate (Gainetdinov, 1999; Carmack et al., 2014) have been shown to
cause hyperactivity in rodents. Additionally, genetically hyper-dopaminergic
animals resulting from knock down of the Dat, were found to have altered
activity levels (Gainetdinov, 1999; Zhuang et al., 2001; Napolitano et al., 2010;
O'Neill and Gu, 2013). As shown in chapter 3, animals over-expressing Cdknlc
were hyper-dopaminergic in the dorsal striatum, with dysregulation of a
number of genes in the dopaminergic system in the striatum, as well as in the
frontal cortex. Given the potential confound of any affect on locomotor activity
on other aspects of behaviour, it was necessary to assess motor learning and

general activity levels of animals over-expressing Cdkn1c.

Similarly, anxiety related behaviours have been shown to be sensitive to
manipulations of the dopaminergic system. A number of DAT variants were
recently found to be associated with emotional dysregulation in children,
specifically in those with generalized anxiety (Gadow et al., 2014). Additionally,
at therapeutic doses the anxiolytic drug, busiprone, has been shown to bind to

DRD3 and DRD4 receptors with an affinity similar to its classic target, the

88



5HT1a receptor (Bergman et al,, 2013; Kim et al., 2014). Cdkn1c over expression
decreased in Drdl expression in the frontal cortex (Figure 3.2A). Virally
mediated over expression of DRD1 in glutamatergic neurons of the prefrontal
cortex in adult rodents resulted in decreased anxiety levels (Sonntag et al,
2014). Importantly, another maternally expressed imprinted gene, Nesp55, has
previously been shown to influence aspects of this behaviour (Plagge et al,
2005). Given that differences in novelty reactivity and/or anxiety could
influence behaviours in a variety of behavioural tasks, it was necessary to assess

any baseline difference as a result of altering the dosage of CdknIc.

As a ‘proof of principle’ of altered dopaminergic function it is possible perform
experiments known to be sensitive to the levels of dopamine of an individual.
Locomotor activity in response to a single injection of a low dose of
amphetamine is one such task. Amphetamine acts as a competitive inhibitor of
dopamine (and other monoamines), both at the dopamine transporter and at
the vesicular monoamine transporter, via its inhibitory effect on TAAR1 (Miller,
2011). This causes an increase of extracellular dopamine. Genetically hyper-
dopaminergic animals have been previously shown to be hypersensitive to this
drug at doses at which wt animals were not affected, as indicated by differences

in locomotor activity (O'Neill and Gu, 2013).

Similarly pre-pulse inhibition (PPI) of the startle response is sensitive to
neuronal levels of dopamine. Both rodents and humans have an involuntary
motoric response to an unexpected ‘startling’ acoustic noise, this is known as
the acoustic startle response (ASR). This response is blunted when the pulse is
preceded by a pre-pulse that does not evoke a response by itself (Groves et al.,
1974; Graham, 1975; Frost et al., 2003). A reduced ability to inhibit responding
to a startling acoustic noise, when preceded by a quieter pre-pulse, is
characteristic of a hyper-dopaminergic state, both in humans (Hutchison and
Swift, 1999) and animals (Ralph et al, 2001). The dopamine agonist
apomorphine decreases the percentage inhibition in rodents (Kanno et al,
2014) as well as antagonists of dopamine D1 and D; receptors (Schwarzkopf et

al, 1993; Swerdlow et al., 2004; Swerdlow et al.,, 2005) and both typical and
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atypical antipsychotics restore PPI deficits in apomorphine treated rodents

(Swerdlow et al., 1994).

This chapter concerns the basic behavioural, motoric, and anxiolytic
characterisation of CdknlcBA¢x1 animals and their wt littermates, and
CdknlcBAClacZz gnimals and their wt littermates. In addition, characteristic
dopaminergic state reporter assays were carried out in these two lines. PPI and
ASR were assessed in each animal as a measure of dopaminergic system
function. Finally sensitivity to amphetamine was assayed in a locomotor activity

task after injection of a sub-stimulatory dose of amphetamine.
4.2 Methods

4.2.1 Animals

109 male mice in total were used for open field and elevated plus maze tasks,
genotype: Cdkn1cBACxl (n=29) and wt littermates (n=27), Cdkn1cBAClacZ (n=31)
and wt littermates (n=22). A subset of these was tested in the remaining
experiments, genotype: CdknlcBACx1 (n=15) and wt littermates (n=16),
Cdkn1cBAClacz (n=16) and wt littermates (n=14). All animals were between 7 and
9 weeks at the start of testing. General housing and husbandry conditions were
as described in Chapter 2.1. Food and water were provided ad Ilib for the

duration of testing.
4.2.2 Anxiety related behaviours

4.2.2.1 Open field (OF):

The OF apparatus (750 x 750 mm) was constructed of opaque perspex and
illuminated evenly with a 60w bulb. The OF arena was divided into 2 virtual
zones, an inner (central 450 x 450 mm) and an outer (150 mm periphery).
Animals were allowed to explore the arena freely for 600 s. Activity was tracked
using a camera connected to a computer with ETHOVISION software (Noldus,
UK) and time spent in and entries made into each zone, as well as overall
distance moved, was recorded. Greater time spent in the inner zone was

considered less anxious behaviour.
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4.2.2.2 Elevated plus maze

The elevated plus maze (EPM) consisted of four Perspex arms two open (175 x
78 mm) and two enclosed (190 x 80 x 150 mm) with an open roof. The EPM was
940 mm above the floor and illuminated evenly by a 60 W bulb. Animals were
placed centrally at the beginning of a trial and allowed to explore freely for 300
s. Activity was tracked using a camera connected to a computer with
ETHOVISION software (Noldus, UK) and time spent in and entries made into
each arm was recorded. The main measures of anxiety related behaviour were

time spent on, and number of entries into, the open arm.
4.2.3 Motoric function

4.2.3.1 Rotarod

A rotarod task (Ugo Basile, Italy) was used to assess motor learning and co-
ordination. This consisted of a rotating rod 30 mm in diameter, with five
separated chambers 57 mm in width, with a rod elevation of 160 mm. Motor
learning was assessed across five sessions in which rod speed accelerated
linearly from 5 to 50 rpm across 300 s. Latency to first fall was recorded for
each session. After each fall, the animal was replaced onto the rod until the end

of the session. The main measure of motor co-ordination was latency to first fall.

4.2.3.2 Locomotor activity

Locomotor activity (LMA) behaviour was tested using an apparatus consisting
of twelve Perspex chambers (210 x 360 x 200 mm), with two infra-red beams
crossing each cage 30mm from each end and 10mm from the floor of the
chamber. Beam breaks were recorded as an indication of activity, using a
computer running custom written BBC Basic V6 programmes with additional
interfacing by ARACHNID (Cambridge Cognition Ltd, U.K.). Data stored were the
total number of beam-breaks in a 2 hour session, as well as the number of
beam-breaks made in each 5 minute bin. One session was carried out per day,
for three consecutive days as a measure of habituation to a novel environment,
both within, and across, sessions. The main measure of activity was number of

beam breaks made across the whole session, as well as in each five minute bin.
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Habituation to a novel arena was assayed by the decrease in beam breaks across

sessions or across time bins within a session.

Following the three days of basal LMA, animals were injected intra-peritoneally
(i.p.) with saline or a sub-stimulatory dose of D-amphetmine sulphate (Tocris
Bioscience, UK), either 0.5 mg/kg or 1 mg/kg to detect any enhanced sensitivity
of to amphetamine. All animals received each solution in a pseudo-randomised
order, with 72 hours between each injection to allow for solution wash out.
Session total beam breaks were used as an indication of amphetamine induced

LMA.

4.2.4 Acoustic Startle (ASR) and Prepulse Inhibition (PPI)

ASR and PPI were monitored using a SR-Lab apparatus (San Diego Instruments,
U.S.A) modified for use in mice. White noise stimuli were presented via a
speaker mounted in the roof of a sound-attenuating chamber, 120mm above the
subject. Animals were placed in a Perspex tube (internal diameter 35mm)
mounted onto a Perspex plinth. A session consisted of a 5min habituation
period followed by 3 blocks of acoustic stimuli presented against a background
white noise set to 70db (A scale) with the startle amplitude set to 120db in the
first block, 105db in the second and a range (80 to 120db) in the 3rd. Pulse-
alone trials consisted of a 40ms startle stimulus and a prepulse trial consisted of
a 20ms prepulse at 4, 8, or 16db above background and a 40ms, 120db or 105db
startle stimulus, 70ms after the prepulse offset. In blocks 1 and 2, following 5
pulse-alone trials, there followed five blocks consisting of 2 pulse-alone trials, 1
no stimulus trial and 6 prepulse trials (2 each of 4, 8 and 16db above
background). In each block, the different stimuli were presented in a
pseudorandom manner every 15s. The whole body startle response to the pulse
alone trials and the gating (i.e. inhibition) of responding due to the presentation
of prepulse stimuli was recorded as the average startle during a 65ms window
timed from the onset of the startle pulse. Values were transduced and digitised
by a piezoelectric transducer linked to the computer. PPI was calculated as the

percentage reduction in startle between prepulse trials and pulse alone trials.
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Response output was adjusted for weight as described previously (Doe et al,,

2009; Relkovic et al., 2010).

4.2.5 Statistical analysis

All statistical analysis was carried out using SPSS 20 (SPSS, USA). All analysis
was carried out separately for each line, followed by comparison between the
wt animals of each line. Sphericity of the data was analysed using Mauchly’s test
and where this was violated degrees of freedom was adjusted using

Greenhouse-Geisser adjustment.

For EPM and OF tasks a series of one-way ANOVAs were carried out to assess
the effect of genotype on duration of trial spent in each zone, factors were TIME
SPENT IN OPEN ARM and TIME SPENT IN INTERNAL ZONE, respectively.
Preference for the less anxiogenic zone (closed arm and external zone,
respectively) was assessed in both tasks using a paired samples t-test. For
further OF analysis additional ANOVAs were carried out to exclude any
confounding factors such as DISTANCE MOVED. A repeated measure ANOVA
was carried out to examine any difference in the rate of habituation to a novel
environment, DISTANCE MOVED MIN1-10 were used as within subject factors.
Rotarod performance was analysed using a repeated measures ANOVA with
LATENCY TO FIRST FALL as a within-subjects factor across training sessions
and GENOTYPE as the between subjects factor.

LMA habituation trials were analysed using a series of repeated measure
ANOVAs for each session with SESSION or BIN as the within-subjects factor and
GENOTYPE as the between session factor. Amphetamine induced LMA was
analysed using a repeated measure ANOVA with DRUG and BIN as the within-
subject factor and GENOTYPE as the between subjects factor, this allowed
examination of difference in LMA and any difference in rate of change of

behaviour.
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ASR and PPI was analysed using a repeated measures ANOVA with TRIAL and
INTENSITY, respectively, as a within-subjects factor and GENOTYPE as the

between subjects factor.

4.3 Results

4.3.1 Open field

As expected, all animals preferred the exterior zone to the internal zone, as
indicated by increased time spent in this zone (Cdkn1cBACxl: t(54)=77.456,
p<0.001; Cdkn1cBAClacz; £(55)=111.386, p<0.001). There was no significant effect
of genotype on the duration of time spent in the internal zone, between
Cdkn1cBACx1 gnimals and their wt littermates (Main effect of GENOTYPE: Fq54=
0.349, p=0.557) (Figure 4.1A) or between Cdkn1cBAClacz gnimals and their wt
littermates (Main effect of GENOTYPE: Fi55= 0.057, p=0.812) (Figure 4.1B).
There was no significant effect of genotype on the frequency of entries made
into the internal zone, between Cdkn1cBACx1 gnimals and their wt littermates
(Main effect of GENOTYPE: Fi54= 1.996, p=0.16) (Figure 4.1C) or between
Cdkn1cBAClacz gnimals and their wt littermates (Main effect of GENOTYPE: F55=
0.034, p=0.86) (Figure 4.1D). All animals habituated to the arena across the 600
s trial, as indicated by a decrease in distance moved per minute (Main effect of
TIME BIN: Cdkn1cBACX1: Fg477=11.554, p<0.001; CdknlcBAClacZ: Fq486=5.778,
p<0.001), and there was no effect of genotype on either total distance moved
(Cdkn1cBACx1: F154=0.402, p=0.529; Cdkn1cBAClacZ; Fy 54,=0.338, p=0.563), nor rate
of habituation (TIME BIN*GENOTYPE interaction: Cdkn1cBACxl: Fg477=1.591,
p=0.115; Cdkn1cBAClacZ; Fg 486=0.576, p=0.817) (Figure4.1E,F).
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Figure 4.1: There was no effect of genotype on anxiety related behaviours or
rate of habituation in an open field task. A, B) There was no difference between
Cdkn1cBACx1 animals and their wt littermates (A) or between Cdknl1cBAClacZ
animals and their wt littermates (B) in time spent in the anxiogenic interior
zone of an open field. C,D) There was no difference in distance travelled per
minute between Cdkn1cBACxl animals and their wt littermates or between

Cdkn1cBAClacz gnimals and their wt littermates. All data is displayed + SEM. ***

p<0.001
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4.3.2 Elevated plus maze

All animals preferred the closed to the open arms, as indicated by increased
time spent in these arms, as would be expected (Cdkn1cBACx1: t(54)=21.63,
p<0.001; CdknlcBAClacZ; t(55)=20.321, p<0.001). This was not different by
genotype as there was no effect of genotype on the duration of time spent in the
open arms across the 300 s trial between Cdkn1cBACx! animals and their wt
littermates (Main effect of GENOTYPE: Fi55= 2.99, p=0.09) (Figure 4.2A) or
between CdknlcBAClacZz gnimals and their wt littermates (Main effect of
GENOTYPE: Fi55= 0.019, p=0.89) (Figure 4.2B). There was also no effect of
genotype on frequency of entries made into the open arms between Cdkn1cBACx1
animals and their wt littermates (Main effect of GENOTYPE: Fi55= 2.212,
p=0.14) (Figure 4.2C) or between Cdkn1cBAClacZ gnimals and their wt littermates
(Main effect of GENOTYPE: F155= 1.328, p=0.25) (Figure 4.2D).
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Figure 4.2: There was no effect of genotype on anxiety related behaviours
elevated plus maze task. A, B) There was no difference between Cdkn1cBACx1
animals and their wt littermates (A) or between Cdkn1cBAClacZ gnimals and their
wt littermates (B) in time spent in the anxiogenic open arms of an EPM. All data

is displayed + SEM.
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4.3.3 Rotarod

All animals improved at the task across training sessions, as indicated by a
significant effect of session on latency to first fall (Main effect of SESSION:
Cdkn1cBACx! F349216= 29.056, p<0.001; CdknlcBAClacZ F4q15= 26.653, p<0.001)
(Figure 4.3A,B). This improvement in task performance was not different by
genotype (SESSION*GENOTYPE interaction: Cdkn1cBACx1 F3 492 16= 1.805, p=0.14;
Cdkn1cBAClacz Fy115=0.79, p=0.53), nor was there an effect of genotype on
latency to fall (Main effect of GENOTYPE: Cdkn1cBACx1 Fiy7= 1.917, p=0.18,
Cdkn1cBACLacZ Fy 5= 0.248, p=0.62).
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Figure 4.3: There was no effect of genotype on motor learning or motor co-
ordination in a rotatrod task. A, B) All animal performance improved across
sessions. There was no difference between Cdkn1cBACX1 animals and their wt
littermates (A) or between Cdkn1cBAClacZ animals and their wt littermates (B) in

latency to fall. All data is displayed * SEM. *** p<0.001
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4.3.4 LMA

Across all three habituation trails, Cdkn1cBACxl animals made significantly less
beam breaks than their wt litter-mates (main effect of GENOTYPE: F1,27=9.142,
p<0.01) (Fig 4.4A). All animals habituated to the environment within each
session as indicated by a decrease in beam breaks per bin within the first
session (main effect of BIN: session 1, F23621=5.206, p<0.001), the rate of which
was not different by genotype (BIN*GENOTYPE interaction: session 1,
F23621=0.358, p=0.998). As well as this there was a strong trend for these
animals to decrease in overall beam breaks made across the three sessions
(main effect of SESSION: F17g84815=3.134, p=0.058), without a significant
SESSION*GENOTYPE interaction (F1.7848.15=0.901, p=0.41), indicating that all
animals habituated equally to the arena over time. Unlike, Cdkn1cBACx1 animals,
CdknlcBAClacz gnimals did not differ from their wt littermates in the total
number of beam breaks made across the three habituation sessions (main effect
of GENOTYPE: F128=1.459, p=0.24) (Figure 4.4B). As would be expected, all

animals decreased the number of beam breaks made over time within the first
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session as they habituated to the arena (main effect of BIN: session 1,
F23644=9.875, p<0.001). Additionally, across sessions, Cdkn1cBACLacZ gnimals and
their wt littermates made fewer beam breaks per session (main effect of
SESSION: F1.945426=3.285, p<0.05); and the rate of habituation across session
was not different by genotype (SESSION*GENOTYPE interaction:
F1945426=0.001, p=0.999). Importantly there was no difference between wt
animals of the separate lines in total number of beam breaks made per session
(main effect of GENOTYPE: F1,28=1.655, p=0.21), nor in the rate of habituation
across sessions (SESSION*GENOTYPE interaction: F12,51=0.564, p=0.57).

Figure 4.4: Cdkn1cBACX1 animals were hypoactive compared to their wt
littermates. A) Cdkn1cBACx1 animals made significantly less beam breaks than
their wt littermates across three sessions. B) This was not the case between
Cdkn1cBAClacz gnimals and their wt littermates. All data is displayed * SEM. **

p<0.01
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4.3.5 Amphetamine induced LMA

As expected from a low dose of amphetamine, there was no significant affect on
locomotor activity over saline (Main effect of DRUG Cdkn1cBACx1: Fq7462=0.053,
p=0.927; CdknlcBAClacZ; Fyg514=1.194, p=0.308). A repeated measures
DRUG*BIN*GENOTYPE interaction for CdknlcBAx1 animals and their wt
littermates displayed a main effect of genotype (Main effect of GENOTYPE:
F1,27: 5.054, p=0.033). This contrasted with Cdkn1cBAClacZ gnimals and their wt
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littermates (Main effect of GENOTYPE: F12s: 0.118, p=0.73). Post-hoc tests, after
Bonferroni adjustments for multiple correction, showed this to be as a result of
Cdkn1cBACx1 animals moving significantly less than their wt littermates after
injection of 0.5 mg/kg (Fi28=4.619, p=0.041) or 1 mg/kg amphetamine
(F1,28=5.376, p=0.028) (Figure 4.5C,E), but not after saline injection (F1,28=1.203,
p=0.28) (Figure 4.5A). This was not the case between Cdkn1cBAClacZ gnimals and
their wt littermates, where there was no effect of genotype on the number of
beam breaks made after injection of either saline (F1,29=0.632, p=0.43) (Figure
4.5A), 0.5 mg/kg (F1,20=0.838, p=0.37) (Figure 4.5D) and 1 mg/kg(F1,29=0.606,
p=0.44) (Figure 4.5F).
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Figure 4.5: Cdkn1cBACx1 animals were hypersensitive to sub-stimulatory doses of
amphetamine. A, B) There was no difference between Cdkn1cBACx! animals and
their wt littermates (A) or between CdknlcBAClacZ gnimals and their wt
littermates (B) in beam breaks after a saline injection. C, D, E, F) Cdkn1cBAtx1
animals made significantly less beam breaks than their wt littermates after an
injection of 0.5 mg/kg (C) or 1 mg/kg amphetamine (E) this was not the case
between CdknlcBAClacZz gnimals and their wt littermates (D, F). All data is

displayed + SEM. *p<0.05.
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4.3.6 ASR and PPI

After adjusting for any differences in weight, there was no significant effect of
genotype on the ASR at either 105 or 120 dB across the habituation trials
(Cdkn1cBACxt  120dB: Fi20=1.214, p=0.28; 105dB: F129=3.935, p=0.057;
Cdkn1cBAClacz 120 dB: Fi28= 0.094, p=760.05, 105dB: Fi28= 1.558, p=0.22).
Cdkn1cBACx1 gnimals had significantly blunted PPI at 105 dB (main effect of
GENOTYPE: F1,29=6.264, p=0.018) (Figure 4.6C), but not 120 dB (main effect of
GENOTYPE: Fi120=0, p=0.999). Post-hoc tests indicate that this is due to a
difference in the effectiveness of the pre-pulse at 8 (F1,30=5.873, p=0.022) and
16 dB (F130=6.624, p=0.015), but not 4 dB (F130=1.152, p=0.292), between
Cdkn1cBACx1 animals and their wt littermates. It is unlikely that this phenomenon
is related to auditory deficits in Cdkn1cBACx1 animals as the startle response to
105 dB is reduced with a pre-pulse in all animals, in an amplitude dependant
manner (main effect of PRE-PULSE: F1g5200=22.926, p<0.001), as would be
expected. Cdkn1cBAClacZ startled to the same degree as their wt littermates after
each pre-pulse at 105 dB (F1,28=0.034, p=0.85) (Figure 4.6D) and 120 dB
(F1,28=2.837, p=0.1) and there was no difference between wt animals of the two

strains in PPl at 105 dB (F1,28=3.82, p=0.06) or 120 dB (F1,28=1.512, p=0.23).
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Figure 4.6. Cdkn1cBAC1 animals have sensorimotor gating deficits in a PPI task.
A, B) There was a marginally non-significant difference between Cdkn1cBACx1
animals and their wt littermates (A) and no difference between Cdkn1cBACLacz
animals and their wt littermates (B) in ASR to a 105 dB pulse across habituation
trials. C, D) Cdkn1cBACx1 animals had a deficit in PPI to a 105 dB test pulse (C) this
was not the case between Cdkn1cBAClacZ gnimals and their wt littermates (D). All

data is displayed * SEM. *p<0.05 #p=0.057
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4.4 Discussion

This chapter details the basic motoric and anxiolytic behavioural
characterisation of the Cdknlc over-expressing animals, Cdkn1cBACx1, and their
wt littermates, as well as transgenic animals not over-expressing Cdknlc,
Cdkn1cBACLlacZ gnd their wt littermates. In addition, a number of tasks sensitive

to dopamine levels were untaken. This followed on from the observation in
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chapter 3 that over-expression of Cdknlc leads to increased dopamine in the
dorsal striatum and alterations in expression of genes related to dopaminergic
function. No differences in anxiety or novelty reactivity were observed between
genotypes of either line. Additionally motor learning in a rotarod task was intact
in all animals. Over expression of CdknIc specifically resulted in hypoactivity,
without a difference in the rate of habituation to a novel environment, implying
the presence of a subtle basal locomotor phenotype. Additionally, the
locomotion of Cdkn1cBAx1 animals was hypersensitive to sub-stimulatory doses
of amphetamine, as shown by a decrease in the number of beam breaks
compared to wt after an i.p. injection of an amphetamine solution. This
phenomenon not observed in Cdkn1cBAClacZz animals. Further data suggestive of
altered dopaminergic function was the sensorimotor gating deficits observed in
Cdkn1cBACxl animals, as indexed by decreased PPl compared to wt. These
findings indicated that gross motoric and anxiety related behaviours were intact
after over expression of Cdknlc but that, as predicted from the results in
Chapter 3, phenotypes sensitive to levels of dopamine were altered in these

animals.

4.4.1 EPM and OF

As expected all animals preferred the less anixogenic zones in the EPM and OF.
Rodents’ avoidance of open spaces is well documented (Lister, 1990; File,
2001). Willingness to explore the open arms or interior of an OF is indicative of
a less anxious, or enhanced risk-taking state, and drugs that decrease anxiety in
humans increase this propensity in rodents (Lister, 1987; Prut and Belzung,
2003; Ramos, 2008). Here, there was no significant effect of genotype, in either
tine on the time spent in the anxiogenic zones or frequency of entry into
anxiogenic zones. However, in the EPM and OF, Cdkn1cBACx1 animals made, non-
significantly, fewer entries to, and spent less time in, the anxiogenic zones. This
suggests of a potential anxious phenotype. However, there were no differences
in the rate of habituation to a novel OF or in the total distance moved. Therefore,
habituation to novel areas prior to testing, unless part of testing protocol, was

used in Chapters 5 and 6 to account for any difference in anxiety.
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4.4.2 Motoric function

Rotarod tasks are routinely used to assess motor coordination and motor
learning in rodents, especially when deficits in the midbrain dopaminergic
system are expected or induced (Carter et al., 1999; Paumier et al.,, 2013; Wang
et al., 2013; Pang et al., 2014). Given that Cdkn1cBACx! animals have alterations in
this region, as shown in Chapter 3, a rotarod task was carried out. As expected,
across sessions, the latency to fall from the rotarod increased, implying that all
animals learned to perform the task and stay on the rotating rod. Importantly,
there was no effect of genotype in either line on the latency to fall implying that

motor co-ordination was equivalent between groups.

LMA, as assayed by number of beam breaks, as opposed to distance travelled in
an OF, provides similar but distinct information about the activity levels of an
animal. Cdkn1cBACx1 animals were shown here to be hypoactive across the three
habituation trials, compared to their wt littermates, a finding not observed
between Cdkn1cBAClacZ gnimals and their wt littermates. As expected, all animals
habituated to the arena within a session as indicated by a decrease in beam
breaks across the session. Additionally, all animals habituated to the arena
across sessions as indicated by a decrease in total beam breaks across the three
habituation sessions. This decrease was marginally non-significant for
Cdkn1cBACx1 animals and their wt littermates, potentially as a result of the
observed hypoactivity of Cdkn1cBACx! animals resulting in a ‘floor effect’ for the
group. Importantly, there was no difference between the wt animals of either
strain highlighting that this difference was specifically as a result of Cdkn1c over
expression. As there was no effect of genotype on the rate of habituation, it is
likely Cdkn1cBACx1 hypoactivity was not as result of differential learning about

the novel arena or as a result of enhanced fearfulness of novelty.

The seeming disparity between levels of activity between distance moved in an
OF and beam breaks in a novel arena is intriguing. This could indicate a very
subtle motoric phenotype, potentially relating to increased stereotyping
behaviours, i.e. repeated crossing of the same beam. However, Cdknlc animals

made less ‘same’ breaks as well as making fewer total beam breaks (data not
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shown). Alternatively, this phenotype may relate to darting behaviours from
side of the arena to the other, with longer inter-movement pauses. However,
this does not seem to be the case as there was no difference in total time spent

moving in the OF field task (data not shown).

A number of genetically hyperdopaminergic animals, as a result of knockdown
of Dat, display hyperactivity (Ralph et al., 2001; Zhuang et al., 2001; Napolitano
et al,, 2010; O'Neill and Gu, 2013) but this was not observed with Cdkn1cBACx1
animals. However, the increases in dopamine after DAT knock down are several
fold greater (Zhuang et al., 2001) than are observed in Cdkn1cBACx! animals, as

shown in Figure 3.3B.

Injection of 0.5 mg/kg or 1 mg/kg of amphetamine had no effect on locomotor
activity, either of wt animals or of Cdkn1cBAClacz animals. These data must be
interpreted with caution in the absence of a drug effect on wt animals. However,
both doses resulted in a decrease in locomotor activity of Cdkn1cBACx1 animals
compared to their wt littermates. This is not without precedent. The paradoxical
calming affects of stimulants are well documented in the case of genetically
hyper-dopaminergic animals, specifically as a result of Dat knockdown/out
(Gainetdinov, 1999; Zhuang et al, 2001; Napolitano et al, 2010). This has
clinical relevance with respect to attention deficit hyperactivity disorder
(ADHD), in which stimulants of the dopaminergic system are used as a
successful means of treatment. Given the observation in chapter 3 (Figure 3.7)
that cells in the nucleus accumbens of Cdkn1cBACx1 animals are hypersensitive to
amphetamine; it is not unexpected that this sub-stimulatory dose produces such

a profound motoric effect.

It is possible that the observed difference in locomotor activity occured as a
result of the interaction between the observed hypoactivity and an increased
locomotor response to an injection of saline, masking this difference for the
saline trial alone. While this is a potential explanation, it is unlikely as injection
order was counterbalanced for solution and genotype, such that an animal’s first

injection was not necessarily saline. Therefore, the observed absence of

106



genotype effect after a saline injection was not due to a heightened response of

Cdkn1cBACx1 gnimals to a novel noxious stimulus.

4.4.3 Acoustic startle and PPI

Unexpectedly, no habituation, indexed by a decrease in startle amplitude over
time, was observed in any animals across the trials. Given that this occurred in
all genotypes it is unlikely to be as result of genetic manipulation or
environmental factors in the home cage influencing behaviour. It is possible that
this is due to environmental factors within the apparatus or testing room. There
was a marginally non-significant trend (p=0.057) for Cdkn1cBACx1 animals to
startle less than their wt littermates to 105 dB acoustic pulse across habituation
trials, an observation not seen in Cdkn1cBAClacZ gnimals. This has a potential for
influencing the PPI measure (Sandner and Canal, 2007). However, it is
important to note that PPI is a measure of percentage difference from baseline
and, in this way, accounts for any baseline differences. These observations are
unlikely to be linked to an acoustic deficit in Cdkn1cBACx1 animals as there was
the expected significant effect of pre-pulse volume on all animals PPI, with
louder pre-pulses inhibiting the ASR to a greater degree. Perhaps unexpectedly,
there was no effect of genotype on ASR or PPI when animals were presented
with a 120 dB startling pulse. This is likely to be as a result of the greater
startling capacity of a 120 dB pulse overall, masking any differences between
the groups. Additionally these observations were not due to an altered anxiety
state of Cdkn1cBACx1, gs no differences were observed in an OF or EPM test. This
highlights the specificity of the deficit in sensorimotor gating in these animals

over-expressing Cdknl1c.

4.4.4 Conclusions

Over expression of Cdknl1c caused subtle, very specific alterations in some basic
behaviours. Animals over-expressing Cdknlc were hypoactive compared to
their wt littermates with respect to beam breaks, but not total distance moved
in an open field. This was without any differences in motor co-ordination or
motor learning. Additionally, as inferred from chapter 3, these animals were
hypersensitive to a sub-stimulatory dose of amphetamine. This resulted in a

counter-intuitive, but not unexpected, blunting of locomotor activity. Over
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expression of Cdknlc also caused subtle deficits in sensorimotor gating, with a
reduced PPI when presented with a 105 dB acoustic pulse, but not 120 dB. This
occurred without any significant differences in anxiety levels in two separate
assays of anxious behaviours. Overall, these results highlight the presence of an
altered dopaminergic state of animals over-expressing Cdknlc, but do not
present any significant confounds that could interfere with further behavioural

testing.
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Chapter 5: Cdkn1c and reward

5.1 Introduction

Dopamine has been long associated with reward processing through evidence
from drug and genetic studies in humans and model organisms. It is believed to
have a role in the incentive salience of, but not necessarily the hedonistic
response to, a reinforcer (Berridge et al, 2009). Pharmacologically and
genetically induced hyper-dopaminergic states in rodents produce an increase
in the incentive salience of a reinforcer (Wyvell and Berridge, 2001; Covelo et
al., 2012; Bauer et al., 2013; Pecifia and Berridge, 2013). Increasing dopamine in
rodents, either by administering amphetamine or by knock-down of Dat,
increases an animal’s tendency to press a lever associated with a reward over a
control lever as well as resulting in decreased latency to reward collection in a
runway task (Wyvell and Berridge, 2000; Pecina et al, 2003). Dopamine
deficient mice do not learn to press a lever for a reward, whereas control mice
will. This deficiency can be reversed by restoring dopamine either by giving the
animals L-DOPA or by restoring dopamine synthesis in the midbrain only
(Robinson et al,, 2007). Conversely, antagonists of the DAergic system produce a
reduction in a reinforcer’s incentive salience (Dickinson et al., 2000; Lex and
Hauber, 2008; Ostlund and Maidment, 2012) (Pielock et al., 2011; Wassum et al,,
2011; Saunders and Robinson, 2012). Additionally, both predicted and
unpredicted sucrose pellets evoke an increase in DA in striatal subregions
(Brown et al,, 2011) and food rewards also increase accumbal DA (Hernandez
and Hoebel, 1988a, b; Joseph and Hodges, 1990). Finally, drugs of abuse in
humans, such as cocaine and amphetamine, have their site of action directly on
DAergic neurons. Together, these results highlight the specific importance of

midbrain dopamine in motivation to work for a reward.

The first task described in this chapter is the lick microstructure analysis task.
Hedonic response is most commonly assessed by consumption or preference in
a two-bottle choice test (Hajnal et al.,, 2004; Drew et al., 2007; Romieu et al,,
2008; Vucetic et al.,, 2010b; van der Plasse et al., 2012; Carlin et al., 2013). This is

informative, however is confounded by the interaction between consumption
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(and number of licks) and increasing solution concentration (Spector et al,
1998). Another method used to infer perceived palatability of a solution is
analysis positive affective orofacial movements during consumption (Pecina et
al, 2003; Mahler et al., 2007; Faure et al., 2010; Shin et al., 2011). This reliably
reports an animal’s hedonic response to a palatable solution but is technically
challenging and, to a degree, subjective data to analyse. Lick microstructure
analysis produces a quantitative measure which represents an animal’s hedonic
response to a solution, independent of consumption volume. Rodents will
consume freely available palatable liquids, such as sucrose, in a predictable
manner (Davis, 1998; Dotson and Spector, 2005; Boughter et al., 2007; Johnson
et al., 2010a; Lin et al., 2013). The pattern of licks made is in a series of ‘bursts’
or ‘clusters’, the size of which is determined by the palatability of the solution,
with lick number per cluster increasing linearly with increasing concentration
of a palatable solution (Dwyer et al., 2009; Yoneda et al., 2009; Lydall et al,,
2010; Wright et al.,, 2013). Therefore, the hedonic state of an animal can be

probed reliably using this task.

The second task in this chapter concerns an animal’s motivation to work for a
reward, i.e. the incentive salience of the reinforcer, as indexed by break point
(BP) in a progressive ratio (PR) task. Mice will learn to nose poke to obtain a
reward and in a PR task the number of nose poke required to obtain a reward
increases over trials within a single session. Essentially, this means, within a
session, an animal must work increasingly harder for the same reward. The
maximum number of nose pokes it is willing to make to receive the reward is
termed the “break-point” and this has been shown to be sensitive to
manipulations of the midbrain dopaminergic system (Salamone et al, 2001;
Thomsen et al,, 2009; Covelo et al., 2012; Skibicka et al., 2013). Restriction of
dopamine signalling to dorsal striatum is sufficient for mice to perform a PR
task (Darvas and Palmiter, 2009) highlighting the importance of this area in
motivation to work for a reinforcer. Amphetamine microinjection to the nucleus
accumbens also increases the BP in a PR task (Zhang et al.,, 2003) implying a
significant role for midbrain dopaminergic activity in the performance of this

task.
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As shown in Chapter 3, animals over-expressing Cdkn1c have elevated DA in the
dorsal striatum, as well as increased Th expression in the striatum with elevated
TH immuno-reactivity in the same region. Additionally, as shown in Chapter 4,
these animals have changes in sensorimotor gating as well as hypersensitivity to
amphetamine in the striatum, phenomena both associated with a neural hyper-
dopaminergic state. Therefore, given the link between DA and reward
processing, this chapter focuses on the motivational state of Cdkn1cBACx! animals
in comparison to their wt littermates. The hedonic state of Cdkn1cBACx1 and
Cdkn1cBAClacz gnimals, as well as their wt littermates was assessed using lick
microstructure analysis. Following this, the incentive salience of a reinforcing

sucrose solution was assessed used PR task in a subset of animals.

5.2 Methods

5.2.1 Animals

109 male mice were used for the licking microstructure analysis, genotype:
Cdkn1cBACxl (n=29), wt littermates (n=27), Cdkn1cBAClacZz (n=31) wt littermates
(n=22). A subset of these were used for PR testing genotype: Cdkn1cBACx1 (n=14)
wt littermates (n=13), Cdkn1cBAClacZz (n=17), wt littermates (n=9). All animals
were between 7 and 9 weeks at the start of lick cluster analysis testing and
between 13 and 15 weeks at the start of PR testing. General housing and

husbandry conditions were as described in Chapter 2.1.

5.2.2 Licking micro-structure analysis

Mice were on restricted food access for the duration of testing, having no access
to food for 16 hours prior to testing. Testing was carried out as described in
Lydall et al. (Lydall et al., 2010) but adapted for mice. Briefly, testing took place
in white Perspex boxes (32x 15x12 c¢cm) with metal grid floors and wire mesh
lids. Access to the solution was provided, in 50 ml bottles attached to stainless
steel drinking spouts, for thirty minutes, once per day. Testing was conducted

between 08:00 and 11:00. A contact sensitive lickometer registered each lick to
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the nearest 0.01 s, recorded using MED-PC software (Med Associates Inc., St.
Albans, VT, USA). Consumption for each session was recorded by weighing
bottles before and after each session. Assuming 1 ml of solution = 1 g,
consumption was then normalised to weight that day (consumption (ml)/(body
weight (g) 975)), to account for any differences in size between the groups (Doe
et al., 2009; Relkovic et al., 2010). A range of sucrose concentrations were used
(2, 4, 8 and 16% w/w) (approximately 0.06, 0.12, 0.24 and 0.48 M) and
dissolved in deionised water. Animals were trained to drink 8% sucrose prior to
testing, until consumption had stabilised (requiring 4-14 sessions). Animals
were presented with solution of a given concentration for a minimum of four
days; the order in which animals were presented with each concentration was
counterbalanced for ascending or descending concentration presentation and
genotype. Sessions in which an animal’s behaviour was extremely different to
the group normal were excluded; specifically making less than 10 bouts, greater
than 40 one lick bouts or having an inter-lick interval of <90 or >250 ms.
Behaviour for a minimum of four sessions was examined at each concentration
and data from the first day at each new concentration was excluded from
analysis to eliminate any effects of neophobia (Bahar et al., 2004; Figueroa-
Guzman and Reilly, 2008; Pedroza-Llinas et al., 2009). Data was averaged across
sessions at each concentration for comparison. A pause between licks of greater

than 0.5 s was defined as a new cluster.

55.3 PR

For the duration of testing animals were on a restricted water access schedule,
water provided for two hours immediately after testing, testing taking place
between 08:00 and 11:00. Testing took place in a 9-hole box modified for use in
mice, with four alternate holes in the horizontal array covered and the central
hole was illuminated. Mice were initially trained for three days to press a
Perspex panel opposite the array of holes in order to gain access to reinforcer, in
this case 8% (w/w) sucrose (approximately 0.24 M), as above. During testing a
nose poke by the mouse in the illuminated hole resulted in the delivery of 20 pl

of reinforcer behind the Perspex panel and collection of this reward initiated a
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subsequent trial. Continuous reinforcement (CRF) (i.e. one nose poke required
for reward delivery) was carried out for four days. Following this, a PR schedule
was carried out whereby within a session animals had to nose poke an
increasingly higher number of times for reinforcer delivery. Number of nose
pokes required ascended linearly every four trials (FR4) for three sessions,
followed every two trials (FR2) a further three sessions. This was followed by
four CRF sessions. A single probe trial at the FR2 PR schedule was carried out
using 2% (w/w) sucrose, followed by a day of CRF. An additional single probe
trial at FR2 was carried out when animals were allowed ad libitum water access

for 24 hours prior to testing.

To determine whether animals were responding to the calorifically rewarding
aspect of sucrose animals were testing using an iso-sweet to 8% sucrose
concentration of saccharin (0.1% (w/w)) (approximately 6.6 mM). Animals
were trained to obtain a reward of 0.1% saccharin in a CRF schedule for two

days. Following this a probe trial at FR2 was carried out with 0.1% saccharin.

5.2.4 Statistical analysis

All statistical analyses were carried out using SPSS 20.0 (SPSS, USA). A series of
ANOVAs were carried out on parameters below after ensuring normality of data.
For lick analysis a repeated measures ANOVA was carried out, a between
subject factor of GENOTYPE and within subjects factor of CONCENTRATION. For
PR analysis a reaped measures ANOVA was carried out with a between subjects
factor of GENOTYPE and the within subjects factor was SESSION. Bonferroni

post-hoc tests were carried out where appropriate.

5.3 Results

5.3.1 Lick micro-structure analysis
During training animals consumed freely available 8% sucrose solution for 30
mins after 16 hours food deprivation. Individuals were moved on to the test

phase after consumption volume had stabilised for a minimum of 2 days.
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Animals were then presented with one of 2, 4, 8 or 16% sucrose, each for a

minimum of four days.

Sucrose consumption formed an inverted U-shaped curve, peaking at 8%
sucrose, as expected. There was a significant effect of concentration of sucrose
solution on consumption (main effect of SOLUTION: Cdkn1cBACx1: F316,=25.572,
p<0.001; Cdkn1cBAClacZ; F3153=40.18, p<0.001), without an effect of genotype in
the case of Cdkn1cBACx1 and their wt littermates (main effect of GENOTYPE:
F154=0.884, p=0.351) (Figure 5.1A). There was a marginally significant
difference in consumption between Cdkn1cBAClacZ and their wt littermates (main

effect of GENOTYPE: F151=4.197, p=0.05) (Figure 5.1B).

As concentration and therefore palatability of the sucrose solution increased
there was a significant increase in the average lick cluster size for both strains
(main effect of SOLUTION: Cdkn1cBACx1: F3162=27.094, p<0.001; Cdkn1cBACLacZ;
F3153=44.962, p<0.001). Interestingly, Cdkn1cBACx1 had significantly smaller
average lick cluster sizes compared to their wt littermates (F154=5.109, p<0.05)
(Figure 5.1C). This was not observed between Cdkn1cBAClacZz and their wt

littermates (F1,51=2.938, p=0.1) (Figure 5.1D).
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Figure 5.1 Animals over-expressing Cdknlc found sucrose solutions less
palatable than wt. A, B) Relative consumption of sucrose across four
concentrations for Cdkn1cBACx1 animals and their wt littermates (A) and
Cdkn1cBAClacz and their wt littermates (B). C, D) Average lick cluster size at four
concentrations of sucrose for Cdkn1cBACx1 and wt littermates (C) and

Cdkn1cBAClacz gand wt littermates (D). Data shown +SEM. *p<0.05
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5.3.2 PR

A subset of animals was then tested in a PR task to assess motivation to work
for a reinforcer, in this case 8% sucrose. This concentration was chosen as it
was found, in lick cluster analysis, to be the concentration at which all animals
consumed maximally. All animals acquired the task rapidly in the CRF condition,
completing an average of 71.88 (SEM 4.2) (Cdkn1cBACx1) and 82.52 (SEM 2.7)

(Cdkn1cBAClacz) trials within 4 days of testing. Trials completed was not different
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between genotypes in the CRF condition (Main effect of GENOTYPE:
Cdkn1cBACx1: Fy 53=2.51, p=0.127; Cdkn1cBACLacZ: F1 3=0.083, p=776).

In a PR schedule, when the number of nose-pokes required to receive a reward
increased within a session, Cdkn1cBACx1 had a significantly higher BP than their
wt littermates (F123=17.109, p<0.001) (Figure 5.2A). This finding was not
observed between Cdkn1cBAClacZz gnimals and their wt littermates (F123=1.012,
p=0.33) (Figure 5.2B). In addition to having a higher BP, Cdkn1cBAx1 animals
had a shorter inter nose-poke interval (F1,23=28.56, p<0.001) (Figure 5.2C) and
were quicker to complete trials (F1,23=12.442, p<0.01) (Figure 5.2E). This was
not the case between Cdkn1cBAClacZ and their wt littermates (inter nose-poke
interval: F123=0.236, p=0.61 (Figure 5.2D); time to complete trial F1,23=0.036,
p=0.85 (Figure 5.2F)).
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Figure 5.2. Cdkn1cBAx1 animals more motivated to obtain a sucrose reward
compared to wt. A, B)BP in a PR task, C, D) average inter nose-poke interval and
E, F) average time to complete a trial for Cdkn1cBAC1 animals (A, C, E) and their
wt littermates and Cdkn1cBAClacz gnimals and their wt littermates (B, D, F). Data

shown +SEM **p<0.01 ***p<0.001
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In order to demonstrate the observed differences in BP were due to differences
in goal-directed responding and not as a product of over-training or habit
formation, a single probe trail was carried out on a FR2 schedule in which the

animals had ad libitum access to water for 24 hours prior to testing. As
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expected, without the appetitive drive to obtain a sucrose reward, the BP of all
animals was significantly lower (Cdkn1cBACxl: Fq23=23.156, p<0.001 (Figure
5.3A), CdknlcBAClacZ; Fq,3=28.601, p<0.001 (Figure 5.3B)). A significant
interaction term for BP between water restricted and ad libitum water fed states
for Cdkn1cBAx1 animals and their wt littermates (F123=15.325, p<0.001) was
observed. Bonferroni post-hoc test revealed this to be as a result of a significant
difference in BP when motivated (F1,23=14.451, p<0.005) compared to in an ad
libitum water fed state (F1,23=0.41, p=0.53). Conversely, though ad libitum water
access prior to testing reduced Cdkn1cBAClacZ gnd their wt littermate’s BP, there
was no difference between genotypes in either state (water restricted: Fi24=
0.098, p=0.76; ad libitum access: Fi24= 0.029, p=0.87). This shows that PR

responding was goal-directed in both groups.

Figure 5.3. Responding in a PR task was goal directed. BP was significant
reduced when unmotivated to work for both Cdkn1cBACx1 animals and their wt
littermates (A) and Cdkn1cBAClacz gnimals and their wt littermates (B). Data

shown +SEM. ***p<0.005
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Given that Cdkn1cBACx1 had a decreased perceived palatability of 8% sucrose
compared to their wt littermates it was necessary to determine that the

observed differences in BP were not due a decreased hedonic effect of the
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solution, increasing the motivational drive. As shown in Figure 5.1C, there was
no difference between Cdkn1cBACx! and their wt littermates in the average lick
cluster size, and therefore, perceived palatability of a 2% sucrose solution.
However when the effort required to receive a reward of 2% sucrose increased
within a PR session, animals over-expressing Cdkn1c continued to work harder
to receive the reward, as indexed by a significantly higher BP (Fi24= 11.118,
p=0.003) (Figure 5.4), despite perceiving it to be as palatable as wt animals and

consuming no more of it when freely available (Figure 5.1A).

Figure 5.4 Animals over-expressing Cdknlc maintained a significantly higher BP
than their wt littermates even at concentrations of solution that were equally
palatable. Average BP in a PR task when working for either an 8% or 2%

sucrose solution. Data shown +SEM **p<0.01 ***p<0.001
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To differentiate between the calorific and hedonistic rewarding properties of
sucrose, the animals’ motivation to work for an iso-sweet solution of calorie-
free, saccharin (0.1% (w/w) saccharin) was assessed at an FR2Z schedule.
Animals were first trained to consume saccharin on a CRF schedule for two days
with Cdkn1cBACxl wt and Cdkn1cBACxl animals completing an average of 67.5
(SEM 5.2) and 76.14 (SEM 4.6) trials, respectively. All animals were less
motivated to work for saccharin as compared to sucrose, as indexed by a

decrease in BP (main effect of SOLUTION F23=10.293, p=0.004. Bonferroni
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post-hoc tests showed this to be driven by the significant decrease in BP of
Cdkn1cBACx1 animals (F123= 10.578, p=0.004) compared to a non significant
decrease by their wt littermates (Fi23= 1.972, p=0.174) (Figure 5.5). This
implies that animals over-expressing Cdkn1c were more motivated than their wt

littermates by the calorific rewarding properties of sucrose.

Figure 5.5 Cdkn1cBACx1 were more motivated to the calorific reward of sucrose,
rather than the hedonic sweetness. Average BP in a PR task when working to
obtain 8% sucrose or an iso-sweet concentration (0.1%) of the calorie free

sweetener saccharin. Data shown +SEM **p<0.01
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5.4 Discussion

In this chapter the reward processing of animals over-expressing Cdkn1cBACx1
was assessed compared to their wt littermates. In addition, we examined the
same functionality in transgenic animals not over-expressing Cdknlc. All
animals acquired the task at equivalent rates, implying that that operant
learning was intact. Interestingly, animals over-expressing Cdknlc appeared to
have a hedonic deficit when consuming a naturally rewarding sucrose solution.
However, when required to work to obtain the same rewarding solution these
animals displayed an increased motivational drive. This was the case even at

sucrose concentrations that were equally palatable between groups and was
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goal-directed in nature, with a particular emphasis placed on the calorifically

rewarding properties of sucrose by Cdkn1cBACx1 animals.

5.4.1 Hedonic response to a rewarding solution

All animals displayed the expected pattern of behaviour in response to a freely
available palatable solution. As in previous experiments using these general
methods and equipment (Lydall et al.,, 2010; Dwyer et al,, 2011), a cluster was
defined as a series of licks, with each lick separated by no more than a 0.5-s
interval. The same criterion had been adopted by Davis and his colleagues
(Davis, 1989; Davis and Smith, 1992; Davis and Perez, 1993). Although other
criteria have been used (e.g., 1 s by (Spector et al.,, 1998)), there is little practical
difference, since most pauses greater than 0.5 s are also greater than 1 s (Davis
and Smith, 1992; Spector et al.,, 1998). Spector and colleagues (Spector et al.,
1998) found that a food deprived state did not affect lick cluster size when the
pause criterion was 1s but did have an effect when the pause criterion was 0.3 s,
therefore an inter-cluster interval of >0.3s was chosen. Consumption formed an
inverted U shaped curve, with maximal consumption at 8% sucrose. For all
animals, average lick cluster size increased as the concentration of the sucrose
solution increased. As perceived palatability increased to 8%, consumption rose,
dipping slightly at 16% sucrose, likely reflecting increased calorific load of the
solution and therefore more rapid satiety. Interestingly animals over-expressing
Cdkn1c had significantly smaller average lick cluster sizes, compared to their wt
littermates, which was not the case for animals carrying a transgene that did not
over-express Cdknlc. This may have clinical relevance as children with SRS, the
human syndrome in which CDKN1C may be over expressed, are reportedly fussy
eaters (Blissett et al., 2001). This implies these children may have a decreased

perceived palatability of food as a consequence of increased Cdkn1c.

5.4.2 Motivation to obtain a natural reward as assayed in a PR task

In the PR task, all animals acquired the task, learning to nose poke to obtain a
reward in the CRF schedule, regardless of genotype. CRF schedule performance
has been shown to be insensitive to accumbal dopamine depletions (Aberman
and Salamone, 1999), and is instead, dependent upon appetitive state of the

individual. Linear, rather than exponential, ascension in the PR schedule was
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chosen as mice complete far fewer trails in an exponential ascension paradigm
(Finger et al., 2010), limiting analysis. As expected, all animals received less
rewards when the effort required in obtaining a reward increased, in the FR4
and FR2 schedules. However, animals over-expressing Cdknlc had a
significantly higher BP than their wt littermates at both FR4 and FR2 PR
schedules implying that these animals were willing to work harder than their wt
littermates to obtain a reward of 8% sucrose. This was not the case for
Cdkn1cBAClacz gnimals with respect to their wt littermates. As well as being more
motivated to obtain the reinforcer, Cdkn1cBACx1 animals were more directed in
obtaining the reinforcer, having shorter inter nose-poke intervals and a shorter
latency to complete a trial compared to their wt littermates. Again, this was not

the case for Cdkn1cBAClacZ gnimals and their wt littermates.

Crucially, there was no significant difference in the performance of wt animals
between the two strains. Equally important is the observation that the
performance of Cdkn1cBACX1 animals was significantly different from that of
Cdkn1cBAClacz gnimals, allowing attribution of the phenotype specifically to over-
expression of Cdknl1c. Additionally, all animals’ responding was goal directed, as
when not motivated to obtain the reinforcer (i.e. when allowed ad libitum water
access prior to testing), all animals had a significantly reduced BP and the group

differences in responding were abolished.

The performance of animals over-expressing Cdkn1c was significantly driven by
the calorifically rewarding properties of sucrose, as shown by a decrease in BP
of Cdkn1cBACx1 animals when working to obtain an iso-sweet concentration of
the calorie free sweetener, saccharin. This is aligned with the findings from the
lick microstructure analysis which showed that Cdkn1cBACx1 animals have a
decreased perceived palatability of a sweet solution. Therefore, without the
calorific motivational aspect of sucrose, these animals’ BP is significantly
reduced in a PR task, unlike wt animals. Importantly, this is not due to a specific
sensitivity or aversion of these animals to saccharin as all animals displayed a
significant preference for sucrose over water and also saccharin over water

(data not shown). Additionally, all animals preferred sucrose over saccharin as
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has been observed previously (Collier and Novell, 1967; Smith and Sclafani,
2002). These imply that while all animals find saccharin hedonically rewarding
over water, the calorifically rewarding properties of sucrose are regarded more

favourably.

5.4.3 Conclusions

Over expression of Cdknlc resulted in animals with a decreased perceived
palatability of a palatable sucrose solution. These animals also worked harder to
obtain a sucrose reward, including at concentrations of sucrose that were
perceived to be equally palatable. This increased motivation appeared to be as a
result of an increased sensitivity of Cdkn1cBACx1 animals to the calorifically
rewarding properties of the sucrose, as these animals’ BP was more affected by
the switch to working for a calorie free, iso-sweet, saccharin solution. Taken
together, the results from this series of experiments imply that Cdknlc over-
expression causes animals to work harder to receive a sucrose reward
compared to their wt littermates and transgenic animals not over-expressing

Cdkn1c, while perceiving the same reward as less palatable.
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Chapter 6: Cdkn1c regulates social stability

6.1 Introduction

The functions of imprinted genes frequently converge on biological processes
important in mammals, and evidence is growing to suggest this includes social
behaviour (Isles et al.,, 2006; McNamara and Isles, 2014). As well as the effects of
Pegl, Peg3 and Ube3a on mother-offspring behavioural interactions and
reproductive behaviour detailed in Chapter 1, imprinted genes have been
shown to modulate adult social behaviours. Animals with a loss of neural
expression of the imprinted gene Grb10 were significantly more dominant
towards unfamiliar mice in a tube test task and ‘barber’ their cage-mates more

frequently than wt animals (Garfield et al., 2011).

Group housed male mice establish a linear, transitive, social hierarchy with a
single dominant individual and a number of subordinates, and this hierarchy is
stable across time (Ebbesen et al.,, 1992; Avitsur et al., 2007; Wang et al., 2011a).
This hierarchical relationship is likely to minimise serious in-cage fighting
(Hurst et al,, 1993) and has positive benefits for individuals’ health (Sapolsky,
2005). As a feature of this stability, an animal’s rank in one measure of
dominance can be correlated to its rank in another measure (Wang et al,
2011a). Dominance over other animals ensures better feeding (Cordero and
Sandi, 2007; Wang et al.,, 2011a) and mating opportunities (Nelson et al., 2013)
as well as access to other reinforcing stimuli (Vargas-Perez et al.,, 2009) and
additional health benefits (Ebbesen et al., 1992; Moles et al., 2006; Sa-Rocha et
al, 2006; Golden et al,, 2011).

Dominancy can be defined, in a dyad, as one individual (subordinate) being
submissive to another (dominant) (Drews, 1993). The classic task for
determination of dominant and subordinate relationships between two animals
is the tube test (Lindzey et al.,, 1961; Garfield et al.,, 2011; Noain et al.,, 2013),
although this has come under criticism as a measure of dominance in recent
years (Curley, 2011). An aspect of the definition of dominance described by

Drews (Drews, 1993) is the priority of access to resources of one individual over
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others. Competition for restricted water access is a representative scenario of
the natural environment where resources are limited and dominancy over other
individuals has clear benefit for survival. A variation of this task has been
previously used to assess dominant-subordinate relationships in rat dyads and
has shown to be a stable measure (Lucion and Vogel, 1994; Cordero and Sandi,
2007). Harnessing innate murine behaviours is a robust strategy for assessing
dominancy. Mice use scent marks as a communicant of dominance to intruders
(Hurst, 1993; Arakawa et al., 2007; Arakawa et al.,, 2008) and singly housed
animals will increase or decrease scent marking behaviour to the scent of a
dominant (or other singly house animal) or subordinate mouse, respectively
(Arakawa et al., 2009). Therefore the animal’s propensity to scent mark is an
adaptive behaviour. In the presence of a cage mate and, in addition to being
reflective of encounters in the natural environment, is provides an indicator of
the dominant/subordinate relationship between the two individuals.
Importantly this behaviour has previously shown, within cage groups, to
correlate with other measures of dominance (Jemiolo et al., 1992; Drickamer,

2001; Wang et al,, 2011a; Noain et al., 2013).

In this chapter, the consequence of increased Cdknlc expression on dominance
behaviours towards unfamiliar animals in a tube test task was examined. In
order to probe this in more detail, tasks examining dominance were carried out
which were representative of the normal social setting. Dominance behaviours
within the home cage group, using three separate tasks were performed. A
within-cage tube test, scent marking performance and duration of access to
restricted water assessment was carried out in order to asses if Cdknlc
influenced rank within a social group or structure of the social hierarchy. In
order to rule out any possible confounding factors, olfactory function was also
assayed as indexed by latency to sniff a hidden cookie. Basal stress levels in
these animals were assayed by examining serum levels of constituents of the

HPA axis, corticosterone and adrenaline.
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6.2 Methods:

6.2.1 Animals and indicators of fighting

Male mice were group housed from weaning at 3-4 weeks, with between two
and five animals per cage. Each cage consisted of transgenic animals
(Cdkn1cBACxl or CdknlcBAClacZ) and their wt littermates. All were housed in a
12:12 hours light:dark cycle with food and water provided ad libitum except
under conditions described below. Details of general housing and husbandry are
as described in Chapter 2.1. Animals were between 8-12 weeks at beginning of
testing. Coat condition and general appearance was monitored regularly from
weaning. Incidences of injury due to bullying/fighting were recorded where
there were apparent, fresh wounds on the flanks or in the anogenital region. For
the unfamiliar animal tube test task experiment n=71 animals were used in
total, genotype CdknlcBACx1 (n=23) and their wt littermates (n=19),
Cdkn1cBACacZz (n=14) and their wt littermates (n=15). For all remaining
experiments n= 48 animals were used in total, Cdkn1cBACx1 (n=12) and their wt

littermates (n=11), Cdkn1cBAClacZ (n=16) and their wt littermates (n=9).

6.2.2 Tube test

The tube test was carried out as described in Garfield et al., (2011). Briefly, test
apparatus consisted of a 30 cm smooth, transparent Perspex tube with a 3.5 cm
diameter placed in a opaque Perspex box 13x28x45 cm in dimension to obscure
view of the environment. Testing was carried out in dimmed light conditions. At
the beginning of each trial two animals were introduced into the tube from both
ends and released simultaneously. A trial was considered complete when one
animal backed out and body and head were fully outside the tube. The animal
that did not back out was considered the dominant animal of the trial. In every
trial performed, one animal backed out before the other. Between trials the tube
was wiped with a clean, dry, piece of tissue to remove any previous animals’
odour and the tube was scented with soiled bedding from a cage of female
C57BL/6 mice to further mask any previous animals’ odour and to incentivise

animals to enter. Apparatus was free from bedding at beginning of each trial.
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6.2.2.1 Unfamiliar animal

All animals were naive to the task prior to testing, as in Garfield et al,, (2011).
Experiment was carried out as described above; every trial consisted of one
transgenic animal and one, weight matched, unfamiliar, wt animal. Each
transgenic animal had three novel encounters and genotype of the winning

animal was recorded for statistical analysis.

6.2.2.2 Within cage

For the duration of the experiment the home cage bedding remained
unchanged. To exclude the effect of anxiety to a novel environment, animals
were trained individually to pass through the tube for two day prior to testing.
On test days all animals faced each of its cage mates in a ‘round robin’ design
and this was carried out for four consecutive days. For each day an animal was
given a rank depending on the number of encounters won, the animal that did
not back down in any of its trials was considered to be the most dominant
animal in the cage and was given a rank of 1 and so on to the animal that backed
out first in all of its trials which was assigned the lowest rank. After four days

each animal had an average rank score.

6.2.2.3 Bedding change

This experiment followed the same protocol as the within cage tube test.
Animals’ rank was assessed in four sessions; on day one, for refamiliarisation
with the task and exclude effects of novelty on results, (E1.1), day two in the
morning (E1.2) and in the afternoon (E1.3) and day three in the afternoon
(E1.4). Between E1.2 and E1.3 the home cage was cleaned, animals were moved
to a new cage and all bedding was replaced to remove any odours identifying
the previously dominant animal in the group. E1.3 and E1.4 were carried out 1
hour and 24 hours, respectively, after cage change. For statistical analysis,
whether an animals’ rank differed over a environment change (E1.2 to E1.3)
compared to when there was no change in the environment (E1.3 to E1.4) was
recorded as ‘0’ for no change in rank and ‘1’ for rank changed, regards of which

direction the changed occurred in.
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6.2.3 Scent marking

For this experiment a black Perspex box 30x30x30 cm was bisected by a wire
mesh 20x29.5 cm (grid size 0.6x0.6 cm) topped with transparent perspex 14x29
cm. Both sides of the floor was lined with absorbent paper (3MM Whatman,
Fisher Scientific). See Appendix B for schematic of experimental set up. Each
encounter consisted of one animal and a cage-mate placed on either side of the
wire mesh, through which was they could receive visual, auditory and olfactory
information but could not physically interact. The experiment was carried out
under dim lighting conditions and each encounter lasted one hour. Each animal
met all of its cage mates in such an encounter, with each animal having not more
than one encounter per day. Scent marks made on absorbent filter paper were
visualised under ultraviolet light and outlined by pencil. Analysis was modified
from Arakawa et al., 2007. Briefly, a grid of 1 x 1 cm squares was overlaid and
the number of squares containing scent marks (maximum 420 squares) was
recorded for each animal for each encounter. Marks greater than 4 squares in
size were excluded. The dominant animal in the encounter was considered to be
the animal that scent marked more than its opponent. Each animal was assigned

arank depending on the number of encounters won.

6.2.4 Competition for water access

For this task animals had restricted water access, provided for two hours per
day, immediately after testing. Animals were trained individually to locate and
consume freely available water, provided though a metal drinking spout in a
600 s trial in a Phenotyper arena (Noldus Information Technology). After three
training sessions, animals were placed in the Phenotyper arena in their full cage
group and drinking spout was introduced. The trial was digitally recorded and
duration each animal spent drinking was scored manually offline. Each animal
was given a rank depending on the duration of water access obtained during the
first 120 s of and the full 600 s trial. Each animal was assigned a rank
depending on the duration of water access obtained in the 120 s and the full 600

S.
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6.2.5 Olfactory function

A cookie was hidden under sawdust in an open field arena (30 x 30 cm and
illuminated evenly with a 60 W bulb) the floor of which was completely covered
in clean sawdust. Animals were placed in the opposite quadrant to the cookie
and the quadrant was changed for each successive animal. Activity was tracked
using a camera connected to a computer with ETHOVISION software (Noldus,
Nottingham, UK) and latency to sniff the cookie (defined to be when the middle

of the animal was within 1 cm of the odour) was recorded.

6.2.6 ELISA

Serum was collected as described in Chapter 2.1.4. Serum corticosterone (DRG
Instruments GmbH, Marburg, Germany) and epinephrine (UscnLife Science Inc.,
Wuhan, China) ELISAs were carried out according to the manufacturers
instructions. 10 pl of serum per sample was loaded in duplicate for
corticosterone ELISA. 50 pl of serum per sample was loaded in duplicate for

epinephrine ELISA.

6.2.7 Statistical analysis

All statistical analysis was carried out using SPSS 20.0 (SPSS, USA). Dominance
behaviours towards an unfamiliar animal in the tube test were assessed by
carrying out a non-parametric chi-squared test, assuming all groups were equal.
For analysis of genotype on rank within a cage group, each animal’s rank within
the cage was transformed to a number between 0 (least dominant animal in the
group) and 1 (most dominant animal in the group), this was performed for each
group for each task to allow for differences in cage group size. A non-parametric
Mann-Whitney U test was carried out with GENOTYPE as the grouping variable.
Correlation between ranks is different measures of dominancy was determined
using a non-parametric Spearman’s rank-order correlation and statistical
difference between correlation coefficients was assessed using Fisher r-to-z
transformation. For analysis of effect of genotype on likelihood to be involved in
severe fighting, a chi-square cross-tabs test was carried out with GENOTYPE as
rows and BITE PRESENCE as column. Rank stability across a change in
environment, rated as ‘0’ for no changed and ‘1’ for rank change, was assessed

using a conditional logistic regression, regressing on CAGE, to take into account

129



cage group sizes. A series of ANOVAs was used to analyse olfactory function and

serum hormone levels.
6.3 Results

6.3.1 Cdkn1cPAI animals were significantly more dominant towards unfamiliar
animals in a tube test than their wt littermates

The average weight on test day by genotype was Cdkn1cBACx1 (32.6 g SEM 0.4 g),
Cdkn1cBAGl wt (33.5 g SEM 0.6 g), CdknlcBAClacz (279 g SEM 0.4 g),
Cdkn1cBAClacZz wt (28 g SEM 0.6 g). There was no significant difference in the
proportion of encounters won by Cdkn1cBAClacZ gnimals (46.7%) compared to wt
animals (53.3%, x?=0.2, p=0.655) (figure 6.1B). However, animals with a double
dose of Cdknlc won significantly more encounters than wt animals (63.1 vs
36.9%, x?=4.45, p=0.035) (Figure 6.1A). Simply increasing the dosage of Cdknlc
two fold caused increased dominance towards unfamiliar animals, implicating a

role for Cdkn1c in positively regulating social dominance.

Figure 6.1: Cdkn1cBACx1 males were more dominant towards unfamiliar males in
a tube test compared to wt. A) There was no difference in proportion of
encounters won between Cdkn1cBAClacZ agnd wt animals. B) Cdkn1cBACx1 animals
won significantly more encounters against unfamiliar animals in the tubes test

than wt. Data shown are means +/- SEM
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6.3.2 The stable in-cage social hierarchy is disrupted in the presence of a
Cdkn1cBAI male.

There was no effect of genotype, either with Cdkn1cBACx! (Tube test: U=57, Z=-
0.557 p=0.608; Scent marking: U=89, Z=-0.05 p=0.981; water access: U=67.5,
7=-0.873 p=0.403) or Cdkn1cBAClacZ (Tube test: U=64, Z=-0.455 p=0.677; Scent
marking: U=51.5, Z=-1.187 p=0.251; water access: U=63, Z=-0.523 p=0.637)
animals, on the average group rank in any measure of dominancy examined
(Figure 6.2). In groups of Cdkn1cBAClacZ gnimals and their wt cage mates, an
individual’s rank in one measure of dominance was significantly correlated with
its rank in another measure, specifically, tube test vs. water access in the first
120s rank (Spearman’s p correlation= 0.493, p=0.012) and scent marking vs.
water access 600 s rank (Spearman’s p correlation = 0.597, p=0.002) (Figure
6.34, C). In contrast, groups of Cdkn1cBAx1 and wt animals did not have a stable
social hierarchy. A clear transitive hierarchy was apparent in each task.
However, in the presence of a Cdkn1cBACx1 male an individual’s rank in one
measure of dominance was not correlated with its rank in another (tube test vs.
water access in the first 120s rank, Spearman’s p correlation= -0.034, p=0.878
and scent marking vs. water access 600 s rank, Spearman’s p correlation = -
0.134, p=0.513) (Figure 6.3B, D). Fisher r-to-z transformations showed there
was a significant difference in the correlation coefficients between the groups
(Tube test vs water access 120 s, z=2.05, p=0.04; Scent marking vs water access
600 s, z=2.54, p=0.01). These findings suggested that the presence of a
Cdkn1cBACxlgnimal in a group destabilised the social structure, resulting in more

frequent rank changes.
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Figure 6.2: Cdknlc over expression does not generally affect dominance
behaviours within the social group (i.e. within cage). The was no effect of
genotype on the average group rank in the within cage tube test (A, D), the scent
marking task (B, E) and the water access task (C, F). Data shown are means +/-

SEM
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Figure 6.3: Presence of a Cdkn1cBACx1 male destabilises the social hierarchy. In
cages of CdknlcBAClacZ gnd wt animals rank in the within cage tube test is
correlated with rank in the water access task in the first 120 s (A). Additionally,
rank in the scent marking task is correlated with rank in the water access task in
600 s (C). This was not the case in groups containing Cdkn1cBACxI males where
there was no correlation between rank in the within cage tube test is correlated
with rank in the water access task in the first 120 s (B) nor rank in the scent

marking task is correlated with rank in the water access task in 600 s (D).
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6.3.3 Cdkn1cPA1 gnimals were more likely to change position in hierarchy than
their wt littermates after removal of odour cues

In a stable social hierarchy, variability in rank is not expected to significantly
differ when odour cues are removed and the social hierarchy must be re-
established. This was the case for cages containing Cdkn1cBAClacZ gnimals and
their wt littermates (Conditional logistic regression, Wald statistic=0.665,
p=0.415), compared to when the environment remained stable (Conditional
logistic regression, Wald statistic=0.010, p=0.922) (Figure 6.4A). Cdkn1cBAtx1
animals had significantly more variable rank compared to their wt cage mates
when odour cues were removed (Conditional logistic regression, Wald
statistic=3.925, p=0.048) (Figure 6.4B). This was not the case when the
environment was unchanged, as there was no difference in the rank variability
between genotypes (Conditional logistic regression, Wald statistic=0.021,
p=0.886). This implies that when the cues indicating the dominant animal in the
group were removed, Cdkn1cBACx1 animals were more likely to challenge for

dominance, resulting in a more variable rank.

Importantly, the effects on social stability were unrelated to olfactory function
as there was no difference between Cdkn1cBACx! individuals and either their wt
cage mates or CdknlcBAClacZ gnimals, in ability to detect presence of a cookie
odour (Cdkn1cBACx1 main effect of GENOTYPE Fi27= 0.719, p=0.404,
Cdkn1cBAClacz main effect of GENOTYPE F120= 1.474, p=0.235) (Figure 6.5A, B)
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Figure 6.4: When odour cues indicating dominance were removed, Cdkn1cBACx1
males change their rank more frequently than wt. In groups of Cdkn1cBAClacZ and
wt animals, rank fluctuation did not differ when olfactory cues indicating the
dominant animal were removed (4, left) nor when the environment remained
stable (A, right). When odour cues were removed CdknlcBACxl males’ rank
fluctuated significantly more than wt animals (B, left). This was not the case
when the environment remained stable (B, right). Data shown are means +/-

SEM
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Figure 6.5: There is no difference between groups in the ability to detect an
odour. All animals could detect the presence of an odour (hidden cookie)

equally well. Data shown are means +/- SEM
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6.3.4 A consequence of an unstable social environment is potentially reduced
fitness.

There were significantly more signs of serve in-cage fighting (fresh cuts along
flanks or in ano-genital region observed on at least one occasion) in cages
containing animals over expressing Cdknlc and their wt cage mates (36.8% of
animals, n=50) compared to cages of CdknlcBAClacZ gnimals and their wt cage
mates (no observed occurrences, n=56) and cages containing only wt
littermates of Cdkn1cBACx1 animals (no observed occurrences, n=7). Signs of
serve fighting were not different by genotype (pearson x? = 2.818, p=0.093)
(Figure 6.6), indicating that presence of a Cdkn1cBACx1 in a group had negative

effects on fitness for both the transgenic and wt animals in that group.

Figure 6.6: There is no effect of genotype on likelihood to be receive severe

wounds
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6.3.5 Serum stress biomarker levels

There was no difference between Cdkn1cBACx! and animals and their littermates,
nor between CdknlcBAClacZ and their littermates, in resting levels of serum
metabolic stress indicators, corticosterone (Cdkn1cBACx1 Fqy4= 0.437, p>0.05,
Cdkn1cBAClacz Fq75=3.041, p>0.05) and epinephrine (Cdkn1cBACx1 Fy;,= 0.187,
p>0.05, Cdkn1cBAClacz Fq 54=0.056, p>0.05) (Figure 6.7).
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Figure 6.7: There is no effect of genotype on basal serum corticosterone (A,C) or

epinephrine (B,D) levels. Data shown are means +/- SEM

A B 1 cdknic™®“ wt
B Cdiknic®i
70 | ns. 60 | n.s.

(o)}
o

2 E

B 5

e

Z 5 2

S = 30 1

230 5

E 2 5‘_20 ]

£10 % 10 1

; 0 ® 0

=~ C D L] Cdknlcg’\cmi wt
£ ns. E [ Cdkn1c®4=<
70 - 5,60

60 { 1 =50 s

=g &

5 o0 ] 1 £40 ]
% 40 <. 1

5 30 230

= 30 ; =

32 320

= 10 £10

5 0 % 0

w2

137



6.4 Discussion

This chapter set out to examine the social behaviour of Cdkn1cBACX1 mice. The
experiments demonstrated that two fold over expression of Cdknlc was
sufficient to increase dominancy of males towards unfamiliar animals in a tube
test. In an identical task, ablation of the paternally expressed Grb10 allele
resulted in a similar phenotype (Garfield et al,, 2011). These results imply that
these oppositely imprinted genes may exert antagonistic actions on social

dominance behaviours.

These experiments assessed key aspects of social behaviour using a number of
different measures within the normal social environment (home-cage group) in
order to establish the position of each individual within the social hierarchy.
Intriguingly, these tests did not identify Cdkn1cBACX1 animals as being generally
ranked higher within the social group hierarchy as might be expected from a
generally more dominant animal. Instead, the presence of a Cdkn1cBACx1 animal
in a cage group resulted in an unstable social hierarchy. This unstable ranking
suggested that, while Cdkn1cBACx1 animals were not more socially dominant per
se, they were more likely to challenge for dominancy, a phenotype not observed
in the control groupings with, Cdkn1cBAClacZ mice. Moreover, the variable rank in
the cage hierarchy across time and the disruptive presence of Cdkn1cBACx1had a

consequence for fitness of the whole group.

6.4.1 Cdkn1c regulates behaviour towards unfamiliar animals in a tube test task

In the previous study on ablation of the paternally expressed Grb10 allele,
increased likelihood of winning in a tube-test encounter with unfamiliar animals
was interpreted as being indicative of altered social dominance behaviour
(Garfield et al, 2011). Cdkn1cBACx1 mice similarly displayed an increased
likelihood of winning in a tube-test encounter with unfamiliar animals,
suggesting an antagonistic action of these two genes on this behaviour.
However, use of the tube test as a measure of dominance has come under some
criticism (Curley 2011). Garfield and colleague’s conclusion of increased
dominance was based on performance in a tube test task and the observation

that Grb10PATKO animals ‘barbered’ their cage mates more frequently. Whisker
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‘barbering’ has been implicated as a sign of dominance within cage groups
(Sarna et al,, 2000; Garfield et al., 2011; Haig and Ubeda, 2011). There was no
observed occurrence of barbering between Cdkn1cBACxl animals and their wt
cage mates. This could suggest a more subtle role for CdknIc in regulating social

behaviour.

6.4.2 Presence of an animal over expressing Cdkn1c has negative consequences on
the stability of the social hierarchy

In order to examine the social group structure it was necessary to establish the
rank of each individual within the social group. Each animal’s performance was
assessed in a test of scent marking in the presence of a cage mate, access to a
limited water access over other members of the social group and the tube test
with familiar males in order to determine the dominant and subordinate
relationships between animals within their social group. This revealed the
expected linear hierarchy (Wang et al., 2011a) in the majority of social groups
for both Cdkn1cBA1 and their wt littermates and CdknlcBAClacZz and their wt
littermates. While an animal’s rank was stable across time and measures in the
case of Cdkn1cBAClacZ gnd their wt littermates, in the presence of an animal over

expressing Cdkn1c there was a loss in rank stability over time.

This finding is unlikely to be a product of individual animals’ aptitude for a task.
If that were the case, there would be an ill defined hierarchy with a single
dominant/subordinate animal being apparent only as an artefact of task
aptitude. This was not the case. In the within cage tube test, a clear, linear,
transitive, hierarchy was apparent for an average of 3.4 days out of 4 in groups
of Cdkn1cBAClacZ gnimals and their cage-mates and an average of 3.3 days out of
4 in groups of Cdkn1cBACx1 animals and their cage mates. Similarly, a clear
hierarchy was apparent in 100% of cages containing Cdkn1cBACtacZ gnimals and
in 85.7% of cages containing Cdkn1cBACx! animals in the competition for water
access task. A clear hierarchy was also apparent in 71.4% cage of cages
containing Cdkn1cBAClacZz gnimals and in 57.1% of cages containing Cdkn1cBACx1
animals in the scent marking task. This shows that the absence of a relationship

between measures of dominance in groups containing Cdkn1cBACxl males was
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not due to a defect in ability to establish a hierarchy but is a consequence of

more frequent rank fluctuations.

The tasks used were designed to mimic conflict in the natural environment,
territory marking and competition for limited water access. Initially the tube
test task was carried out for ten days, as previously described (Wang et al,,
2011a). However, there was not a significant difference in the average rank
after testing for four days compared to ten days. Therefore, all testing was
carried out for four consecutive days after two days training to reduce time
without a cage cleaning. At least one cage bedding change occurred between

each task.

Though aggressive behaviours have been demonstrated to be increased after
water deprivation (Tucci et al, 2006), this did not translate to increased
dominancy in the tube test (Tucci et al., 2006). Additionally, it has been shown
that restricted food intake does not affect the stability of the dominance
hierarchy, when animals were housed in low numbers (Ebberson et al., 1992),
as was the case in these experiments. Activity intensity during the competition
for water access changed across the duration of trial, appearing more aggressive

in the initial 120 s, and as such, we chose to look at two time bins.

As would be expected in a stable social hierarchy, in cages of Cdkn1cBACLacZ and
wt animals, rank was correlated between the within cage tube test task and the
water access task for the initial 120 s. Additionally, rank in the scent marking
task was correlated with rank in the water access task across the full 600 s trial.
This was not a reciprocal relationship as there was not a significant interaction
between either an animals’ rank in the scent marking task and its rank in the
water access task in the first 120 s of the trial (Spearman’s p correlation = 0.3,
p>0.05, data not shown) nor animals’ rank in the within cage tube test and its’
rank in the water access task across the full 600 s (Spearman’s p correlation =
0.02, p>0.05, data not shown). This likely reflects the different aspects of
dominancy each task entails, with a stronger relationship between more

confrontational behaviours (tube test, water access task 120 s) and behaviours
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involving asserting dominance over a longer period (scent marking, water
access 600 s). Nonetheless, these finding were temporally separated and thus

highlight the stability of the established hierarchy.

6.4.3 Cdkn1cBAx1 males change rank more frequently with negative consequences
for fitness for social group members

Dominancy relationships in groups, while generally stable, can change under
pressurising circumstances (Cohn et al, 2012). The observed loss of rank
stability may be as a consequence of a greater propensity of Cdkn1cBACx! animals
to challenge for dominance. The hierarchy must be re-established when odour
cues indicating the dominant animal are removed (Gray and Hurst, 1995; Van
Loo et al,, 2000). In a stable social structure, removal of odour cues should not
perturb an animal’s rank any greater than in an unchanging environment. Using
the tube test, this was shown to be the case in groups of Cdkn1cBAClacZz gnimals
and their wt cage mates. However, Cdkn1cBACx1 males changed rank after
removal of odour cues more frequently than their wt cage mates, implying that,
when the social hierarchy must be re-established, these animals were more
likely to challenge for dominance. This finding potentially explains why, within
groups of Cdkn1cBACx1 animals and their wt cage mates, there was no significant
relationship between an animal’s rank in different measures of dominance. In
an established home cage group, this increased propensity to challenge for
dominance will not necessarily result in a higher rank in the hierarchy but is
likely to lead to increased disruption, something evidenced by the increased
incidence of in-cage fighting. This idea may also shed light on the findings in a
tube test with an unfamiliar animal, where the increased propensity to
challenge for dominancy may manifest as a decreased likelihood to back down
to a novel conspecific, resulting in Cdkn1cBACx1 appearing to display more

dominant behaviours compared to unfamiliar wt animals.
Presence of an animal over expressing Cdknlc had consequence for fitness for
the whole group, with increased signs of fighting in cages containing these

animals. The wounds were unlikely to be self-inflicted or due to over-grooming
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given their location as characteristic targets (flanks, anogenital region) of inter-
individual aggression. However, observations were of relatively severe
encounters and are limited in that they do not record the number of inter-

individual encounters that did not result in flesh wounds.

6.4.3 Conclusions

Cdknlc, a maternally expressed gene, appears to function antagonistically to
Grb10, a neurally paternally expressed gene, in regulation of dominance
behaviour towards an unfamiliar animal in a tube test task. However, Cdknlc
does not appear to regulate dominance, per se, as these animals did not have a
higher rank within the social group than wt animals. Cdkn1cBACx1 animals
appeared to disrupt the stability of the social hierarchy by more frequently
challenging for dominance. This was not confounded by olfactory function or
basal stress hormone levels. A stable social group has benefits for individual
animals, as well as the group as a whole. A failure to adhere to social ‘norms’ by
animals over expressing Cdkn1c provides a fascinating insight to the function of

this imprinted gene, which will be discussed later.
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Chapter 7: The in utero environment and Cdkn1c

7.1 Introduction

Previous studies examining the consequences of a prenatal and lactational low
protein diet reported an increase in Cdknlc expression in the adult brain
alongside relative hypomethylation of Cdknlc-DMR and alterations in the
dopaminergic system (Vucetic et al., 2010b). This chapter focused on further
exploring the in utero environment in relation to expression of Cdkn1c and other
imprinted genes with a known role in neurodevelopment. Given the profound
phenotypes observed after approximately 2-fold increased expression induced
in the transgenic model (this work, chapters 3-6), altered expression of Cdknlc
in response to an environmental challenge may have profound consequences for
adult behaviours. In addition to dietary alterations, Cdkn1c has been shown to
be increased at P6 in the ventral midbrain of pups exposed to high maternal
licking and grooming (Jensen Pefia et al., 2014). Both of these studies observed
accompanying changes in the dopaminergic system and in dopamine related
behaviours. While both studies examined expression, and in one case
methylation (Vucetic et al., 2010b), neither determined the allelic origin of
increased expression. This is especially relevant as it has been shown that
methylation of Cdknlc DMR does not necessarily correlate with allelic
expression (Wood et al,, 2010). Elevated Cdkn1c may consequently reflect either
an increase in the number of cells expressing CdknIc, further activation of the
maternal allele or a failure to silence, or maintain silencing, of the paternal

allele.

Correlating with the observed sensitivity of Cdknlc expression to gestational
environment were changes in the dopamine system. Indeed, the sensitivity of
the dopaminergic system to the gestational environment is well established.
Adult rats exposed to prenatal stress were more sensitive as adults to low doses
amphetamine in a self administration paradigm (Hausknecht et al., 2013). This
was accompanied by a reduced number of spontaneously firing DA VTA neurons
after prenatal stress (Hausknecht et al., 2013). This condition has also been

found to be linked to an increase in Drd2 receptors in a region specific manner
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(Berger et al,, 2002). Dat has also been found to be sensitive to the prenatal
environment. Dat was found to be increased after prenatal exposure to high
doses of ethanol in the adult mouse cortex and striatum (Kim et al,, 2013b). In
utero and pre-weaning exposure to a low protein diet, in addition to an
elevation in Cdknlc, has been shown to increase Th and Dat expression in the
adult male VTA and nucleus accumbens (Vucetic et al., 2010b). This was
accompanied by an increase in Th positive cells in the VTA, increased dopamine
turnover in the PFC and altered dopamine related behaviours (Vucetic et al,,
2010b). This prenatal condition was also associated with increased haloperidol
binding in the striatum, specifically in females (Palmer et al., 2008), indicating
an increased in the number of dopamine receptors. Similarly, obesity at
conception and/or a high fat diet during gestation and lactation caused an
alteration in the adult male offspring in neural levels of dopamine related genes
(Th, Dat, Drd1, Drd2, Darrp-32), in a region specific manner (Vucetic et al,
2010a; Grissom et al., 2013). Dat, as well as Drd1, Drd2 and Drd3, were also
found to be altered after prenatal amphetamine exposure in a regional and age
dependant manner (Flores et al, 2011). Finally, prenatal under nutrition, by
restriction of dam food intake to 50% for the final gestational week, additionally
resulted in region and age specific changes in Drd1 and Drd2 levels (Manuel-
Apolinar et al., 2014). This highlights the complexity of investigating prenatal
stressors, due to the possibility for any potential phenotype to interact with the
postnatal environment. Of particular relevance is the observation that dietary
manipulations during lactation alone can produce a phenotype in a progressive

ratio task (Reyes-Castro et al,, 2012a).

The previously reported results linking maternal diet to elevated neural Cdknlc
(Vucetic et al, 2010b) were potentially confounded by the effects of the
postnatal environment both with respect to the continuation of the low protein
diet through lactation and a possible maternal behavioural phenotype in this
environment. Similar consequences for Cdknlc expression have been reported
after differing maternal care in the first postnatal week (Jensen Pefia et al,,
2014). In addition, this work (Chapter 6) and previous indirect work on

elevated Cdknlc (Jensen Pefia et al, 2014) have, through correlation but not
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necessarily causation in the case of the latter study, implicated social behaviours
as being regulated by dosage of this gene. Therefore, this work examined the
consequences of exposure to an altered prenatal diet on Cdknlc and other
imprinted gene expression at a late embryonic time point prior to introduction
of postnatal confounding factors such as maternal care and/or interaction with

peers.

This chapter focused on the consequences of a suboptimal maternal diet during
pregnancy on neural expression of CdknIc in the offspring at E18.5. The work in
this thesis (Chapters 3-6) examining the effects of specifically over-expressing
Cdknlc, suggests that the previously identified correlative changes in Cdknlc
and the dopamine system in response to maternal diet (Vucetic et al., 2010b)
may be causally linked. In addition to CdknIc, a range of imprinted genes were
assayed to determine the sensitivity/resilience of expression levels of these
genes in the developing brain to gestational adversity. The imprinted genes
examined were selected to represent several classes of imprinted loci, as well as
being those shown to be sensitive to the prenatal environment (McNamara and
Isles, 2014) and/or expressed in the brain (Wilkinson et al., 2007; Tunster et al,,
2013). A late prenatal time point was chosen to combine study of a relatively
mature nervous system and to avoid any potential interaction of phenotypes
with the postnatal environment. As shown in this thesis in figure 3.1A, Cdknlc
expression declines in the brain from E13.5. Sampling at E18.5 should allow
sufficient exposure to the prenatal insult to detect the potential consequences
on Cdknlc expression. The maternal diet manipulations were chosen as they
had previously been linked to alterations in dopamine related or imprinted
genes expression (Gong et al,, 2010; Vucetic et al., 2010a; Vucetic et al., 2010b;
Grissom et al,, 2013; Sferruzzi-Perri et al., 2013). The dopaminergic system state
at this time point was also examined, at the mRNA, protein and
neurotransmitter level, in order to determine the resultant effects of the altered
maternal diet before interaction of any phenotype with the postnatal

environment.
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7.2 Methods

7.2.1 Animals and diet

Animals were housed as described in Chapter 2.1.2. Wt C57BL/6 female mice,
aged between 7 and 10 weeks, were used. These were paired with a CdknIc-
RFLP male maintained on the C57BL/6 background. These mice carry a spretus
copy of the distal chromosome 7 region as a result of back crossing the out-bred
strain Mus spretus onto a C57BL/6 background for >10 generations, selecting
for an Aval RFLP polymorphism in Cdknlc. Once a vaginal plug was recorded,
females were singly housed and fed either a 8.5% protein (dietary energy from;
protein 8.1%, fat 21.8%, carbohydrate 70.1%) (Test Diet, St. Louis, MO), 45% fat
(dietary energy from; protein 18.1%, fat 46.1%, carbohydrate 35.8%) (Test Diet,
St. Louis, MO) or a control basal diet (diet energy from; protein 18.3%, fat
22.1%, carbohydrate 59.6%) (Test Diet, St. Louis, MO) from EO0.5. For full dietary

composition see Appendix C.

7.2.2 Dissections

Pregnant dams were sacrificed by cervical dislocation at E18.5 after the
observation of a vaginal plug. The abdominal cavity was exposed and the
uterine horn was removed into ice cold sterile PBS. Pups and placenta were
weighed and placenta was snap frozen for future analysis. Pups were
decapitated and kidneys were removed and snap frozen. Embryo brains were
removed from the skull and cerebellum and hindbrain were separated from the
fore- and mid-brain. Both were bisected along the midline into left and right
hemispheres and snap frozen. All tissue was stored at -80°C until further
processing. Four litters per condition were generated and tissue analysed was

balanced for litter and for sex.

7.2.3 qPCR

RNA was extracted, DNase I treated and converted to cDNA as described in
Chapter 2.2. qPCR was carried out on Corbett rotor gene 6000 (now supplied
and maintained by Qiagen) using the mastermix template outlined in Chapter
2.2.4. Genes of interest fell into two categories, imprinted genes and genes of the

dopaminergic system. Imprinted genes assayed were Cdknlc, Grb10, Igf2, DIk1,
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Nnat, Peg3 and Snord116. Dopaminergic genes assayed were Drd1, Th and DAT.
Each reaction was carried out in triplicate for a given sample. The number of
samples in each group is indicated in the text. The ACt was obtained by
normalising to the geometric mean Ct value of factin and Hprt for that sample.
The AACt was calculated by taking the ACt value for a given sample from the
average basal diet ACt. Statistical analysis was carried out on these values. Fold

change from basal diet was calculated using the formula 2-2ACt,

7.2.4 High resolution melt analysis (HRM)

Parental allelic contribution to the Cdkn1c PCR product was carried out by HRM
analysis of the Cdknlc PCR product and factin PCR product, as an unchanged
control. PCR was carried out on Corbett rotor gene 6000 (now supplied and
maintained by Qiagen) using the mastermix template outlined in Chapter 2.2.5.
No data was acquired during the cycling steps. After 40 cycles, the temperature
was stepped in 0.05°C increments from 80°C to 99°C, held for 2s at each step
and fluorescence was recorded. The peak melt temperature for each PCR
product was recorded and carried out in triplicate for each sample and was

repeated on three separate occasions.

7.2.4 Western blot

Protein was extracted and quantified as described in Chapter 2.3. Protein
concentrations were adjusted to 5 mg/ml and 75 pg per well was loaded.
Protein separation by gel electrophoresis, transfer and Western blotting was
carried out as described in Chapter 2.3. Primary antibodies were used to detect
proteins of interest, specifically Th and Pactin, at concentrations detailed in
chapter 2.3.3. Relative protein abundance was calculated compared to Bactin
loading control using Image] (NIH, USA). Each western was repeated on two
separate occasions, result was considered genuine only if there was agreement

between replicates.

7.2.5 ELISA
Tissue levels of dopamine in the fore- and midbrain were assessed using a

commercial ELISA kit (Stratech Scientific, UK). Tissue was homogenised in
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homogenisation buffer (10 mM HCl 1mM EDTA 4mM sodium metabisulfite) and
ELISA was carried out according to manufacturer’s instruction. Each sample
was carried out in duplicate and was repeated on two separate occasions. Data

shown is from one representative example.

7.2.6 Statistical analysis

Pup and placenta weight were adjusted using the following formula to account
for differences in litter size: ((average weight for diet)/(average weight for
litter))*individual weight. An independent samples t-test was carried out
between basal diet and each test condition individually with DIET as grouping
variable. For qPCR and ELISA data Shapiro-Wilk test for normality was carried
out on all ACt values. Values that were >3 SD from the group were excluded
from analysis as outliers. Where data was normally distributed independent
sample t-tests were carried out with DIET as grouping variable. Where the data
was not normally distributed non-parametric Mann-Whitney U-tests were
carried out. To correct for multiple comparisons in imprinted gene expression a
Bonferroni corrected a was used for each test condition, namely a/7=0.0071.
For protein abundance testing an independent samples t-test was carried out

with DIET as grouping variable.
7.3 Results

7.3.1 Pup and placenta weights

There was no affect of maternal diet on litter size (basal: mean 7.5 SEM 0.65;
low protein: mean 7.75 SEM 0.49; high fat: mean 8.0 SEM 0.91). There was no
effect of maternal low protein (pup: t(59)=-0.2, p=0.842; placenta: t(59)=-0.642,
p=0.523) or high fat (pup: t(60)=-0.832, p=0.41; placenta: t(60)=-0.115,
p=0.909) diet on the adjusted placental or adjusted pup weight (figure 7.1 A, B).
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Figure 7.1: There was no effect of maternal low protein diet or high fat diet on
the adjusted (A) pup weight or (B) placental weight at E18.5. Data shown is

mean * SEM. Not significant (n.s.)
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7.3.2 Imprinted gene expression after maternal low protein or high fat diet

In the brain, most of the imprinted genes surveyed were unaffected by
gestational adversity, as indexed by no significant changes from basal diet
condition. However, after maternal low protein diet there was a significant
increase in expression of CdknIc in the fore- and midbrain of embryos (t(22)= -
3.236, p=0.004) (Figure 7.2A). This was observed in both sexes. This appeared
to be organ specific as there was no difference in Cdknlc expression in the
placenta (data not shown, from thesis of A.B. Jensen) or in the kidney (U=11, Z=-
0.213, p=0.831). Additionally, this was not a general neural response to
gestational adversity as a high fat diet did not affect Cdknlc (t(20)= -0.269,
p=0.791). Gestational high fat diet did, however, cause an increase in neural Igf2
expression (t(19)= 3.938, p=0.001) and DIk1 (t(20)= 2.143, p=0.045) (Figure
7.2B). See table 7.1 for full details of imprinted genes after prenatal dietary

alterations.
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Figure 7.2: Selected imprinted gene expression relative to the geometric mean
of two housekeeping genes. Shown is fold change in expression compared to
basal diet condition after maternal (A) low protein or (B) high fat diet. Genes
which were significant after adjustment for multiple comparisons are indicated

by asterisks. Data shown is mean + SEM. * p<0.05 ** p<0.01
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Table 7.1: Table showing t- statistic and significance level of each imprinted
gene for the two prenatal conditions vs. basal diet condition. In bold are results

that reach nominal significance of a=0.05, Bonferroni adjusted a=0.007.

Gene name Basal diet vs. low protein Basal diet vs. high fat
t statistic p t statistic p
Cdknic t(22)=-3.236 | 0.004 t(20)=-0.269 | 0.791
DIk1 t(22)=-1.305 | 0.205 t(20)=2.143 | 0.045
Grb10 t(21)=-0.055 | 0.957 t(19)=-1.627 | 0.12
Igf2 t(21)=-0.556 | 0.584 t(17)=3.938 | 0.001
Nnat t(21)=0.353 | 0.728 t(19)=-0.872 | 0.394
Peg3 t(22)=-0.317 | 0.754 t(20)=0.113 | 0.911
Snord116 t(22)=1.873 | 0.074 t(20)=-1.539 | 0.139

7.3.3 Parental allelic contribution to Cdkn1c expression

There was a significant difference between the peak melt temperature of Cdkn1c
after an in utero exposure to a low protein diet compared to the basal diet
condition (U=4, Z=-2.106, p=0.035) (Figure 7.3A). There was no difference in
the peak melt temperature between the basal condition and in utero exposure to
a high fat diet (U=12, Z=-1.483, p=0.138) (Figure 7.3A). Importantly, there was
no difference in the peak melt temperature between gestational low protein diet

and the basal condition in factin (U=10.5, Z=-0.898, p=0.369) (Figure 7.3B).

151




Figure 7.3: The peak melt temperature of the qPCR product of (A) Cdknlc but

not (B) factin changes after prenatal low protein diet. Data shown is mean *

SEM. * p<0.05
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7.3.4 Sexually dimorphic consequences for dopaminergic system after gestational
adversity

In the basal condition, males had significantly higher levels of dopamine in the
fore- and midbrain than females (U=0, Z=-2.449, p=0.014) (Figure 7.4A, B).
However, after in utero exposure to both high fat and low protein there were
consistent, sexually dimorphic effects on levels of dopamine. In females
dopamine significantly increased as a result of exposure to a low protein (U=0,
7=-2.121, p=0.034) (Figure 7.4A) or high fat (U=0, Z=-2.236, p=0.025) (Figure
7.4B) maternal diet. The opposite was observed in male offspring, with a
significant decrease in dopamine after in utero exposure to a maternal diet low
in protein (U=0, Z=-2.777, p=0.005) (Figure 7.4A) or high in fat (U=0, Z=-2.309,
p=0.021) (Figure 7.4B) in the fore- and mid-brain at E18.5.
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Figure 7.4: Fore- and mid-brain dopamine concentration changed in a sex
dependant manner after prenatal (A) low protein or (B) high fat diet at E18.5.
Data shown is mean * SEM. n=(number in basal, number in test condition) *

p<0.05, **p<0.01
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The changes in dopamine were accompanied by a decrease in expression of Th,
after both maternal low protein (t(22)= -2.404, p=0.025) (Figure 7.5A) and
maternal high fat (t(19)= -2.51, p=0.021) (Figure 7.5B) diet compared to the
basal diet condition. This trend occurred in both sexes across both conditions,
though when analysed individually, only the change in Th in male offspring
exposed to a gestational low protein diet was significant (t(13)= -2.413,
p=0.031). There was no change in the levels of Dat or Drd1 after maternal low
protein (Dat: U=56, Z=-0.441, p=0.659; Drd1: U=67, Z=-0.261, p=0.794) or high
fat diet (Dat: U=31, Z=-0.839, p=0.402; Drd1: U=41, Z=-0.986, p=0.324).
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Figure 7.5: Fore- and mid-brain Th expression is reduced after prenatal (A) low
protein or (B) high fat diet. Data shown is mean * SEM. n=(number in basal,

number in test condition) * p<0.05,
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Additionally, there was a small but significant decrease in Th protein levels
relative to Bactin, after exposure to a maternal low protein diet (U=2, Z=-2.132,
p=0.038) (Figure 7.5A). There were no changes in the protein levels of either
Drd1-like receptors (t(8)=-0.882, p=0.430) or Drd2-like receptors after
maternal low protein diet(t(8)=-0.555, p=0.594). There was a significant
increase in the levels of Th relative to Bactin after exposure to a maternal high
fat diet during gestation (t(10)=-3.292,p=0.008) (Figure 7.6B). Further analysis
revealed this to be as a result of the significant increase in Th levels in females
(t(5)=-5.503,p=0.005), which was not the case in males (t(5)=-1.274,p=0.272).
Neither Drd1-like nor Drd2-like receptors were altered after high fat diet (Drd1-
like: t(10)=-0.805, p=0.440; Drd2-like: t(10)=-2.233, p=0.05).
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Figure 7.6: Fore- and mid-brain Th protein level (A) decreased after prenatal
low protein and (B) increased after prenatal high fat diet. Data shown is mean *
SEM. Shown below graphs are two representative lanes from each condition

showing Th and respective Bactin loading control. * p<0.05, **p<0.01
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7.4 Discussion

This chapter concerns the effects of maternal diet during pregnancy on offspring
imprinted gene expression and neural development. These data showed that
imprinted genes as a group were generally sensitive to the maternal
environment. However, subsets of imprinted genes did respond to the maternal
environment, and in the case of Cdknlc this was in an organ specific manner.
Maternal high fat and low protein diets were associated with sexually dimorphic
changes to the dopaminergic system of the offspring at E18.5. Both maternal
conditions decreased dopamine levels in the fore- and mid-brain of male
offspring but increased dopamine levels in the female offspring. This was

accompanied by changes in levels of Th, at both mRNA and protein levels.

7.4.1 Imprinted genes and maternal diet
Altering the maternal diet had no significant effect on the weights of the
offspring or the placenta at E18.5; this was similar to that reported previously

for prenatal low protein diet (Vucetic et al., 2010b) but not high fat (Vucetic et
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al, 2010a). After exposure to a maternal diet low in protein there was a
significant increase in Cdknlc in the fore- and mid-brain of offspring at E18.5,
with no change in Igf2 levels. After maternal high fat diet CdknIc levels were
unchanged. However, there was a significant increase in levels of Igf2 and DIk1,
though the latter result did not survive correction for multiple testing. The
relative specificity of alterations in imprinted gene expression in response to a
given environmental insult, in addition to the observed tissue specificity with
regards to Cdknlc, implies a reactive, rather than passive, response to the
maternal environment. This has been alluded to previously (Charalambous et
al., 2007; Radford et al,, 2011; Radford et al., 2012) for the liver and placenta but

this is the first such observation for the brain.

Parental allelic contribution to the Cdknlc PCR product was determined
utilising the presence of SNPs within the paternally inherited allele which
changed the PCR product nucleotide composition and, therefore, the product
melt temperature. The peak melt temperature of a PCR product is dependent on
the nucleotide sequence of which it is composed. Differences in peak melt
temperature between conditions are considered indicative of a change in
product nucleotide composition and, therefore reactivation of the SNP
containing, normally silent paternal allele. This implied that the observed
increase in Cdknlc expression after maternal low protein diet was due to an
increased contribution of the paternal allele. Such analysis was not carried out
for Igf2 as is not thought to be imprinted in the brain (Ohlsson et al.,, 1994;
Pham et al,, 1998) and therefore investigation of parental allelic contribution to
expression would not be particularly informative. The mechanism through
which there may be a release of monoallelic expression was not directly
investigated here. However, in the case of Cdknlc, after maternal low protein
diet it is possible that the S-Adenosyl methionine (SAM) poor environment
resulted in a shortage of methyl donors and, therefore, a failure to correctly
establish the correct methylation at the Cdkn1c DMR. This does not account for
the observed tissue or imprinted gene specificity, however, highlighting the
likelihood of the increase in Cdknlc expression as being an active response to

the prenatal environment.

156



Cdknlc, Igf2 and DIk1 have all been associated with the development of the
dopaminergic system (Joseph et al., 2003; Christophersen et al.,, 2007; Bauer et
al,, 2008; Freed et al., 2008; Jacobs et al., 2009; Vazin et al., 2009). Additionally,
all three of these genes have been reported to be sensitive to the prenatal and
early post natal environment in a number of studies (Kwong et al., 2006; Gallou-
Kabani et al,, 2010; Gong et al., 2010; Vucetic et al.,, 2010b; Drake et al., 2011; Lin
et al, 2012; Radford et al, 2012; Claycombe et al,, 2013; King et al., 2013;
Sferruzzi-Perri et al., 2013; Susiarjo et al., 2013; Jensen Pefia et al., 2014) . While
the majority of studies examining this phenomenon have reported alterations
outside the CNS, at least one study has reported both neural IgfZ and CdknIc to
change in response to the in utero environment (Vucetic et al., 2010b). Changes
in IgfZ in response to maternal low protein diet during pregnancy were not
observed here; however this may be due to the time of sampling (E18.5 versus

adult).

While it did not maintain significance after correction of multiple testing, there
was a nominally significant increase in DIk1 in the embryonic fore- and mid-
brain after a prenatal high fat diet. Differences in DIk1 expression in the brain
after a high fat diet have not been previously reported, however, DIkl has
previously been shown to be altered in the placenta after a prenatal high fat
(Gallou-Kabani et al., 2010) and a prenatal high fat- high sugar diet (Sferruzzi-
Perri et al., 2013). DIk1 expression profile in the adult rodent in monoaminergic
neurons of the mid- and hindbrain, the ventral tegmental area (VTA), substantia
nigra (SN), locus ceruleus (LC) and raphe nuclei (Jensen et al., 2001), implies a
role for this gene in the dopaminergic system. Similar to Cdkn1c, DIk1 is a target
of Nurrl in vivo (Jacobs et al., 2009), peaks in the developing midbrain at E13.5
(Christophersen et al, 2007) and is expressed in the developing embryonic
dopaminergic neurons (Bauer et al.,, 2008; Jacobs et al., 2009). The function of
DIk1 appears to be promote the proliferation of dopaminergic (Christophersen
et al., 2007; Bauer et al., 2008) and serotoninergic neurons (Bauer et al., 2008)
and to prevent premature Dat expression in these neurons (Jacobs et al., 2009).

While there was no significant changes in Dat expression in this study (data not
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shown) the difference in Th and dopamine imply that the increased expression
of DIk1 may be functionally relevant. These data highlight the sensitivity and
specificity of the response of a subset of imprinted genes to changes in the

prenatal environment.

7.4.2 Sexually dimorphic consequences for the dopaminergic system

The observed changes in the dopaminergic system were sexually dimorphic, a
finding not observed in changes in imprinted gene expression. While these may
be separate observations, it is also possible that the alterations in imprinted
gene regulation occurs upstream of the dopaminergic changes and the sex
specific effects are as a result of interaction with other secondary factors, such
as the sex hormones. This is particularly plausible as the changes in Th at the
mRNA level were also independent of sex, emphasising the possibility for
factors external to the dopaminergic system to be influencing levels of this

transmitter.

After both test diet conditions there was a reversal in the direction in the sexual
dimorphism in levels of dopamine, with females being hyperdopaminergic with
respect to male littermates. Sexual dimorphism in the dopaminergic system has
been well established although this work has almost exclusively been carried
out postnatally. It is well known that, in females, estrogen can potentiate the
effect of manipulations of the dopaminergic system, for example amphetamine
stimulated dopamine release (Castner et al., 1993). Additionally females are
more sensitive to the effects of amphetamine on locomotor activity (Castner et
al, 1993; Becker, 1999)(becker 1999) and cocaine (Walker et al, 2001).
Estrogen fluctuates across the female menstrual cycle, peaking immediately
before, and again after, ovulation in humans and between di- and pro-estrus in
rats (Bobzean et al., 2014). Estrogen is required, at least in females, for survival
of VTA DAergic neurons (Johnson et al, 2010b). Aromatase, the estrogen
synthesising enzyme which converts testosterone to estrogen, is expressed in
neurons in the developing mouse hypothalamus and cortex (Beyer et al,

1994b). However, this enzyme is more active in the male murine hypothalamus

158



at E17 and P2 than female (Beyer et al., 1994a). Prenatally, male rat fetuses
have been shown to have more dopamine than females at E21 (Izvolskaia et al.,
2009). Differences in the number of Th immuno-reactive cells at in rodent
midbrain may underlie these sex differences (McArthur et al,, 2006), though this
evidence is conflicting was not significant (Reisert et al., 1990; Lieb et al., 1996).
However, in female rats a significantly greater proportion of mesocortical
projections were dopaminergic compared to males (Kritzer and Creutz, 2008).
Nonetheless, these sex differences are maintained into adulthood with adult
male mice having increased dopamine compared to females in the accessory
olfactory bulb, medial pre-optic area and striatum (Wersinger and Rissman,

2000).

Although there was an increase in fore- and midbrain dopamine concentration
in females after both low protein and high fat diet, there was a concomitant
decrease in Th at the mRNA level for both males and females after both dietary
conditions. Given the relatively crude dissection, it is possible that some
molecular information was lost due to presence of unaffected brain regions in
sample. However, it seems more plausible that this was due to underlying
hormonal differences, particularly given the differences in the aromatase
activity in the hypothalamus at this age between male and female rodents
(Beyer et al, 1994a) and this time point, which is a critical period for the
generation of a sexually dimorphic brain (Rhees et al, 1990). Additionally,
maternal nutritional restriction during gestation leads to early life increases in
progesterone and earlier puberty in rats (Sloboda et al., 2009). This implies the
pre-existing sex difference and environmentally induced difference could
potentially interact, producing sexually dimorphic responses in the offspring. In
the case of a gestational low protein diet, the decrease in Th at the mRNA level
was repeated at the protein level. However after a prenatal high fat diet there
was an increase specifically in females of Th protein, compared to the basal diet
condition, as would be expected given the increase in dopamine concentration.
This discrepancy between mRNA and protein levels relative to the basal diet

condition in females after prenatal high fat diet may be due to differences in
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protein stability, though this is not possible to determine from the data

presented here.

These findings implicate imprinted genes as a site upon which gestational
adversity may act, in an organ and tissue, but not necessarily sex, specific
manner. The imprinted genes that were altered after prenatal low protein
(Cdknlc) or high fat diet (DIk1 and Igf2) functionally converge on the
dopaminergic system. Potentially as a directly downstream consequence of
aberrant imprinted gene expression, there was a sexually dimorphic
dysregulation of genes and proteins related to dopamine synthesis. This has the
effect of a reversal in the direction of sexual dimorphic nature of neural
dopamine concentration. Importantly, this is the first report of the prenatal
consequences of gestational adversity on both neural imprinted genes and the
dopaminergic system. This allows exclusion of any possible confounding
interaction with the postnatal environment. These findings have important
implications for the postnatal consequences of gestational adversity,
highlighting the importance of imprinted gene dosage and the in utero

environment for appropriate brain development.
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Chapter 8: General discussion

Imprinted genes are a subset of functionally monoallelic genes present in
mammals and some flowering plant species. Appropriate dosage of these genes
has been shown to be crucial for normal development (Kaufman et al., 1977;
Surani and Barton, 1983; McGrath and Solter, 1984b; Surani et al., 1984;
Thomson and Solter, 1988). Expression levels of these genes have also been
shown to be sensitive to the in utero and early post-natal environment (Table
1.1) (Gallou-Kabani et al., 2010; Vucetic et al, 2010b; Radford et al, 2012;
McNamara and Isles, 2014). Functionally these genes frequently converge on
specific biological process including, but not limited to, placental function (Frost
and Moore, 2010), metabolism (Smith et al., 2006) and behaviour (Wilkinson et
al,, 2007). Cdkn1c is a maternally expressed imprinted gene and the focus of this
thesis. A BAC over expression model of this gene (Cdkn1cBACx! line) (John et al,,
2001) was characterised for the first time with respect to neuronal
development and behaviour. In addition, the sensitivity/resilience of this gene,
and other imprinted genes, to a suboptimal prenatal diet was examined. The

consequences for dopaminergic system development were also described.

8.1 Summary of main findings
A summary of the main molecular (Table 8.1) and behavioural (Table 8.2)

results can be found below.

8.1.1 Cdkn1cPAI gnd the dopaminergic system

This work focussed Cdknlc dosage and consequences of a two fold increase in
expression on the dopaminergic and serotonergic systems. Overall, there were
relatively subtle but functionally significant change in these neurotransmitter
systems in the brain of adult male mice over expressing Cdknlc. Changes in
tissue neurotransmitter levels were observed in the frontal cortex, dorsal
striatum, ventral striatum and hypothalamus. There was a decrease in
expression of both Drd1 and DrdZ2 receptors in the frontal cortex, the target of
the mesocortical dopaminergic system, originating in the VTA. In adult rats
virally mediated over expression of Drdl in prefrontal dopaminergic neurons
caused an increase in sucrose and saccharin preference and an increased

motivation to work for cocaine in a progressive ratio task (Sonntag et al., 2014).
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In this thesis, it was shown that Cdkn1cBACx1 animals have a decreased perceived
palatability for sucrose. In addition, Cdkn1cBACx1 animals had a heightened
motivational drive to work to obtain a sucrose reward in a PR task. Therefore, it
is conceivable that a decreased abundance of Drdl receptors in the frontal
cortex may be contributing, at least in part, to this phenotype. The decrease in
receptor abundance may be a developmental compensatory mechanism to
hyper-dopaminergic input from the midbrain. Following activation by dopamine
both Drd1 and Drd2 and internalised with selective Drd2 degradation in vitro
(Bartlett et al., 2005). Repeated cocaine administration, and therefore, increased
extracellular dopamine, similarly causes degradation selectively of Drd2
receptor in vivo in the striatum (Thompson et al., 2010; Madhavan et al., 2013),
linking an increase in dopaminergic activity to a selective decrease in Drd2.
Genetically hyper-dopaminergic mice (following ablation of Dat gene) displayed
decreased abundance of Drdl and Drd2 in the basal ganglia and ventral
midbrain (Giros et al, 1996). In the case of Drdl, this was reversed by
administration of 6-hydroxydopamine (Dumartin et al, 2000), linking the
receptor decrease directly to the altered dopaminergic state. Finally, repeated
i.p. methamphetamine administration has been shown to cause a decrease in
Drd1 and Drd2 signalling in the frontal cortex (Mizoguchi et al., 2007). Together,
these data suggest that an altered dopaminergic drive onto the frontal cortex
can result in decreased receptor abundance in this region, though further work

is required to characterise this in Cdkn1cBACx1 animals.

Over expression of Cdknlc resulted in a deficit in PPI. This hypothesised
endophenotype has been linked to schizophrenia and is apparent in drug naive,
first episode patients with schizophrenia (Diring et al, 2014) and non-
psychotic individuals with an ultrahigh risk of developing psychosis (De Koning
et al, 2014). PPI modulation has been linked to the dopaminergic system as
anti-psychotic drugs, with antagonistic activity at Drd2-like receptors such as
haloperidol, have been shown to reverse a PPI deficit (Tournier and Ginovart,
2014). However, in this study selective Drd2/Drd3 receptor blockade did not
reverse this deficit in patients, though symptom severity was reduced (De

Koning et al, 2014), indicating other neurotransmitters system may
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additionally regulate this behaviour. The serotonergic system has been
implicated in underlying variability in this behaviour. Agonism of serotonin 2a-
receptor (5HT2a R) has been shown to reduce PPI in healthy subjects
(Vollenweider et al., 2007). Given the observed changes in tissue levels of
serotonin in the frontal cortex, dorsal and ventral striatum in CdknlIcBACx1
animals, it is not possible to assign the deficit in PPI to changes in a given
neurotransmitter system. Nonetheless, this work demonstrated the importance
of Cdkn1c dosage in development of correct sensorimotor gating and potentially

other biomarkers of psychotic illness not examined in this thesis.

In the dorsal striatum, animals over expressing Cdkn1c were found to have an
increased tissue level of dopamine. This was emphasised by a significant
increase in Dat mRNA levels compared to wt littermates and an increase in Th
immuno-reactivity, in this region and in the ventral striatum. This co-occurred
with an increased motivational drive to obtain a sucrose reward while finding
the sucrose less palatable compared to wt littermates. Importantly, this increase
in motivational drive was apparent at eqi-palatable concentrations of sucrose.
Additionally, though BP remained elevated with respect to wt littermates,
Cdkn1cBACx1 animals had a significant reduction in BP when working to obtain
non calorific saccharin. This implies Cdkn1cBACx1 animals were more motivated
by the calorifically rewarding aspects of sucrose, compared to its palatability,
than wt littermates. This may have implications for the human imprinting
disorder, SRS, which is associated with increased CDKN1C. Some SRS children
are reported as being fussy eaters (Blissett et al., 2001). It is possible that these
children are not ‘fussier’ per se, but do not perceive food to be as palatable.
Importantly calorie intake is no different in these children (Blissett et al., 2001),
similar to that observed in Cdkn1cBACx1 animals. Additionally IUGR preterm
infants at 16 days display decreased hedonic responding to a sucrose solution

(Ayres et al.,, 2012).

The observed dissociation between reward ‘liking’ and reward ‘wanting’ is not
without precedence in genetically hyper-dopaminergic animals (Pecina et al,

2003; Drew et al, 2007). The incentive sensitization theory of addiction
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concerns the dissociation between the hedondic value of a reinforce and its
motivational properties (Robinson and Berridge, 1993, 2008). This theory
posits that, in a subset of individuals using drugs of abuse, the neurobiological
perceived ‘importance’ of the drug (i.e. how much it is ‘wanted’) is heightened
excessively, through associative learning of drug related cues etc., resulting in
habitual and abusive drug taking. The theory further postulates that this occurs
independent of the hedonic properties of the drug, and that, in fact, subjective
pleasure decreases with repeated administration (Robinson and Berridge,
1993). This is reminiscent of Cdkn1cBACx1 animals’ responding to sucrose
reinforcer. This finding is limited, in that it reflects behaviour towards a natural,
not classically considered addictive, substance. In addition to a dissociation
between reinforce ‘wanting’ and ‘liking’, animals over expressing Cdknlc were
hypersensitive, behaviourally and neurobiologically, to a sub-stimulatory dose
of amphetamine. The ventral striatum of these animals, which contains the
nucleus accumbens, displayed increased reactivity to an i.p. amphetamine
injection, compared to wt littermates and the control Cdkn1cBACtacZ gnimals. This
is similar to previous work on cocaine responsivity in adult male offspring
exposed to a prenatal low protein diet, also associated with increased Cdknlc
dosage (Vucetic et al., 2010b). Taken together, these data imply that increased

Cdkn1c dosage primes an ‘addictive-like’ state.
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Table 8.1: Summary of main findings from Chapter 3: Molecular characterisation

of Cdkn1cBACxT adult brain. (Cdkn1cBAClacZ did not differ from wt littermates in

any of these measures). T Cdkn1cBACx! increased compared to wt littermates. {

Cdkn1cBACxl decreased compared to wt littermates. & Cdkn1cBACx1 no change

from wt littermates.

Frontal Dorsal Ventral Hypothalamus
cortex striatum striatum
Drd1 ! o o o
Drd2 ! o o o
Th (mRNA) © © o o
Th (immuno | n/a T T n/a
reactivity)
Dat o T n/a n/a
[Dopamine] o T o o
[Serotonin] o W) T T o
[DOPAC] © © © !
[SHIAA] © © © !
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Table 8.2: Summary of main findings from Chapters 4-6 concerning the
behavioural characterisation of Cdkn1cBACx! line. (Cdkn1cBAClacZ did not differ
from wt littermates in any of these measures). T Cdkn1cBACxl increased
compared to wt littermates. I Cdkn1cBACx1 decreased compared to wt littermates.

© Cdkn1cBAX1 no change from wt littermates.

Behaviour type | Test Direction of effect
of Cdkn1cBACx1
genotype

Motoric- Chapter | Rotarod ©

4 Locomotor activity (beam breaks) l

Response to amphetamine T

Anxiety- Chapter | Open field ©

4 Elevated plus maze ©

Reward related - | Motivation in a PR task T

Chapter 5 Hedonic responding l

Sensorimotor Baseline startle l

gating- Chapter 4 | Pre-pulse inhibition !

Social- Chapter 6 | Tube test (stranger) T

Social stability l

An environmental prenatal/early life role for increased Cdknlc expression has
previously been described (Vucetic et al., 2010b; Jensen Pefa et al., 2014). This
thesis replicated previous findings with respect to a prenatal low protein diet,
and expanded them, attributing the increase in Cdknlc to expression from the
paternal allele. Paternal allele expression has also been observed in some other
tissues in response to low protein diet (Van De Pette, in preparation). This
thesis examined the prenatal consequences of a suboptimal maternal
gestational diet on additional neural imprinted gene expression and the
dopaminergic system. A prenatal low protein diet has previously been linked to
alterations in dopamine related behaviours (Vucetic et al., 2010b; Reyes-Castro
et al., 2011), with a sexually dimorphic presentation (Reyes-Castro et al.,, 2011;
Reyes-Castro et al, 2012a; Reyes-Castro et al, 2012b). Sexually dimorphic

consequences for the dopaminergic system were observed in this thesis. There
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was a decrease and increase in the levels of dopamine in males and females,
respectively, in the fore- and mid-brain at E18.5 after prenatal low protein or
high fat diet. Few studies have examined the consequences of a prenatal low
protein diet on the offspring prenatally. Studies that have investigated prenatal
consequences have focussed on opioid and feeding related signatures (Terroni
et al, 2005) and structural and morphological differences (Wainwright and

Stefanescu, 1983; Gressens et al., 1997).

Genetic over expression of Cdkn1c recapitulated a subset of the behavioural and
molecular signatures associated with a maternal low protein diet during
pregnancy and lactation, including increased cfos reactivity to a stimulant in the
ventral striatum (Vucetic et al, 2010b), decreased sucrose preference/
perceived palatability (Vucetic et al, 2010b) and other, anhedonia-associated
behaviours (Godoy et al., 2013), inappropriate social behaviours (Almeida et al.,
1996), increased responding for a food reward (Tonkiss et al., 1990), increased
straital Th and Dat (Vucetic et al., 2010b) and regional specific increases in
dopamine (Vucetic et al., 2010b). Furthermore, though not assessed in this
study, additional Cdkn1c regulated processes have been shown to be altered in
the offspring following prenatal and lactational low protein diet. These include
adult neural stem cell regulation (Godoy et al., 2013), neuronal migration and
maturation (Morgane et al., 1993) and correct corticogenesis (Gressens et al.,

1997).

Adult males exposed to a prenatal and lactational low protein diet have
increased dopamine levels in the prefrontal cortex and increased Th in the
striatum (Vucetic et al., 2010b), similar to Cdkn1cBACx! adult males. However, at
a prenatal time point male foetuses exposed to a low protein environment have
decreased dopamine and Th in the fore- and mid-brain compared to fetuses fed
a basal diet. This developmental switch from a prenatal hypo-dopaminergic
state to a postnatal hyper-dopaminergic state after prenatal adversity has been
shown for prenatal alcohol exposure (Rathbun and Druse, 1985; Sari et al,
2010). This highlights the priming effect of prenatal environmental insults and

the potential for interaction with the post-natal environment. This is relevant
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given the observation that raising a litter exposed to a prenatal low protein
environment alters dam mothering behaviour, independent of dam gestational
diet (Galler and Tonkiss, 1991). The results of this thesis suggest that it may be
possible to attribute elements of the alterations in reward processing following

a prenatal low protein diet specifically to the over expression of Cdkn1c.

It is not possible to establish a direct link between dopamine associated reward
related behaviours observed after prenatal high fat diet (Teegarden et al., 2009;
Vucetic and Reyes, 2010; Naef et al,, 2011; Vucetic et al., 2012; Grissom et al,,
2013) to over expression of the imprinted gene Igf2 and DIk1 from the work in
this thesis. Mechanistically these two systems are linked given the role IgfZ and
DIkl in promoting development of dopaminergic neurons of the midbrain
(Christophersen et al.,, 2007; Bauer et al., 2008; Freed et al., 2008; Jacobs et al,,
2009; Vazin et al.,, 2009). To separate correlation from causation it would be
necessary to carry out similar experiments on transgenic animals over

expressing either Igf2 or DIk1 individually, or both in combination.

8.1.2 Cdkn1c and social stability

Presence of an animal over expressing Cdknlc in a social group caused a
destabilisation of the social hierarchy, and resulted in in more frequent rank
changes and a consequence for individual fitness. Both the dopaminergic and
serotonergic system have been implicated in modulating social behaviours. Dat
blockade, and increased dopamine availability, in the mouse from P22-41
increased adult aggressive behaviours (Yu et al,, 2014). Optogeneic stimulation
of VTA dopamingeric neurons increased aggressive behaviours (Yu et al.,, 2014)
and dopamine in the pre-frontal cortex and the ACC was shown to be elevated in
intruder rats in the presence of an aggressive resident (Tidey and Miczek,
1996). This could be a recapitulation, in Cdkn1cBACxl animals, of an altered
dopaminergic drive from the mesocortical pathway. A neuronal knockout of
Drd2 receptor reduced the levels of excreted major urinary proteins in adult
mice. Furthermore, urine from a knock out male failed to induce aggression
towards an intruder (Noain et al., 2013). Greater activity onto Drd2 receptors,

therefore, could potentially provoke more frequent challenges. Additionally,
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Drd1 activation by a selective agonist, but not Drd2 inhibition, enhances social
recognition (Loiseau and Millan, 2009). Drd1l levels in the frontal cortex
dynamically respond in males to repeated defeats in antagonistic social
interactions (Avgustinovich and Alekseyenko, 2010). Therefore, the decreased
Drd1l mRNA abundance in the Cdkn1cBAx1 animals may underlie the

abnormalities in social behaviours.

The serotonergic system has also been implicated as a regulator of aggression
and violence (Raleigh et al., 1991; Edwards and Kravitz, 1997; Krakowski,
2003). As a consequence of the complexity of serotonergic receptor
pharmacology it is non-trivial to ascribe a definitive role for this
neurotransmitter in mediating aggressive behaviours. Increased serotonergic
functioning has been linked to increased aggressiveness of a dominant status. A
study in adult vervet monkeys showed that serotonin can bidirectionally
influence dominancy acquisition, serotonin agonists promoted dominant status
and serotonin antagonists promoted subordinate status (Raleigh et al,, 1991). A
polymorphism in the serotonin (and dopamine) metabolising enzyme
monoaminoxidase A promoter, which results in decreased promoter activity and
therefore increased transmitter availability, was linked to increased
aggressiveness in adult men (Manuck et al., 2000). However, serotonin has also
been implicated in promoting a subordinate state. Among males alone,
aggression was negatively correlated with 5HT>¢ receptor abundance (Soloff et
al., 2010). Serotonin transporter blockade from P22-41 in the mouse reduced
aggressive behaviours (Yu et al., 2014). Therefore, while it is apparent that the
role of serotonin in social behaviour is likely dependent on the receptor subtype
activated, it is possible that the perturbed social stability in groups containing

Cdkn1cBACx1 gnimals is due to the alterations in this neurotransmitter.

8.1.3 Cdkn1cPAtLact Jine

With the exception of consumption in the lick microstructure analysis, none of
the behavioural or molecular analyses revealed a difference between
CdknlcBAClacz gnimals and their wt littermates. These animals have wt

expression levels of Cdknlc. As illustrated in Figure 2.1C in this work, these
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animals carry an additional copy of the imprinted genes PhldaZ and Sic22a18.
PhldaZ regulates junctional zone of the placenta with contains the glycogen cells
and the placental endocrine cells (Tunster et al.,, 2010). On a 129/Sv background
this transgene drives a progressive slow down in fetal growth (Tunster et al,,
2010; Tunster et al,, 2014). This was not the case for a single copy transgene on
the BL6 background (Tunster et al.,, 2014), the model used in this study. The
programming effects of altered placental imprinted gene expression on adult
behaviour have been demonstrated in relation to Igf2 (Mikaelsson et al., 2013).
Behavioural tasks carried out, in this thesis, were selected as being
predominantly dopamine dependant. Programming effects linked to decreased
placental IgfZ, anxiety related behaviour in an open field and elevated plus maze
and ASR (Mikaelsson et al., 2013), were not different between Cdkn1cBACLacz
animals and their wt littermates. Further studies are required in order to
establish if the CdknlcBAClacz genotype has consequences for brain and

behaviour.

8.2 Implications for imprinted genes and an adaptive response to prenatal
adversity

Imprinted gene function, by their very nature, is dosage sensitive and, as such,
provides a site at which deleterious or advantageous alterations in expression
could occur. Given their dosage sensitivity and importance for development, it is
possible the tight regulation of these genes would be prioritised in suboptimal
conditions, such that the ‘status quo’ is maintained. Alternatively, these genes
could act as a site of ‘fine tuning’ whereby the developing fetal brain is primed in
utero for the environment in which its mother exists, and into which it will soon
be thrust. Prenatal adversity results in functional alterations in systems which
are regulated by imprinted genes including metabolic function (Entringer,
2013), fetal growth (Baibazarova et al,, 2013), reproductive function (Sloboda et
al,, 2009; Perry, 2014) and behaviour (Bale et al., 2010). The seemingly adaptive
nature of offspring response to prenatal adversity has been discussed in this
thesis in Chapter 1.4.1 (Bateson et al., 2004). The work in this thesis cannot

differentiate between an adaptive or passive response in imprinted gene
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expression following prenatal adversity. However, the gene, organ and prenatal
insult specificity of the alteration in imprinted gene dosage, suggests an
adaptive rather than passive cause. An adaptive response of imprinted gene
expression suggests a potentially important function for these genes in the

plasticity in post natal offspring outcomes to prenatal insults.

This thesis described the consequence of increased Cdknlc dosage on
dopaminergic system and on dopamine related, and social, behaviours. The
findings in this thesis proposed a role for Cdknlc, and potentially imprinted
genes more generally, in an adaptive response to prenatal adversity, via the
dopaminergic system. Furthermore, in humans CDKNIC dosage may link
prenatal malnutrition with subsequent behavioural abnormalities associated
with dopamine disregulation, including schizophrenia and addiction (St Clair et

al,, 2005; Franzek et al., 2008; Malaspina et al., 2008).
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Appendix A

Table A.1: qPCR results for Cdkn1cBACx! line. Where variables passed Shapiro-Wilk test
for normality, t statistic is presented, where variable failed test for normality Mann-
Whitney Z scores are presented. Tests where there was a significant effect of genotype

are indicated in bold.

Region Gene n=(wt, tg) Statistics
Drd1 n=(8,5) Z=-2.049, p=0.04
Erontal cortex Drd2 n=(8,5) t(11)=-2.423, p=0.034
Th n=(8,5) t(11)=-0.685, p=0.507
Dat n=(4,4) t(11)=-1.075, p=0.308
Drd1 n=(4,4) t(6)=0.54, p=0.609
Dorsal striatum Drd2 n=(4,4) t(6)=0.04, p=0.970
Th n=(4,4) Z=-0.866, p=0.486
Dat n=(4,3) t(5)=4.504, p=0.006
Drd1 n=(7,4) t(9)=1.097, p=0.301
Ventral striatum | Drd2 n=(7,4) t(9)=0.615, p=0.554
Th n=(7,4) t(9)=-1.075, p=0.075
Drd1 n=(4,3) t(5)=1.102, p=0.321
Hypothalamus Drd2 n=(4,3) t(5)=1.695, p=0.151
Th n=(5,3) t(6)=-0.426, p=0.685
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Table A.2: qPCR results for Cdkn1cBAClacZ [ine, Where variables passed Shapiro-Wilk test
for normality, t statistic is presented, where variable failed test for normality Mann-

Whitney Z scores are presented.

Region Gene n=(wt, tg) Statistics
Drd1 n=(7,5) 7=-0.406, p=0.685
Frontal cortex Drd2 n=(7,5) 7=-0.568, p=0.57
Th n=(7,5) t(10)=-0.329, p=749
Dat n=(5,3) 7=-0.745, p=0.571
Drd1 n=(4,5) t(7)=-0.916, p=0.39
Dorsal striatum Drd2 n=(4,5) t(7)=-0.915, p=0.391
Th n=(3,5) t(6)=-2.247, p=0.066
Dat n=(4,6) t(8)=-0.1, p=0.923
Drd1 n=(3,4) t(5)=-0.92, p=0.4
Ventral striatum | Drd2 n=(3,4) t(5)=-0.22, p=0.834
Th n=(3,4) t(5)=0.088, p=0.933
Drd1 n=(4,3) t(5)=1.959, p=0.107
Hypothalamus Drd2 n=(4,3) t(5)=-0.374, p=0.724
Th n=(5,3) t(6)=-0.447, p=0.671
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Table A.3: HPLC result for Cdkn1cBACx! line. F values shown are adjusted for multiple
comparisons with a region. All variables passed Shapiro-Wilk test for normality. n
Cdkn1cBACx1= 9, n wt littermates=7. Tests where there was a significant effect of

genotype are indicated in bold.

Region Metabolite Fi14= p=
Noreadrenaline 0.308 0.588
Dopamine 1.079 0.317
Frontal cortex Serotonin 3.696 0.075
DOPAC 0.618 0.445
S5HIAA 2.919 0.11
Noreadrenaline 0.002 0.969
Dopamine 5.279 0.038
Dorsal striatum Serotonin 5.102 0.04
DOPAC 0.104 0.751
S5HIAA 1.039 0.325
Noreadrenaline 0.535 0.477
Dopamine 0.007 0.934
Ventral striatum | Serotonin 6.686 0.022
DOPAC 0.395 0.54
S5HIAA 0.006 0.939
Noreadrenaline 0.551 0.47
Dopamine 2.222 0.158
Hypothalamus Serotonin 0.725 0.409
DOPAC 4.99 0.042
5HIAA 6.948 0.02
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Table A.4: HPLC result for Cdkn1cBAClacZ line. F values shown are adjusted for

multiple comparisons with a region. All variables passed Shapiro-Wilk test for

normality. n Cdkn1cBAClacZz= 12 n wt littermates=4

Region Metabolite Fi14= p=

Noreadrenaline 0.62 0.443

Dopamine 0.853 0.371

Frontal cortex Serotonin 0.17 0.686
DOPAC 0.687 0.421

S5HIAA 0.067 0.799

Noreadrenaline 0.591 0.455

Dopamine 0.481 0.499

Dorsal striatum | Serotonin 0.178 0.679
DOPAC 1.428 0.252

S5HIAA 0.556 0.468

Noreadrenaline 0.237 0.634

Dopamine 0.349 0.564

Ventral striatum | Serotonin 1.471 0.245
DOPAC 0.554 0.469

S5HIAA 1.316 0.271

Noreadrenaline 0.084 0.777

Dopamine 0.05 0.827

Hypothalamus Serotonin 0.075 0.788
DOPAC 0.23 0.639

S5HIAA 0.566 0.464
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Appendix B

Figure B.1: Schematic of urine marking apparatus (A) and typical subordinate

(top) and dominant (bottom) scent marking pattern, visualised under UV light
(B).
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Appendix C: Details of diet for Chapter 7
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