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Abstract

Alzheimer’s disease (AD) is a major global health concern. Investigating the molecular mechanisms
underlying AD will help develop new treatment strategies. The RE1-silencing transcription factor
(REST) has been previously implicated in AD and is neuroprotective in the human brain, a function
which was found to be lost in those diagnosed with AD. However, the molecular mechanisms
underlying this are unclear. This study has employed a previously generated genetically modified
conditional knockout (cKO) mouse model lacking REST in the brain, with inactivation only in the
postnatal forebrain, in excitatory neurons (from 2-3 weeks of age). Wielding histological analysis, the
different regions of the hippocampus CA1, CA2, CA3 and the dentate gyrus (DG) have been studied,
analysing a possible neurodegenerative phenotype. Analysis of samples using western blot experiments
and antibodies, against various proteins has allowed the investigation of the potential molecular
mechanisms involved and aimed to correlate previously observed RNA changes in the brain of Rest
cKO mice to their translated protein level. The findings of this study have allowed some tentative
conclusions to be drawn which help with understanding the role of REST in the brain. This study has
shown a possible neurodegenerative effect in the CA2 region of the hippocampus in Rest ¢cKO mice
using immunohistochemical (IHC) analysis. Furthermore, regarding a social memory related phenotype
previously observed by the supervisor, a protein with a strong association to social memory impairment,
Vasopressin V1B receptor (V1BR), was found to decrease in Rest ¢cKO mice. Implying two possible
conclusions regarding the CA2 region of the hippocampus; a possible neurodegenerative phenotype or
an impairment in social memory. Another principal finding revealed by this study showed lower levels
of phosphorylated CREB (Ser133) protein in Rest cKO mice. This important finding could suggest that
a dysregulation in REST which leads to AD could occur due to a dysfunction in the mechanisms of
CREB phosphorylation, associating memory loss to a lack of REST, a relationship which has not
previously been made. The results from this study demonstrate the importance of research in REST and
some features of neurodegeneration which should be further explored to allow potential therapeutic

agents to be established.
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1.0 Introduction

Alzheimer’s disease (AD) is the most common type of dementia. The greatest risk factor for this
neurodegenerative disease is age, followed by a dysregulation of AD related genes such as Apoe4
(Safieh et al., 2019). Identification of AD through pathological analysis of post-mortem brain
tissue of AD patients has shown typical biological traits that are present in most diagnosed
patients, particularly amyloid-p (AP) plaques and neurofibrillary tangles (NFT) from the
hyperphosphorylated protein tau (Lansdall, 2014). AD presents several cognitive domains which
are apparent when the disease reaches severe stages rather than in mild cases, such as memory
and social impairment. Given the failure of recent clinical trials, it is of importance to better
comprehend the cellular mechanisms and proteins/genes implicated in AD, in order to advance
treatment. Recent studies have shown that the protein RE1-silencing transcription factor (REST)

has been strongly implicated in AD.

1.1 REST and Alzheimer’s disease

REST is a transcriptional repressor, which acts by means of epigenetic modelling to silence target
genes. Within neural progenitor cells, REST binds to the neuron-restrictive silencer element
(NRSE) site in target genes prior to recruiting corepressors such as COREST (Ballas et al., 2001),
which then enrol the enzymes histone deacetylases (HDACs) — 1 and 2 (Hwang, Aromolaran and
Zukin, 2017; Hwang and Zukin, 2018). HDACs remove acetyl groups ensuring that the core
chromatin complex is tightened, thereby, silencing the gene. This mechanism restricts access to
the transcriptional machinery needed for the activation of genes at the promoter regions. Reports
focusing on the expression of REST, show that REST expression is low in neural tissues, but
expression is greater in non-neuronal tissues (Wu and Xie, 2006). A study reports on the
importance of REST in development, as evidenced by the lethality of Rest KO mice. They show
that REST is necessary to repress endogenous target genes in non-neuronal tissue (Chen ef al.,
1998). Further reports demonstrating the function of REST suggests its importance in adult
neurogenesis. A study by Gao et al, 2011 showed that deletion of REST in adult neural stem
cells generates an increase in neurogenesis. This work categorises REST as an adverse regulator
of adult neural stem cell. In contrast, a dysregulation of REST has been associated with
neurodegenerative disease (Lu et al., 2014). This research explored the role of REST in AD which
revealed high levels of REST in the brain of healthy elderly individuals but not in the brain of
AD patients. This literature has methodically demonstrated that REST is a principle feature of
neuronal aging in the hippocampus supressing target genes which are involved in neuronal death.

Respectively, they report that in elderly patients with normal cognitive preservation, there was



no dysregulation of REST as high levels were seen in the nuclei of cells. The level of REST was
found to be depleted as there was a loss of REST in the nucleus in AD cases as well as in mild
cognitive impairment (MCI); however, it was found that this was localised in neural regions such
as the hippocampus. In contrast, no reduction was observed in nuclear REST levels in the
cerebellum and dentate gyrus. Given these findings, the importance of REST preservation and

normal regulation of REST is established.

REST has been identified in neuronally derived exosomes in blood. Foregoing research examined
REST levels in four groups of patients: healthy elderly patients, MCI but were stable, MCI which
lead to dementia and AD patients. Analysis of REST levels suggested a strong decline with an
increased risk of AD or cognitive impairment (Ashton et al., 2017), implying that those patients
with a greater AD deterioration displayed lower levels of REST compared to those with MCI.
Despite those findings, it remains unclear whether the levels of REST measured in peripheral
blood in their study reflect the levels in the central nervous system. Supplementary research
which similarly explored the relationship between REST levels and cognitive impairment using
a blood-based approach, reported that levels of REST plasma protein were significantly lower in
AD diagnosed patients (Marchant et al., 2015). Even though, a dysfunction in REST in plasma
neuronal exosomal levels in AD patients is already known, Abner et al., (2016) examined this
over a significant period in cognitively healthy elderly patients. Analysis of data suggested that
exosomal protein levels for REST changed significantly with aging, although this was found to
be observed outside of the range for AD patients. To elaborate, even though the levels of REST
decreased with increasing age, levels remained higher in those who were cognitively healthy than

those with AD.

Despite studies proposing reduced REST expression in AD, other reports focused on an
alternative dysregulation in REST when associating the transcriptional repressor to choline
acetyltransferase (ChAT) (Gonzalez-Castafieda et al., 2013). Formerly, dysfunctions in the
molecular mechanisms for ChAT have been characterised as early distinctive features in AD,
thus, implying that the relationship between ChAT and AD is a greatly understood field.
Specifically, it has been shown that there is a decrease in ChAT expression in brain regions
known to be affected in AD (Geula et al., 2008), and it has been clarified that this reductive effect
in ChAT levels was seen in patients diagnosed with AD (Heese and Akatsu, 2006). However,
opposing levels of ChAT have been shown when associating the enzyme to REST. Reports have
demonstrated that high levels of ChAT are correlated to a reduction in REST (Gonzalez-
Castafieda ef al., 2013). In a like manner, a study by Orta-Salazar ef al., 2012 strengthens the
association between ChAT and REST expression by evaluating this protein expression using a
triple transgenic mouse model of AD (3xTg-AD). They presented a reduction in ChAT cells in

the hippocampus. Focusing on a region of the hippocampus known as the Cornu Ammonis 1
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(CA1), high levels of REST were observed, this demonstrates the effect an increase in levels of
REST has on ChAT levels and suggests its importance in neurodegeneration. Considering the
dependence of REST on choline acetyltransferase, an increase in REST is thought to be a
mechanism that initiates overexpression of proteins and an accumulation of AP involved in

neurodegeneration.

By examining its functional consequence, a preservation of REST in the nucleus seems to avoid
the development of dementia, there is, however, no published evidence to date associating REST
with memory. This intriguing finding seems to suggest that typical biological traits of AD, such
as neurofibrillary tangles and senile AP plaques, alone could not be sufficient to cause such

progression of disease.

1.2 Immediate early genes (IEGs) and their regulation in memory

IEGs and their regulation by the cAMP response element-binding protein (CREB) are strongly
implicated in the molecular mechanisms underlying memory formation (Kandel, 2012). A
significant reduction in the expression of IEGs such as c-fos, Egr-1 (Zif268), Arc and Npas4 in
the neocortex and hippocampus has been previously observed at the RNA level in the brain of
Rest ¢KO mice (unpublished data). Thus, it is important to investigate not only the
neurodegenerative pathology REST may present in AD cases, but also to explore whether the
protein levels of immediate early genes are altered aiming to explain the memory impairment

phenotypes in AD.

The signalling of the CREB is thought to have a crucial role in cognitive function. Research
proposes that alterations in synaptic plasticity, which are due to CREB signalling, aid the
translation of short-term memory to long term memory (Saura and Valero, 2011). For this reason,
CREB is thought to be a fundamental protein for several biological mechanisms which are
triggered during memory formation. Previous literature, which examined the level of CREB
expression in AD models, reported that the expression of CREB mRNA was reduced in APP
transgenic mice (Tg2576) (Pugazhenthi et al., 2011). Besides this, with the aid of histological
analysis, they established that this change was concentrated mostly in the hippocampus and
cortex, suggesting CREB expression is region specific. Alluding to the fact that dysregulated
CREB expression is only seen in some neural regions, when focusing on post-mortem samples,
a reduction was observed in the hippocampus. CREB is phosphorylated during memory
processes, which is thought to initiate the transcription of memory associated genes. CREB
mediated gene expression seems to be impaired in AD models. Reports by Echeverria et al.,

(2004), have demonstrated that active forms of CREB kinase generally decrease in AD mouse

11



models. In the same way, other studies have reported a decrease in phosphorylated CREB in
hippocampal neurons (Gong et al., 2004), and in the prefrontal cortex of AD patients (Bartolotti,
Bennett and Lazarov, 2016). Given the changes observed in CREB and phosphorylated CREB in
AD patients and given the important role CREB has on regulating the transcription of immediate

carly genes, dysregulations are to be expected when investigating neurodegeneration.

The immediate early gene c-fos, is essential for synaptic plasticity and memory. Research
proposes that this is focused on brain regions such as the hippocampus (He, 2002; Fleischmann
et al., 2003). c-fos activity is thought to be biphasic, increasing following acute neuronal activity
but decreasing after chronic neuronal activity (Calais et al., 2013; Renthal ef al., 2008). Studies
have shown that when there is a decrease in the C-FOS expression it will provoke hippocampal
cognitive deficits in AD mouse models (Palop et al., 2003; Chin, 2005; Espana et al., 2010;
Corbett ef al., 2017). The immediate early gene, c-fos has been linked to the development of
apoptosis in cultured neuronal cells (Estus, 1994). A study reports on the expression of C-FOS
in hippocampal neurons, which forms part of the apoptotic pathway, in the CA1, CA2, CA3 and
CA4 region of the hippocampus in AD patients. Findings demonstrate that abnormally high levels
of C-FOS expression (Smeyne ef al., 1993) in sympathetic neurons appears to be a late event in
apoptosis (Marcus et al., 1998). The contradictory findings seem to imply that a dysregulation of
C-FOS, by being either a reduction or increase play a role in neurodegeneration, suggesting that

preservation of normal levels of C-FOS may be the best.

The phosphorylation of CREB as well as the recruitment of transcription factors initiate the
transcription of genes such as Egr-1. Research by Bartolotti et al., (2016) show that EGR-1
(zif268) expression is reduced in the CA1 region of the hippocampus in AD patients. Further
research by Bonzon et al., 2002, suggests that decreasing levels of the zinc finger protein 225
affect memory recall and spatial learning. Similarly, they reported that when using zif268 mutant
mice for behavioural tasks, specifically when examining the exploration time in the presence of
novel and familiar objects, there was a level of difficulty in conserving information which had
been retained over a period of 24 hours. Suggesting the importance this immediate early gene has
on memory formation, and how cellular reductions of this protein could enable memory
impairment. Literature which seems to suggest that EGR-1 is upregulated in AD mouse models,
led scientists to examine the effect of silencing the transcription factor. The study by Qin et al.,
(2017) demonstrated that when silencing of Egr-1 occurs in the hippocampus it significantly
improves cognition in the triple-transgenic mouse model of AD (3xTg-AD). It also seems to
suggest that it plays a role in improving other characteristics involved in AD such as reducing

the phosphorylation of tau.
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Reduced levels of the immediate early gene Arc seem to be related to cognitive impairments. In
contrast to the rest of the IEGs explored whose roles are transcription factors, Arc is the only one
which is an activity-regulated cytoskeleton-associated protein. Arc is generally expressed in the
hippocampal and cortical glutamatergic neurons and is required for several processes involved
in memory such as preservation and strengthening (Guzowski et al., 2000), but also it was
proposed to be important for spatial learning (Plath ef al., 2006). A study focusing on this
immediate early gene, used a mouse model with an overexpression of the destabilised yellow
fluorescent protein Venus, which acts under the command of the Arc promoter at 7.1kb
(Arc::dVenus). Findings of the study demonstrated a decrease in the expression of ARC in both
hippocampal and cortical regions (Rudinskiy et al., 2012). With regards to the DG, a study using
human amyloid precursor protein transgenic mice (hAPP) reported that ARC expression is
decreased in granule cells (Palop, 2005). Together, these studies imply that a dysfunction of ARC

expression could contribute to the cognitive phenotypes observed in AD such as memory loss.

Being able to directly regulate the expression of many activity dependant genes, Neuronal Per-
Arnt-Sim (PAS) domain-containing protein 4 also known as Npas4, has been identified as being
important in memory (Lin et al., 2008). NPAS4 is expressed preferentially in neurons and its
expression is repressed by the attachment of REST to the promoter region of the Npas4 gene
(Bersten et al., 2014). Comparing wildtype mice to a transgenic mouse model that expresses the
human amyloid precursor protein (APP) conveying the Indiana and Swedish mutations (McGill
Thy1-APP), a study by Duran et al., 2013, found that the NPAS4 protein expression was lower
in an Alzheimer’s mouse model. Similarly, they report that as the mice aged, the expression of
NPAS4 continuingly decreased further. When this finding was compared to the results obtained
which explored long term potentiation (LTP), which is generally defined as a persistent
strengthening of synapses, a decrease in LTP was associated with lower expression of NPAS4.
When Npas4 was inactivated from the CA3 region of the hippocampus in conditional knockout
mice, it resulted in a cognitive deficit of long-term memory formation. On the other hand,
overexpression of Npas4 in the CA3 restored memory formation (Ramamoorthi et al., 2011).
Together the studies suggest the importance of non-dysregulated protein expression of NPAS4

for memory.

Considering both ARC and NPAS4, a study showed the importance that both immediate early
genes have on memory (Qiu et al., 2016). Following the use of the two trial Y-maze task,
measuring spatial memory and real-time quantitative reverse transcriptase polymerase chain
reaction (RT-PCR), a reduction was found for both IEGs in the hippocampus of mice with a level
of memory impairment. However, the rodents who did not seem to have the cognitive impairment

had normal levels of the proteins. This study also suggests that the lower expression of Arc and
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Npas4, which is due to a dysregulation in the memory pathways, acts as an aid for the cognitive

deficits seen in mice with the memory impairment.

Despite the association already established between REST and the IEGs, the enzyme histone
deacetylase 2 (HDAC?2) is similarly as vital with regards to REST. HDAC?2 is an enzyme
responsible for the removal of acetyl groups from the lysine residues on the histone proteins,
which in turn contributes to the transcriptional silencing of genes (Kamarulzaman et al., 2017).
HDAC:s catalyse deacetylation of histones and many other nonhistone proteins such as CREB
(Minucci & Pelicci, 2006). As such, it plays an important role in gene expression by
circumventing the formation of transcription repressor complexes. A study reported the
importance of regulated levels of HDAC2, suggesting an overexpression of HDAC2 assisted in
an impairment in memory formation (Guan et al., 2009). The findings in this study could help

with understanding the association between REST and memory.

1.3 Morphological characteristics in neurodegeneration

Histological analysis can be undertaken to assess the morphological characteristics to evaluate
the possibility of neurodegeneration in the brain of Rest ¢cKO mice. Microtubule-associated
protein 2 (MAP2) is thought to have a role in determining and stabilizing the structure of
dendrites. Research by Huber and Matus (1984) suggests that MAP2 is generally confined within
the dendritic arbor. As it is vital to understand the function of MAP2 in both neurodegenerative
and normal conditions, a study carried out by Woolf, Zinnermann and Johnson, (1999) primarily
demonstrated the importance of MAP2 for contextual memory. It was established that there was
an increase in MAP2 in the hippocampus of rats a couple of weeks after training. Through
analysis of transgenic and wildtype mice, the levels of MAP2 protein are demonstrated to
decrease when there is a significant level of dendritic spine loss (Kandimalla et al., 2017).
Literature by Gonzalez-Lima (1998) on predictive markers of neurodegeneration demonstrate a
continual decrease in MAP2, as well as a reduction of the apical dendrites specifically located in
the CA1 region of the hippocampus. This is suggestive of a dysfunctional pathway due to
neurodegeneration. In summary, it has been observed that neurodegeneration is associated with

a reduction in levels of MAP2 protein and dendritic activation.

Synaptic loss is regarded as an early hallmark of AD. Previous literature reports that different
levels of memory impairment are due to different levels of synaptic dysfunction or loss (Selkoe,
2002). Located in synaptic vesicles, the glycoprotein, synaptophysin can be used to observe
changes that lead to synaptic loss (Gylys et al., 2004). Using synaptophysin as a marker would

establish any possible functional and distributional differences in synapses in Rest cKO mice
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compared to controls. A study seems to report that as AD progression occurs, synaptophysin
expression levels significantly decreased (Poirel et al., 2018). As alterations in the post-synaptic
structure have been identified in AD (Glylys et al., 2004), it is important to associate this with
disease progression. A study reports that even those with mild cognitive impairments harbour
significant synapse loss (Scheff et al., 2007), implying that this could be an indicator for cognitive
decline. To further investigate synaptophysin as a marker of synaptic terminal levels, a report by
Saura et al., (2004) demonstrated reduced synaptophysin immunoreactivity in presenilin null
mice, specifically in a PS ¢cDKO model when compared to controls. Taking this study into
consideration determines that a significant difference can be seen when there is a strong

neurodegenerative phenotype.

Glial activation greatly depends on the development and severity of neurodegenerative disease.
Neurons generally activate glia such as astrocytes using modulators such as glutamate (Liu ef al.,
2006, Verge et al., 2004). As such, following their activation, astrocytes alter the function of
neurons and contribute to disease development such as AD. Reactive astrocytes are a prominent
feature of AD, but their role in AD is not fully established. Comparing the difference in astrocyte
structure, a study found that the astrocytes in those with AD pathology but who had normal
cognition seemed to have longer and thicker processes (Kobayashi et al., 2018). To create a better
understanding this finding was compared to those patients with AD pathology but who also had
dementia, in which shorter and thinner processes were seen. Further literature which seems to
suggest that changes in astroglia in aging and neurodegenerative disease are heterogenous,
demonstrate functional astroglial traits. The study also seems to propose that astrocytes
themselves undergo degeneration in the early stages of pathological progression. By further
analysis of astroglia in later cases of disease progression, astrocytes were found to be associated
with neurite plaques. The given research seems to suggest this is located in specific brain regions
rather than the astroglia being scattered, as it was seen in regions such as the hippocampus but
not in neural regions such as the Entorhinal cortex (EC) (Rodriguez — Arellano et al., 2016).
Astrocytes tend to be focal in AD cases, such that the reactive astrocytes are closely associated
with AB plaques and surround them with dense layers of astrocytes, almost forming a wall and
acting as a neuroprotective barrier. Of interest, some studies seem to report that reactive
astrocytes can absorb and then degrade deposits of AP (Wyss-Coray et al, 2003), which
recommends that the dysfunctions in the reactive astrocytes could have a role in the development
of disease. When aiming to morphologically observe astrocytes, using immunohistochemistry,
the glial fibrillary acid protein (GFAP) has been reported to be a typical marker (Sofroniew and
Vinters, 2010).
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Figure 1
. The regions of the hippocampus identified

| Labelled are the different regions of the
hippocampus studied. The CA1, CA2, CA3 and
DG are identified following immunohistochemistry
staining with NeuN, a neuronal nuclei marker. The
image was taken at 5x magnification.

1.4 The CA2

The hippocampus is crucial for memory, and the function of further sub regions such as the CA1,
the CA3 and the DG have been extensively explored. A sub-region of the hippocampus, known
as the CA2 has been relatively overlooked (Mou, 2016). The CA2 pyramidal neurons possess
distinctive physiology that distinguishes them from CA1 and CA3 neurons (Chevaleyre and
Piskorowski, 2016). Recent literature has indicated that social memory is an attributed function
of the CA2 area of the hippocampus (Hitti and Siegelbaum, 2014; Benoy, Dasgupta and
Sajikumar, 2018). The properties of the CA2 pyramidal neurons involve specific action firing
patterns. Elaborating on these firing patterns, a study by Ochiishi et al., (1999) revealed that
individual CA2 cells display similar firing patterns to that of the CA1 and CA3 by using in vivo
recordings in rats. However, it differs from the other two sub-regions in that the CA2 cells do not
maintain their spatial coding and carry less spatial information (Mankin et al., 2015; Lu et al.,
2015). Structurally observing the CA2 region, it is clear that it is more neuronally dense and has
fewer oblique dendrites than the CA1. Correspondingly, in the CA2 the apical dendrites which
are present in the pyramidal neurons specifically in mice, are branched in a unique manner which
suggests they are suitable for transmitting signals to the cell bodies from its distal synapses

(Dudek, Alexander and Farris, 2016).

Perineuronal nets (PNNs) are unique extracellular matrix structures that sheathe the neurons in
the central nervous system (CNS) during development, besides controlling the plasticity in the
adult CNS (Horii-Hayashi et al., 2015). PNNs are recognised as being able to contribute to a
wide variety of disorders including learning and memory (Sorg et al., 2016). This field of research
has been explored intensely, and results demonstrated that PNNs surround CA2 pyramidal

neurons (Carstens et al., 2016; Lensjo et al., 2017), demonstrating their dense expression. Due
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to restricting the synaptic plasticity at hippocampal synapses, PNNs could be responsible for

having a key role in memory impairments.

The novel discoveries on the properties of the CA2 have allowed a greater understanding on the
role of the CA2 in social memory. The functional and structural qualities have been approached
in a variety of research which has produced concluding findings on the importance of the CA2

in social memory.

1.5 The role of the CA2 in social memory impairment

The role of the CA2 in social memory has been explored using studies which genetically modify
pyramidal neurons by silencing genes in the CA2 or alternatively, introducing lesions in the CA2
hippocampal area. Literature by Alexander ef al., (2016) showed the importance of the CA2 for
being responsible for social memory. When presenting a social stimulus to mice models, varying
between a novel and familiar littermate, this induced the global remapping of place fields in only
the CA2 region of the hippocampus. A place field is a specific location in an animal’s
environment where excitatory pyramidal neurons called place cells fire (Sheffield and Dombeck,
2019). Thus, these findings suggest that the CA2 is involved in encoding social and novel

contextual information.

Modification by lesioning the CA2 pyramidal neurons can be approached to explore the effect of
a dysfunctional CA2 region in social memory (Stevenson and Caldwell, 2014; Hitti and
Siegelbaum, 2014). Stevenson and Caldwell, (2014) delved into this by using rat models by
injecting N-methyl-D-aspartate (NMDA) in the dorsal CA2 which fabricated a Iesion.
Implementing behavioural studies such as the two-trial social discrimination test and the hidden
cookie test, the research was able to conclude that excitotoxic NMDA lesions of the CA2 impair
social recognition memory. Reports by Hitti and Siegelbaum, (2014) used both genetic silencing
and lesioning of the CA2 to substantiate its influence in social behaviour. They described that the
selective silencing of the CA2 did not change sociability as both groups demonstrated a like
preference for the chamber with a littermate using the three-chamber test of sociability. On the
other hand, they showed that the synaptic transmission in the CA2 was blocked. Thus, they
suggest that the two different forms of modification produced different outcomes. Concluding on
these two studies, the most effective method to analyse social memory in the CA2 occurs by
introducing lesions which alter the biochemical processes allowing the behavioural phenotype to

arise.
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It may be useful to analyse the CA2 in a mouse model such as Rest cKO, which has a phenotype

that possibly includes social memory elements.

1.6 Protein involvement in social memory impairment

To gather a greater understanding on the effect that diverse levels of vasopressin in the CA2
exhibit in relation to social memory, Smith et al., (2016) employed an optogenetic technique to
stimulate vasopressin terminals. Conclusions on the findings, emphasised the importance of the
CA2 and the vasopressin 1b receptor (V1BR) for memory and social behaviour. Confirmation of
this idea is found in behavioural reports using V1Br knockout (KO) mice which show that these
mice display reduced social memory (Wersinger et al., 2002; DeVito et al., 2009; Chevaleyre
and Piskorowski, 2016). Regardless of such results, in situ hybridisation experiments by Young
et al., (2006) demonstrated that vasopressin vlb mRNA is located outside of the hippocampus.
When this is dysregulated or deleted it produces non-hippocampal dependent behaviours,

involving a reduction in social memory, which dearly questions the selective role of the CA2.

A depletion in the levels of oxytocin causes deficits in social memory. Research which explores
levels of oxytocin in perinatal stages, identified that a disruption in oxytocin levels is thought to
interact with the establishment of the cortex and numerous callosal connections (Zhang et al.,
2016). Using mice which had unilateral transection of the infraorbital nerve (ION-transected),
behavioural tests were employed to explore any behavioural deficits which may be present. The
research determined that the mice had deficits in their social and spatial memory when compared
to control mice models. They established that this deficit in social memory was correlated to
lower levels of oxytocin in the hypothalamus suggesting its importance in behavioural depletions.
Of similar relevance, Raam et al., (2017) suggested that oxytocin receptors (OXTRs) in the
anterior CA2 and in the distal CA3 are obligatory for social stimuli. By analysing OXTRs
expression, results determined an enrichment in the anterior CA2 and distal CA3 regions.
However, this level of expression of OXTRs was generally always present in the CAl and
anterior CA3 regions. The expression of oxytocin, its receptors and their importance in social
behaviour has been further confirmed by Lin et al., (2017). This research focused on OXTRs
expressed in the hippocampal pyramidal neurons specifically in the CA2 and CA3. When using
conditional knockout mice, the research demonstrated the importance of normal regulated levels
of OXTRs for excitatory neurons in the CA2 and CA3 regions. The results obtained showed a
dysfunction in the forebrain and associated hippocampal regions. This deletion in the receptor

suggested a restriction to the excitatory neurons in the adult mice, which caused a deficit in their

18



long-term social recognition memory. Concluding, a downregulation of the levels of oxytocin

receptor protein or oxytocin alludes to deficits in social memory related behaviours.

Another protein that has shown relevance when analysing memory through the CA2 region of
the hippocampus is corticotrophin releasing factor (CRF). Since CRF gene expression is involved
in memory processing, an overexpression of the respective protein enables better social
recognition memory (Kasahara et al., 2010). Using transgenic CRF over-expression (CRF-OE)
mice and comparing them to wild type controls, the CRF-OE seemed to demonstrate better social
interaction and normal short-term memory, enlightening the importance high levels of CRF have
on memory. Moreover, it suggests that those with reduced levels could present with a memory
impairment phenotype. Ma et al., (1999), similarly demonstrated that when CRF is injected into
the dentate gyrus of the hippocampus, the performance of rodents is increased during an
inhibitory avoidance learning task. Furthermore, literature relating CRF levels and AD show that
a deficit in CRF contributes to cognitive impairment (Behan ef al., 1995). The literature on CRF
and memory impairment overall indicates how important high levels of CRF are for normal
cognition. Using an alternative approach to investigate levels of CRF, a study by Korosi ef al.,
(2010) suggests that maternal care represses stress responses and helps improve cognitive
function. The study by means of rat pups which received augmented maternal care, demonstrated
reduced synaptic currents onto CRF neurons. When comparing the levels of CRF with REST,
they found that REST negatively regulates the transcription of the Crf gene. Considering this
study, it demonstrates that early life experiences amend gene expression. When relating this
experience related plasticity to the molecular mechanisms understood in this study, it provides a
platform in understanding behaviour with regards to protein dysregulation. Similarly, this study
also approaches the association between REST and CRF, confirming the important role REST

has in regulating several different genes and proteins.

1.7 A novel behavioural phenotype in Rest cKO mice

A repetitive memory impairment phenotype has been previously observed by the supervisor of
this present study during behavioural investigation of Rest cKO mice (unpublished data),
employing experimental systems such as the object exploration task. A possible hypothesis is the
presence of a typical neurodegenerative phenotype. The literature which comprises of similar
behaviours seen in conditional knockout rodents, suggests another possible hypothesis to explain
the behavioural phenotype. Rather than being a neurodegenerative trait it could better be
explained by similarities to obsessive-compulsive disorder (OCD) (Witkin, 2008; Angoa-Perez
etal., 2013).
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1.8 Experimental aims

Collectively, all of the literature on REST involvement in neurodegeneration initiates a bigger
role that needs further clarification. Therefore, it is of utmost importance to further enlighten the
molecular mechanisms behind its association with AD. This study aims to take some of the next
steps in this direction. It also aims to investigate the previously suggested role of REST in
regulating neuronal survival (Lu et al., 2014) in an experimental system not previously used for
these purposes, possessing the following advantage. Inactivation of Rest in the mice used in this
study takes place postnatally (age: 2-3 weeks), avoiding potential developmental abnormalities.
This will be investigated through the use of western blot experiments, analysing antibodies of
interest to memory. Similarly, investigating the number of neuronal nuclei between Rest cKO
mice and controls in the CA1, CA2, CA3 and DG region of the hippocampus to be able to explain

the role of REST in neurodegeneration.

Methods

2.1 Rest conditional knockout mice

For the purpose of this study conditional inactivation of Rest in Rest cKO mice was achieved
using of the Cre-lox system, by breeding “Floxed” Rest mice with CaMKIIa-Cre transgenic mice.
In “Floxed” Rest mice, Exon 2 of Rest (the first coding exon) is flanked by loxP sites. In
CaMKIIa-Cre transgenic mice (Minichiello et al., 1999), Cre recombinase is expressed under the
control of the CaMKIIa promoter, which confers specificity of Cre expression and therefore Rest
inactivation in excitatory neurons of the postnatal forebrain (beginning in 2-3 weeks of age)
bypassing the embryonic lethality caused by germline REST inactivation (Chen et al., 1998).
Both the Rest cKO and control samples were collected from a colony of mice in Edinburgh. The
mice were perfusion-fixed, before the brains were collected. Before collection of brain samples,
they were fixed with paraformaldehyde to preserve the structure. This fixation procedure applies
only to the brains used for histology/immunohistochemistry. Tissue samples were frozen with
cryo-embedding medium, and then stored at a temperature of -80°C. Both the left and right
hemispheres were used for analysis. Mice used were balanced for gender. All procedures were

performed blindly.

2.2 Cryostat sectioning

The brain tissue which was embedded in optimal cutting temperature (OCT) medium was taken

out of the -80°C freezer. This sectioning procedure involved adhering the frozen mouse brain
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hemisphere to the cryostat platform with the use of OCT, a liquid at room temperature. Once this
was assembled, it was quickly placed into the cryostat to freeze. The cryostat platform was then
inserted into the correct position on the cryostat prior to adjustments being made on the angle
and distance from the blade. Sagittal sections were cut before being mounted onto gelatin-coated
glass slides. Sections were cut at a thickness of 30um. 3 sections were mounted onto one glass
slide. The slides were left at room temperature for a short duration so they could air dry. They

were then stored in a freezer at -20°C.

2.3 Haematoxylin staining

Sections were taken out of the -20°C freezer and left to dry at room temperature for 20 minutes.
A hydrophobic pap pen was used to circle the sections, ensuring the reagents did not leak from
the slides. Sections were hydrated with distilled H,O for 5 minutes before being incubated in
Harris’ haematoxylin dye for 1 minute to stain the nuclei of cells. A further application of distilled
H,O twice for 5 minutes was applied to eliminate any background staining. Sections were
incubated in tap H>O for 5 minutes. Sections were then placed in a series of dilutions of industrial
methylated spirits (IMS) or ethanol as part of the dehydration stage. Sections were left in 50%,
70%, 90% and 100% alcohol for 3 minutes each prior to being placed in histoclear for 3 minutes.
Sections were then mounted with histomount, coverslips were positioned, and the slides were left

to air dry.

2.4 Cresyl Violet (Nissl) staining

Sections were taken out of the -20°C freezer and were left to dry at room temperature for 20
minutes. A hydrophobic pap pen was used to circle the sections. Sections were hydrated with
distilled H>O for 5 minutes, before being incubated with filtered cresyl violet for 5 minutes. The
sections were then washed 2 times for 5 minutes each with distilled H,O. In order to dehydrate
the sections, they were placed in industrial methylated spirits (IMS) or ethanol for 7 minutes until
most of the stain was removed. They were then incubated in an organic solvent similarly used
for the dehydration step, histoclear, for 5 minutes, before mounting with histoclear and

coverslips. Sections were left at room temperature to dry before observations.
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2.5 Immunohistochemistry

Sections were air-dried for 15-30 minutes prior to use. Sections were hydrated in PBS for 7.5
minutes. An incubation using 0.5% triton was done for 10 minutes. This pre-treatment of triton,
a detergent, is responsible for breaking down the cell membrane. Thus, it was used to give the
antibody better access to the cell. Then, another incubation of PBS for 7.5 minutes. A quenching
incubation of 0.3% of hydrogen peroxide (H,O) and 100% methanol, was applied to occlude
any endogenous peroxidase activity, for 15 minutes, prior to another PBS wash (7.5 minutes).
An incubation of 0.5% of Normal-Goat Serum (NGS), for 30 minutes at room temperature was
applied on the sections, prior to the primary antibody being added in the same block solution
which was left for 1 hour at room temperature. Two washes with PBS were then undertaken (7.5
minutes each). Using the appropriate goat or horse biotinylated secondary antibody, 13.5ul of
antibody was added to a total volume of 3ml block. This was an incubation of 30 minutes at room
temperature. Repeatedly, a further two washes with PBS were undertaken (7.5 minutes each)
after the secondary. Halfway through the secondary antibody incubation, the Avidin-Biotin (AB)
complex was prepared which intensifies the target antigen signal using the VECTASTAIN ABC-
AP staining kit. The complex consisted of 2.5ml PBS, 25ul serum, 25ul of reagent A and reagent
B and was left for 30 minutes at room temperature. Two washes with PBS for 7.5 minutes each
followed this. Sections were incubated in DAB for 8 minutes using the DAB Peroxidase (HRP)
Substrate Kit. This consisted of 2.5ml distilled H>O, 1 drop buffer, 2 drops DAB stock and 1 drop
hydrogen peroxide (H20.). Following this, two washes with PBS for 7.5 minutes each. The
haematoxylin counterstain (700ul per slide, incubated 5 minutes), was sometimes applied which
was followed by: distilled H>O incubation for 3 minutes, tap water for 5 minutes, and distilled
H,O incubation for 3 minutes. The dehydration stage involved ethanol (or IMS) at concentrations
0f' 50%, 70%, 90% and 100%, sections were incubated in each for 3 minutes before an incubation
in histoclear for 3 minutes. Sections were then mounted with histomount and coverslips before

leaving to air dry.

2.6 Citrate Antigen Retrieval

Sections were incubated in PBS for 7.5 minutes before the quenching step occurred and the
sections were put in a mixture of hydrogen peroxide (H,O;) and methanol for 15 minutes
followed by another PBS wash for 7.5 minutes. Using the Dako PT link instrument, sections were
prepared for the antigen retrieval process using a water bath. The solution of the selected target
retrieval stock solution was prepared (10x). This involved 3.78g of citric acid in 180ml distilled
H,O and 24.11g of Tris Sodium Citrate in 820ml distilled H>O. Both of these solutions were

mixed and then stored at 4°C. The stock solution was diluted to 1x before use. If the citrate
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solution was made previously it was checked to ensure it had not been used more than 3 times
and that there was a total volume of 1.5L at pH. 6. The lid was placed on the tank, and the lid
was closed and locked with an external latch so that the optimum temperature could be achieved.
Antigen retrieval temperature was set to 97°C. Preheating temperature was set to 65°C. When
the temperature reached 65°C, the PT link lid was opened and the sections were placed on the
autostainer slide rack so that the sections were immersed into the preheated target retrieval
solution, this was then run. Sections were left in the solution at 97°C for 20 minutes. When the
cycle finished, the cooling stage began bringing the temperature back down to 65°C. The sections
were then placed in hot tap water twice for 5 minutes. Then, put in PBS before the rest of the

IHC protocol was conducted for staining of the sections.

2.7 Protein Lysate Preparation
Preparation of Neocortical lysate:

400ul of buffer A was added to the sample. Buffer A composition can be found in appendix A.
The brain tissue was homogenised using the Fischer motor pestle for 5 minutes for 10 second
intervals, resting the sample on ice in between. 600ul of buffer A was added to the sample before
it was re-suspended. An aliquot was prepared of the homogenate (250pl) before a mixture of
solutions were added. Concentrations were calculated considering the concentration of each
component in buffer A. To the 250ul of homogenate, a series of reagents were added yielding
final concentrations of: 0.04M Tris, 0.08M NaCl, 0.005M EDTA, 0.5% sodium deoxycholate
and 1% SDS. The total lysate was rotated for 30 minutes at rpm 40 at 4°C on the Stuart Rotator
SB3, before using the vortex for a total duration of 30 seconds for 5 second intervals, resting on
ice in between. The total lysate was centrifuged at 14000 rpm for 10 minutes at 4°C in the

Eppendorf centrifuge 5430 R before the supernatant was collected.

Preparation of Hippocampal lysate:

For both the neocortex and hippocampus, the same protocol was followed. Alterations were made
to the volume of reagents when using hippocampal tissue due to there being a smaller quantity
of tissue. A total of 400ul of buffer A was added for the homogenisation. When the aliquot was
prepared for the homogenate (100ul) an additional 150ul of buffer A was added to the
homogenate only. Regarding the nuclear extraction, 500ul of lysis buffer was added rather than
1.2ml. The quantities used for the phosphatase inhibitor cocktails were calculated taking the new

volumes into account (1% phosphatase inhibitor cocktail 2 and 3 for buffer A, 0.5% phosphatase
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inhibitor cocktail 2 and 3 for lysis buffer). In terms of experimental analysis only total cell lysate

(homogenate) and nuclear extraction samples were used.

2.8 Nuclear Extraction

The remaining aliquot (750ul) from the homogenate preparation was rotated for 20 minutes at
40 rpm at 4°C on the Stuart Rotator SB3. The samples were vortexed for a total duration of 30
seconds for 5 second intervals, resting on ice in between. The sample was centrifuged at 1000g
for 10 minutes at 4°C in the Eppendorf centrifuge 5430 R. The non-nuclear supernatant was
collected. 1.2ml of lysis buffer was added to the pellet before it was re-suspended. The lysis
buffer was prepared by mixing an equal volume of the RIPA buffer and the RIPA supplementary
buffer. Lysis buffer composition can be found in appendix A. The nuclear prep was rotated for
30 minutes at 4°C at 40 rpm on the Stuart Rotator SB3 and then similarly vortexed for a total
duration of 30 seconds, in 5 second intervals. The sample was then centrifuged again at maximum
speed for 10 minutes at 4°C before the nuclear supernatant was collected. The kit which was used

as part of the optimisation stage for the nuclear extraction, was obtained from abcam.
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Figure 2

Homogenisation and Nuclear Extraction method
Seen are the general steps undertaken for homogenising the brain tissue and nuclear fractionation. Following homogenisation, for

neocortical samples (250pl) or for hippocampal samples (100ul) was aliquoted for the homogenate and the remaining volume, for
neocortical samples (750pl) or for hippocampal (300u1) was used for the non-nuclear and nuclear extraction.
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2.9 Pierce BCA Protein Assay

In order to determine the total protein amount in the brain tissue the Pierce BCA method was
approached. The protein standard was prepared using RIPA buffer and BSA. Several dilutions
were prepared for the unknown total protein using RIPA buffer. 10ul of the protein was added to
the appropriate wells in the transparent flat bottom 96 well plate and 100ul of the Pierce BCA
protein assay reagents (A and B). The plate was covered in foil and incubated on the Stuart mini
rotate shaker SSIM for 5 minutes before incubating in the Gallenkamp for 45 minutes at 37°C.
Measurements were taken using the Genios Pro plate reader and software and calculations were

undertaken.

2.10 SDS-PAGE Gel Electrophoresis

A combination of SDS sample buffer and DTT, along with RIPA buffer was added to the protein
samples. The protein samples were vortexed for 10 seconds and then heated for 10 minutes at
75°C using the Techne DRI-BLOCK DB3 before loading in the lanes of gel. Gels were run at
200V constant at room temperature. The gels used were later changed thus did the running buffer.
For the Bis-Tris gels (8-16%) Fischer Tris-Glycine running buffer with SDS (10x) was used,
when the gels changed to NuPage 4-12% Bis-Tris, the Fischer MOPS (20x) running buffer was
used. Either the full range rainbow recombinant protein marker or the precision plus protein dual

colour standard were used as the protein standards throughout the research.

2.11 Activation of the PVDF membrane

For protein transfer from the gel, a PVDF membrane was used. After cutting the membrane to
the appropriate measurements (5.5cm x 7.5cm), it was placed in methanol for 10 seconds. With
the aid of forceps, the membrane was lifted to ensure excess methanol was removed prior to
leaving in two washes of distilled water for 2-3 minutes each and then incubating in transfer

buffer before use.

2.12 Wet transfer

The transfer cassette was assembled as appropriate using 2 sponges and 2 filter papers (so the
current was able to run from the black side to the red) and inserted into the transfer tank with an
ice block to maintain the temperature. Transfer buffer was prepared using the fisher transfer

buffer (10x) and 20% methanol. An alternative transfer buffer which was used on a few occasions
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involved 800ml distilled H,O, 15g of glycine and 3g of Tris Base, similarly using 20% methanol.

Transfer was run at 200mA constant for 2 hours at 4°C.

2.13 Trans-blot turbo semi-dry transfer system

The transfer system was obtained from Bio-Rad. 6 filter papers were used to encase the gel and
membrane in the tray before it was inserted into the apparatus. The appropriate programme was

set for a transfer time of 30 minutes, covering a range of molecular weights.

2.14 Western Blotting

The PVDF membranes were washed with PBS-Tween (PBS-T), derived from a 20x stock
solution, for 5 minutes after transfer before they were incubated in 5% dry skimmed milk
prepared with PBS-T for 1 hour at room temperature. The primary antibody was left to incubate
over night at 4°C on the VWR rocking platform. Membranes were washed with PBS-T (1x), 3
times for 5 minutes, before the secondary antibody was incubated for 1 hour at room temperature
and was left on the Stuart mini orbital shaker SSM1. All antibodies were prepared in 5% dry
skimmed milk and PBS-T. Membranes were once again washed with PBS-T (1x) 3 times for 5
minutes prior to using the Enhanced Chemiluminescence (ECL) detection method. The ECL
detection method involved mixing reagents A and B for 1 minute, then incubating on the

membrane for 5 minutes.

2.15 Image Acquisition

For the purpose of image acquisition regarding the sections which were used for histology and
IHC, the Leica DM2500 LED microscope was used with Leica Application Suite X (LAS X)
software so that images of the whole hippocampus, the CA1, CA2, CA3 and DG could be taken.
Magnifications used involved 5x for the whole hippocampus and then 10x for the individual
regions. Images taken at 10x were used for quantification purposes. For some samples which

provided difficulty upon quantification, images were then taken again at 20x for better resolution.

When imaging the membrane, from western blot investigation the Bio-Rad Chemi Doc molecular
imager XRS camera was used along with the Image Lab 3.0.1 (B1) software. The appropriate
signal accumulation mode was set up depending on the exposure of different antibodies. This

was noted from previous experiments when optimisation took place. The Chemi setting was used
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when imaging the protein bands and the Calorimetric setting was applied when imaging the
standard. Both images were then aligned appropriately so the molecular weight (kDa) could be

1dentified.

2.16 Quantification

When quantifying the sections which were used for histology and IHC, the appropriate region of
the hippocampus was selected at 10x magnification. A group of 3 students blindly quantified the
same image using clickers and then an average was calculated for reliability. When quantifying
astrocytes, it was previously agreed on what would be classified as an astrocyte for example the

number of processes the astrocyte consisted of (3 or more) and only those were counted.

For quantification of the western blot images, this was done using a software in the imaging
system. An analysis table was produced which was then exported to excel. An average for the
background was calculated and then deducted from all of the protein sample values. This same
procedure was repeated for the loading control. When normalising the values, the densitometry
value for the original protein band was divided by the appropriate loading control value. These

readings were then used to make a bar graph with the normalised values of protein abundance.

2.17 Statistical analysis

Statistical analysis was run on sections used for histology and IHC and the western blot images

following quantification of the protein bands. Two tailed t-tests and ANOVAS were undertaken.
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2.18 Antibodies

Table 1

Antibodies used with the corresponding application and dilution

Listed are the antibodies used in the present study. Additional materials can be found in the table such as the use,
species, application, company it was obtained from, catalogue number and dilution.

Antibody Use Species | Application | Company | Catalog | Dilution
No.
Anti- Primary | Rabbit WB Cell 9298 1:2000
Phosphorylated signalling
CREB technology
Anti-VI1B Primary | Rabbit WB Abcam ab104365 1:2000
receptor
Anti-Oxytocin Primary | Goat WB Abcam ab87312 1:2000
receptor
Anti- Primary | Rabbit WB Abcam ab8901 1:2000
Corticotrophin
releasing  factor
(CRF)
Anti-Egrl Primary | Rabbit WB Abcam ab133695 | 1:2000
Anti-HDAC2 Primary | Mouse WB Abcam ab12169 1:10,000
Anti-Arc Primary | Rabbit WB Abcam ab183183 1:2000
Anti-CREB Primary | Rabbit WB Abcam ab31387 1:1000
Anti-Npas4 Primary | Goat WB Abcam ab109984 | 1:2000
Anti-cfos Primary | Mouse WB Abcam ab208942 | 1:2000
Anti-GFAP Primary | Rabbit THC Abcam ab7260 1:4000
Anti-MAP2 Primary | Mouse IHC Abcam ab11267 1:1000
Anti-NeuN Primary | Rabbit IHC Abcam ab177487 | 1:6000
Anti- Primary | Rabbit IHC Abcam ab32127 1:1000
Synaptophysin
Anti- Primary | Rabbit WB Abcam ab32127 1:100,000
Synaptophysin
Anti-Btubulin Loading | Rabbit WB Abcam ab6046 1:20,000
Control
Anti-atubulin Loading | Rabbit WB Abcam ab7291 1:10,000
Control
Anti-Bactin Loading | Mouse WB Abcam ab8226 1:5000
Control
Anti-Histone H3 | Nuclear | Rabbit WB Abcam ab1791 1:5000
Loading
Control
Nuclear Abcam ab113474

Extraction Kit
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Results

3.1 Nuclear Extraction Optimisation

Prior to data collection, the total lysate preparation and nuclear extraction protocols had to be
optimised. For the nuclear extraction, two different protocols were tested. A kit from a
commercial supplier and a general protocol from research gate. The results which can be seen in
figure 3, show better separation from the general protocol than the commercial kit. The general

protocol was then adapted before using on Rest cKO mice and controls.

CREB, a nuclear protein was used to see which nuclear extraction protocol was the most
effective. By using the commercial kit, it is clear that the separation of the sample was not the
best, as the band is seen in the non-nuclear fraction rather than the nuclear extraction. When
observing the bands for the general method used, the protein band is seen in the nuclear extraction
sample but not in the homogenate or non-nuclear, suggesting good separation. Synaptophysin

was used as a non-nuclear marker.

Homogenate
Nuclear Extraction

Nuclear Extraction
Non-Nuclear

Homogenate
Non-Nuclear

M, (kDa)

CREB : — - . | 110

SYnaptophysin | - - — < — 3 7

General Commercial Kit
Figure 3
Determination of the efficiency of different nuclear extraction protocols
Imaged are two western blots, the first with the nuclear protein CREB and the second with synaptophysin as a non-nuclear marker.
The bands for CREB appear at 110kDa, and the bands for synaptophysin are imaged at 37kDa. The first 3 columns from the left

consist of the general protocol, with all homogenate, non-nuclear and the nuclear extraction samples. The later 3 columns show
the separation of the samples using the commercial kit, similarly when using the homogenate, non-nuclear and nuclear fractions.
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3.2 Antibody optimisation

Before data collection began, all antibodies which were going to be used had to be optimised in
order to discover the optimal exposure time and dilution which would be most effective to use.
Western blot experiments were undertaken using practice samples of the homogenate, non-
nuclear and nuclear extraction fractions. Figure 4a and 4b, shows the western blots obtained
during optimisation. For most antibodies, bands at one molecular weight were seen, though for a
couple of antibodies such as C-FOS and EGR-1, multiple bands are seen at various molecular
weights. Given this, the loading controls were carefully selected to not interfere with background

bands. See appendix B for antibody table with optimised antibody dilutions.

3.3 Testing the Trans-blot turbo semi-dry transfer system

When receiving the trans-blot turbo machine, prior to using it on Rest cKO samples, it was tested
and compared to the traditional transfer method. As seen in figure 4¢, both transfer methods seem
to work well, the only difference was the amount of protein transferred. The standard transfer
method seemed to transfer a lot more protein than the trans-blot turbo. The possible difference in
exposure time was accounted for as both membranes from either transfer method were imaged
simultaneously on the imaging plate. Thus, the trans-blot turbo transfer system was generally
used for proteins with a short exposure time, for those with a longer exposure time for example

200-300 seconds, the standard transfer method was approached.

3.4 Testing PVDF membranes

Following the testing of the trans-blot turbo, membranes were then tested to see if there were any
differences between the standard PVDF membrane or the PVDF membrane which came with the
trans-blot turbo machine. By observing figure 4d, no major differences can be seen when
comparing the two membranes, as both seemed to work well. For the GFAP western blots in
figure 4d, the quantified values were used for the graphs seen in figure 4e and 4f. The graphs
allow the linear relationship to be observed, as 1, 5 and 20ug was loaded across all conditions.
By analysing both graphs and observing the R? linear regression value, both graphs seem to show
a strong linear relationship. When analysing the R? value the standard PVDF has a value of 0.999
and the trans-blot turbo PVDF of 0.9986 suggesting both have close proximity of the points to
the regression line. Due to both membranes showing such high R? values, the standard PVDF

membrane was chosen to be used in future experiments.
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Figure 4

Optimisation of antibodies, transfer system and PVDF membrane

Imaged above are the western blots following during antibody optimisation. Bands are seen in all blots and those which only have bands at one
molecular weight the blot was aligned with the standard in order to determine their molecular weight. ARC bands showed up at 50kDa, NPAS4
at 75kDa, CREB at 110kDa and HDAC?2 at 60kDa. For EGR-1 and C-FOS, multiple bands were seen at different molecular weights. a, the
first and third lane had 10pg of sample, and the second and fourth had 20pg of sample. b, for all samples 20ug was used. ¢, the optimisation
of the transfer methods, samples involved 1pg of protein in the first well for all western blots, Spg for the second well and 20pg for the third.
The western blots imaged on the left are from the Trans-blot turbo, those on the right are the standard transfer. d, the optimisation of the PVDF
membranes, sample amounts used are the same for those in ¢. The western blots on the left are those using the standard PVDF, on the right
those using the TBT PVDF. e, represents the quantified values for the samples when the standard PVDF membrane was used. f, represents the
quantified values when the Trans-blot turbo PVDF membrane was used. For both graphs e and f, values used for the graphs are from the GFAP
western blots.
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3.5 Pilot analysis of Rest cKO and control in homogenate and nuclear extraction
samples
When comparing the amount of protein across Rest cKO and controls by using western blots, it
was fundamental to have a method which accounts for variation in loading or protein transfer.
Along with other traditional loading controls used such as atubulin, Btubulin and Bactin, Histone

H3 was ordered to be used as a nuclear loading control for the nuclear extraction samples.

Analysis of homogenate and nuclear extraction samples show varied findings. CREB and
HDAC2, which are both nuclear proteins, western blot analysis shows more protein in the nuclear
extraction samples compared to the homogenate samples, with CREB showing higher levels of
protein for the control sample but HDAC2 showing more protein in the Rest cKO. For the
immediate early gene 4rc, a similar pattern can be seen. More protein can be seen in the nuclear
extraction samples compared to the homogenate samples and levels of protein seem higher in the
Rest cKO compared to the control. However, when observing the western blot for the immediate
carly gene Npas4, more protein is seen in the homogenate samples rather than the nuclear
extraction samples. With more protein seen in the control sample rather than the Rest cKO. The

data commented above can be seen in figure 5b using the normalised quantification values.
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Figure 5

An increase in ARC, NPAS4 and HDAC?2 protein in Rest cKO in nuclear fractions but a decrease in CREB

Western blot comparison of cortex homogenate and nuclear extraction. 10pug of homogenate and nuclear extraction sample was used for all blots,
this was controlled for as data was normalised against the loading control (Btubulin). a, shows the western blot images with CREB bands imaged
at 110kDa, ARC at 50kDa, NPAS4 at 75kDa, HDAC?2 at 60kDa and the loading control ftubulin at 52kDa. b, shows the corresponding graph for
all antibodies against the protein abundance after normalisation with the loading control. For each antibody, the graph presents the homogenate
and nuclear extraction samples for both the Rest cKO sample and the control. Values represent the mean + range, (,=2).
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3.6 ARC

Samples were prepared from the neocortex and the hippocampus, to evaluate if there was a
difference in the amount of protein between the two regions and, between the controls and Rest
cKO in homogenate and nuclear extraction samples. Figure 5 does not show a significant
difference between the homogenate samples and the nuclear extraction samples, but generally
more protein is seen in the Rest cKO samples in the cortex but less in the hippocampus. Overall
more protein is observed in the neocortex compared to the hippocampus, although this is also
seen in the loading controls for both homogenate and nuclear extraction as seen in figure 6a and
6b. When observing the nuclear extraction cortical samples in figure 6¢, more protein is seen in

the control samples compared to the Rest cKO.

A t-test was run on the data observed in figure 6¢, in order to see if there is a significant difference
in the amount of protein observed between control samples and Rest cKO when using anti-ARC.
The t-test showed that there was not a significant difference in protein levels between control

samples and Rest cKO (p=.23).
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Figure 6
Increase in ARC protein for Rest cKO mice in the cortical homogenate samples but a decrease in cortical nuclear fractions

Western blot comparison of homogenate and nuclear extraction samples in the cortex and hippocampus for a and b, but only cortical samples
in ¢. ARC protein bands were observed at 52 kDa. a, shows all homogenate samples from both genotype in the cortex and hippocampus. b,
shows nuclear extraction samples which were used similarly for both the cortex and hippocampus, when comparing the two genotypes. ¢, shows
only nuclear extraction samples in the cortex for Rest cKO and controls. d, represents the quantified values for the homogenate samples seen in
a. Values represent the mean + range, (,=2). e, represents the quantified values for the nuclear extraction samples seen in ¢. Values represent
the mean + s.e.m, (;=4).
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3.7 HDAC2

Analysis of western blots show more HDAC?2 protein in the cortex than the hippocampus for
homogenate samples, with Rest cKO having slightly more protein. For the hippocampal
homogenate samples in figure 7a, the control samples seem to have more HDAC2 protein than
the Rest cKO. When evaluating the western blot images for the nuclear extraction in figure 7b,
Rest cKO samples seem to have more HDAC2 protein in the cortex however, they seem to have

less protein in the hippocampus.

When analysing figure 7e and 7f, for the homogenate samples, more protein can be seen in the
Rest cKO compared to the controls. However, for the nuclear extraction samples more protein
can be seen in the controls compared to the Rest cKO samples. The difference in the density of
the bands between the homogenate and nuclear extraction blots could be due to the change in
exposure time. Even though the optimal exposure time was optimised, slight changes were seen

in the exposure time across different blots.

For figure 7e and 7f, as there are 4 samples of each genotype a t-test was run in order to analyse
if there is a significant difference in the level of protein between Rest cKO and control samples.
The t-test showed that there was no significant difference between Rest cKO and controls in the

homogenate samples (p= 0.07) or the nuclear extraction samples (p=0.13).
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Figure 7
An increase in HDAC?2 protein in the cortex of Rest cKO

The images involve the corresponding western blot data and

HDAC2 Nuclear extraction

graphs obtained following quantification. HDAC?2 protein bands were

imaged at 60kDa. a, shows all homogenate samples when comparing between the cortex and hippocampus. b, shows all nuclear
extraction samples when comparing between the cortex and hippocampus. ¢, represents the quantified values from the homogenate
samples seen in a. Values represent the mean + range, (,=2) d, represents the quantified values from the nuclear extraction samples
seen in b. Values represent the mean =+ range, (,=2). e, shows all homogenate samples comparing controls and Rest cKO. f, shows all

nuclear extraction samples comparing controls and Rest cKO.

nuclear extraction samples in f. Values represent the mean + s

g, represents the quantified values from homogenate samples in e and

.e.m, (=4).

36



3.8 CREB

Western blot CREB protein analysis of both neocortex and hippocampal shows varied findings.
For the homogenate samples, more protein is seen in the cortex than the hippocampus, this could
have been due to an error when loading the samples as suggested by the loading control. When
data was quantified for figure 8a, negative values were obtained either due to the faintness of the
bands or high background. Thus, these values are not included in figure 8. Focusing on the
nuclear extraction samples, more protein is seen in the hippocampal samples when compared to
the neocortex, with more protein being present in the controls compared to the Rest cKO. Despite

this, the error bar seems to suggest there is a lot of variability.

When analysing figure 8c, more protein is seen in the Rest cKO compared to the controls. The
same pattern is seen when analysing the nuclear extraction in figure 8d, although the difference
between Rest cKO and controls is not as clear. As more protein is not seen across all western

blots in Rest cKO samples, the findings do not give a clear conclusion.

For figure 8¢ and 8d, due to there being 4 samples of each genotype on each western blot a t-test
was run in order to see if there was a significant difference between the two genotypes in both
homogenate samples and nuclear extraction samples. The t-test showed no significant difference
between controls and Rest cKO in the homogenate samples (p= .38) or the nuclear extraction

samples (p=.77).
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Figure 8
No difference in CREB protein expression between Rest cKO and controls in the cortex or hippocampus

Western blot data imaged above shows CREB protein bands are imaged at 110kDa. a, homogenate samples from both genotypes in
the cortex and hippocampus. b, nuclear extraction samples from both genotypes in the cortex and hippocampus. ¢, homogenate samples
from the cortex only. d, nuclear extraction samples from the cortex only. e, represents the quantified values for samples in b. Values
represent the mean + range, (,=2) f, represents the quantified values for the homogenate samples in ¢ and the nuclear extraction samples
in d. Values represent the mean + s.e.m, (,=4).
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3.9 Phosphorylated CREB (Ser133)

The phosphorylated CREB antibody used in this study is designed to detect endogenous levels
of CREB when phosphorylated at serine 133. Cortical tissue only was used when investigating
phosphorylated CREB. Western blot analysis showed 2 bands at 250kDa and 70kDa. When
observing figure 9, bands are seen in the nuclear extraction samples but not in the homogenate
for both genotypes, as phosphorylated CREB is a nuclear protein. The bands seem to be stronger
in the controls suggesting more phosphorylated protein than in the Rest cKO. The company from
which the antibody was obtained (see 2.18 antibodies), suggest that bands should be visualised
at a molecular weight of 43kDa. As no bands appeared at this molecular weight it is appropriate
to suggest that the correct bands are either at 250kDa or at 70kDa. The predicted band size which
is thought to appear at 43kDa may be a product of a different type of sample such as cell culture
rather than brain tissue which could possibly explain this observation. No form of quantification

was undertaken on the western blots due to the high background signal observed.
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Figure 9

A reduction in the levels of phosphorylated CREB protein observed in the Rest cKO samples

Analysis of western blot data following the use of phosphorylated CREB show stronger bands in the
control genotype. a, involves the comparison of control and Rest cKO for homogenate samples and
nuclear extraction samples. b, shows comparison of controls and Rest cKO in nuclear extraction
samples. Pactin was used as the loading control for a due to there being homogenate samples. For
the nuclear extraction samples the nuclear loading control Histone H3 was used. Bands for both blots
are seen at 250kDa and at 70kDa.
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3.10 NPAS4

As well as comparing between control samples and Rest cKO, this study wanted to confirm
whether there were any differences between the cortical homogenate and the nuclear fractions.
Analysis of data when using NPAS4 suggests more protein in the Rest cKO genotype compared
to controls in both the homogenate and the nuclear fractions. When observing the western blot
for the homogenate fractions, there seems to be a greater difference between the control and the
Rest cKO samples, with more protein being seen in the Rest cKO, as seen in figure 10c. Another
point which must be made is that NPAS4 is a nuclear protein, thus it should only be seen in the
nuclear fractions. However, bands of a similar density are seen in the homogenate fractions. As
the western blots in figure 10a and 10b, were taken separately an explanation for the similar
density of bands between the two could be the exposure time. Figure 10a, could have had a

longer exposure than 10b, which would explain this.

As 4 samples per genotype were used in both western blots t-tests were run to confirm whether
this result was significant. The t-tests suggested that there was no significant difference between

controls and Rest ¢cKO in the homogenate fractions (p=.23) or the nuclear extraction fractions

(p=.69).
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Figure 10

An increase in NPAS4 protein observed in the Rest cKO samples compared to control

Analysis of western blot data following the use of NPAS4 show stronger bands in Rest cKO. NPAS4 protein bands were
observed at 75 kDa. a, involves the comparison of control and Rest cKO for homogenate samples b, shows comparison of
controls and Rest cKO in nuclear extraction samples. atubulin was used as the loading control for a due to there being
homogenate samples. For the nuclear extraction samples the nuclear loading control Histone H3 was used. ¢, represents the
data quantified for both homogenate and nuclear extraction samples. Values represent the mean + s.e.m, (,=4). 40



3.11 C-FOS

Western blot analysis of C-FOS protein showed bands at multiple molecular weights, as seen in
figure 11. Investigation as to which bands were at the correct molecular weight for C-FOS proved
to be difficult as the antibody had only been used in cell culture and rarely in mouse brain. When
focusing on figure 11a, it was originally assumed the correct band was at 150kDa, due to the
bands being the strongest at this molecular weight, suggesting no difference in protein levels
when comparing the Rest cKO and control. If the correct bands are one of 190, 100 or 75kDa,
the result would be interesting as C-FOS is a nuclear protein although can only be seen in the
homogenate samples. When focusing on figure 11b, the same problem arose, as in figure 11a.
When analysing the band at 190kDa, the Rest cKO samples seem to have slightly more protein
than the controls. Although the same result isn’t seen for the last band. When observing the
loading control more sample seems to be added to that sample which is suggestive of an
interesting result. Focusing on the nuclear extraction western blot in figure 11c, the strongest
band at 150kDa is most likely the correct band, though this isn’t definitive. The band at 150kDa

is suggestive that there is more protein in the Rest cKO samples when comparing to controls.
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Figure 11
Multiple C-FOS protein bands observed in both homogenate and nuclear fractions
Western blot images shown for a, only the cortex for both homogenate and nuclear extraction samples and b, homogenate

samples in both the cortex and hippocampus ¢, nuclear extraction samples in both the cortex and hippocampus. As it is not
clear which bands are at the correct molecular weight, all have been shown.
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3.12 EGR-1

Analysis of the western blot findings which explored EGR-1 protein levels showed multiple
bands. Investigation of the appropriate molecular weight for EGR-1, showed to be around 75kDa.
Despite changing the exposure time on several occasions, and the dilution of the antibody the
bands never became strong enough to quantify at this molecular weight. When analysing figure
12a, all bands appear stronger in the homogenate samples compared to the nuclear extraction.
When analysing figure 12b, more protein is observed in the Rest cKO samples compared to the
controls, across all bands. The loading control, ftubulin, seems fairly even across all samples
despite some small changes in protein loading, suggesting that this result is most likely not an
artefact but rather a true representation of the amount of protein in Rest cKO samples. Focusing
on figure 12¢, more protein is seen in the cortex when compared to the hippocampus and it seems
that bands appear stronger for the Rest cKO samples in the bands at 125kDa but also those at
110kDa.
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Multiple EGR-1 protein bands observed in both homogenate and nuclear fractions

Western blot images shown for a, only cortical samples for both homogenate and nuclear extraction was used. b, homogenate samples
for the cortex and hippocampus with Btubulin as the loading control. ¢, the nuclear extraction western blot is seen comparing Rest cKO
samples to controls in both the cortex and hippocampus, using histone H3 as the nuclear loading control. As it is not clear which bands
are at the correct molecular weight, all have been shown.
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4.0 Immunohistochemical analysis

Immunohistochemistry was undertaken using the antibodies against the following proteins:
NeuN, GFAP, Synaptophysin and MAP2, to determine if any differences are seen between Rest
cKO and control samples. The two brains of each pair were sectioned the same day and the
sections from them were always processed together. Prior to conclusions being drawn, all Rest
cKO samples were matched with their control pair following histology using haematoxylin and
Nissl staining. Sections were observed using the microscope (see 2.15 image acquisition) before
being matched using the mouse brain atlas (Franklin and Paxinos, 2019) in terms of sagittal plane.
Quantification for most samples was undertaken blindly by 3 students in which an average was

calculated based on these values.

4.1 NeuN

The neuronal nuclear protein, NeuN, is used as a marker for neurons. Standard
immunohistochemistry protocol was followed with the addition of citrate antigen retrieval. Using
the citrate antigen retrieval helps to greatly improve detection of some proteins. The protocol was
followed for 3 pairs of mice. When analysing figure 13, no clear differences can be seen between
the pairs of mice or within each pair. However, when observing pair 1, the hippocampus for the

Rest cKO seems to appear more neuronally dense than the control.
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Figure 13
The hippocampus with NeuN staining 43

The whole hippocampus in 3 REST ¢KO mice and 3 controls was imaged using 5x magnification. Sections
between each pair of mice were matched with regards to sagittal plane so comparison could be accurate.



Analysis of figure 14 shows the different regions of the hippocampus being more neuronally
dense in some Rest ¢cKO samples compared to the controls. Specifically, the first Rest cKO
sample in figure 14a looks more neuronally dense in the CA1 compared to its matched pair. No
visible differences can be seen when analysing the second pair for the CA1. However, when
focusing on the third pair the CA1 region for the Rest cKO mouse seems to be thicker when
comparing to its matched control pair. When observing the CA3 and DG, the same can be seen
between the pair on the first row, but not for the other two pairs of mice. Analysing the graph in
figure 14d, shows the quantified values for all regions. More neuronal nuclei are seen in the Rest

cKO in the CA1 and DG, but less in the CA3 compared to controls.

A (two-tailed) t-test was run using the quantification data obtained by counting the neuronal
nuclei following the NeuN stain. The t-test suggested that there was no significant difference in
neuronal nuclei between controls and Rest cKO samples in the CA1 (p=.38) or the CA3 (p=.70),
however a significant difference was seen between controls and Rest cKO samples in the DG
(p<.05) and in the total number of neuronal 