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Abstract

MicroRNAs (miRNAs) are small non-coding RNAs involved in RNA-mediated silencing of synaptic 
proteins via Argonaute (AGO) as part of the RNA-induced Silencing Complex (RISC). miRNAs are 
known to be involved in regulation of synapses and dendritic spine morphology and specific 
miRNAs have been implicated in the pathogenesis of Alzheimer’s Disease (AD). However, how 
RISC protein machinery is affected by AD pathology is less well understood. 

Limk kinase 1 (LIMK1) activity stabilises and maintains mature dendritic spine structure. miRNA-
134 (miR-134) plays a role in shrinkage of dendritic spines following Long Term Depression (LTD)
by targeting LIMK1 mRNA for translational silencing. Preliminary data from the Hanley lab 
indicated that phosphorylation of AGO at S387 and the association of AGO to the RISC is 
increased in the J20 mouse model of AD and in a primary neuronal culture model of AD. 
Furthermore, LIMK1 expression levels were found to be decreased in late stage cortical AD 
tissue. This thesis aimed to investigate the potential role of AGO2 phosphorylation and miR-134 
in the synaptic dysfunction and dendritic spine loss seen in AD by determining at what point in 
the disease course these changes occur, and to produce a model in which rescue strategies 
targeting AGO2 phosphorylation could potentially be tested.

Technical challenges with the primary neuronal culture model used previously led me to use 
and characterise an alternative model using lentiviral expression of Amyloid Precursor Protein 
(APP) with AD-associated mutations and to design a method for quantifying miRNA activity in 
this model. Changes in levels of AGO2-S387 phosphorylation or LIMK1 expression seen in the 
previous model were not successfully reproduced, however, I demonstrated proof of concept 
for this novel miRNA activity assay.

Surprisingly, when I quantified LIMK1 expression levels in cortical samples from AD patients at 
Braak stages 1-6 by Western blotting I found no significant differences during the disease 
course. However, Western blotting of cortical and hippocampal samples from the J20 AD mouse 
model at 6months and 18months revealed that, despite no change in LIMK1 levels. pS387-AGO2
was significantly decreased. These results may indicate altered miRISC assembly and regulation 
in the AD hippocampus and provide a potentially important foundation for future research into 
the role of AGO2 phosphorylation in AD.
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1.1 Synaptic plasticity in learning and memory

1.1.1 Synapses are the fundamental cellular units of learning and memory

Neurons are the cells through which information storage and retrieval are primarily carried out in the 

central nervous system. Their morphology is complex and varies according to neuronal subtype but in 

simple terms most neurons can be described as polar cells, with one end responsible for receiving 

information and the other for transmitting information to other cells. Each neuron can make many 

thousands of connections with other neurons and in this way ~86 billion neurons form a network that 

constitutes the human brain (Herculano-Houzel, 2012).

  

Neurons communicate with one another through specialised junctions called synapses where 

information is transmitted directly as an electrical signal, or as a chemical signal that is 

translated into an electrical signal. These are called electrical and chemical synapses, 

respectively. The behaviour of a neural network or circuit can be characterised by the pattern 

and relative “strength” of the synaptic connections between the neurons within it. The brain’s 

ability to encode memories and learn behaviour hinges upon the capacity of its many neuronal 

networks to modulate this connectivity according to accumulated experience. Synapses 

therefore represent one of the most fundamental units of learning and memory (Chklovskii   et   

al  ., 2004  ).

  

1.1.2 Dendritic spines house excitatory synapses

Synapses were first postulated to be key mediators of memory and learning by Santiago 

Ramon y Cajal in 1888 who used Golgi staining and light microscopy to explore the morphology 
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of cells within the brain (Yuste, 2015). He observed small (~0.5-2uM) spine-like protrusions 

along neuronal dendrites and speculated that they might represent sites of interneuronal 

communication. These structures are now called dendritic spines (Figure 1.1). 

Figure 1.1: (Garcia-
Lopez   et al.  ,  2007) Dendritic 
spine and filopodia 
morphology as recorded by 
Ramon y Cajal (1933). (From 
left to right) Shaft of a 
neuron from a nearly mature 
rabbit; 2-month old human 
visual cortex; pyramidal 
neuron of 1- month old cat; 
and 1-month old cat motor spinal 
motor neuron.

  

Dendritic spines have a characteristic “mushroom” shape with a narrow neck and wide head in 

their mature form (Harris & Kater, 1994). In contrast to mature spines, “stubby” dendritic spines

lack a neck, and “filopodia-like” spines which have smaller heads their necks are long and thin 

(Jones and Powell, 1969, Peters & Kaiserman-Abramof, 1970, Purpura, 1975, Fiala   et al  ., 1998  ). 

Spine morphology is not static - a spine can change its shape in response to neuronal activity.

  

Hebb developed on Ramon y Cajal’s anatomical observations by suggesting that these neuronal 

connections are strengthened when neurons are concurrently activated and that it is through 

this mechanism that the brain is able to physically encode information and to learn (Hebb, 

1949). In 1959 electron microscope (EM) images of dendritic spines revealed their complex 
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internal ultrastructure and that they consisted of a synaptic cleft lying between a pre- and post-

synaptic bouton (Gray, 1959). At the post-synapse was a dense electron-rich region sitting at the

head of the post-synaptic bouton facing the active zone of the presynapse - the post-synaptic 

density (PSD). The presynapse was shown to contain vesicles though at this time the function of 

these structures was unknown (Gray, 1959; Kennedy, 2000) 

  

1.1.3 Chemical synapses transmit electrical signals using neurotransmitters as chemical 

intermediates 

We now know that the synaptic vesicles (SVs) identified at the presynapse by Gray 

(1959) store the chemical mediators of electrical signals at the chemical synapse - 

neurotransmitters (Carlson   et al  . 1989  ; Burger   et al.   1991  ). SVs within the presynaptic bouton 

are largely in one of two pools - the reserve pool within the bouton or the pool docked at the 

surface of the active zone ready for rapid release of neurotransmitters into the synaptic cleft 

(Rizzoli & Bets, 2005). Electrical signals are passed down the length of the cell via a change in 

membrane potential (Raghavan   et al.  , 2019  ). This property hinges on the transient opening of 

voltage-gated ion channels in the neuronal membrane. When an electrical signal, called an 

action potential, reaches the presynaptic active zone, voltage-gated calcium (Ca2+) channels 

open (Llinás   et al.,   1981  ; Augustine   et al  ., 1987  ). The consequent rise intracellular Ca2+ levels 

triggers merging of the docked SVs with the pre-synaptic membrane, releasing the 

neurotransmitters within them into the synaptic cleft where they are able to bind with ligand 

gated ion channels on the post-synaptic membrane (Heuser et al. 1979; Heidelberger   et al  .,   

1994; Hilfiker   et al.,   1999; Raghavan   et al.  , 2019  ). Depending on the ion channel, inward flow 
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through these can be either excitatory (i.e., depolarizing) or inhibitory (i.e., hyperpolarizing).

  

1.1.4 GABA is the major inhibitory neurotransmitter in the brain

Gamma-Aminobutyric Acid (GABA) receptors are activated by the neurotransmitter 

GABA and are responsible for most inhibitory transmission in the brain (Wilcox   et al.   1994  ). 

There are two main subtypes of GABARs which contribute to inhibitory signalling - ionotropic 

GABAARs and metabotropic GABABRs. When bound to GABA the transmembrane channel of 

GABAARs opens, allowing an influx of Cl- ions into the post-synapse and generating an inhibitory 

post synaptic potential (IPSP) (Wilcox   et al  . 1994  ). Pre-synaptically released GABA is also able to 

activate GABABRs which activate K+ channels to allow efflux of this positively charge ion (Sigel & 

Steinmann, 2012). The net effect of this is to hyperpolarise the cell, making a stronger 

depolarisation by excitatory signalling necessary to reach the threshold needed for an action 

potential to be propagated from the input neuron onwards.

  

1.1.5 Glutamate is the major excitatory transmitter in the brain

Glutamate is the major excitatory neurotransmitter in the brain (Megias   et al  ., 2001  ). 

The PSD of a glutamatergic synapse can contain three major types of ionotropic glutamate 

receptors: N-methyl-d-aspartate receptors (NMDARs) and α-amino-3-hydroxyl-5-methyl-4-

isoxazole-propionate receptors (AMPARs) and kainate receptors, so named for their synthetic 

agonists (NMDA, AMPA, and kainate, respectively). AMPARs are membrane channels that, once 

activated by pre-synaptically released glutamate, open to allow an inward current of 

monovalent cations (Na+ and K+) which generate changes in membrane potential or an 
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Excitatory Post Synaptic Potential (EPSP) (Kandel   et al.  , 2000  ; Citri & Malenka, 2007). 

  

1.1.6 The strength of synaptic connections can be modified by activity

It is the cumulative effect of these changes in ion permeability at the many excitatory 

and inhibitory synaptic inputs of a neuron that determine whether an action potential is 

generated, propagating a received signal onwards to neurons downstream (Kandel   et al  ., 2000  ). 

The ion current through these channels is termed either an excitatory or inhibitory post-

synaptic current (EPSC or IPSC, respectively). The strength of a synapse can be characterised by 

the magnitude of these currents in response to an action potential at the presynaptic neuron. At

the presynapse the probability of SV release of neurotransmitters confers a change in EPSC/IPSC

frequency, and at the postsynapse the amplitude of an EPSC/IPSC can be modified by changing 

surface expression of ionotropic neurotransmitter receptor channels. This capacity for activity-

dependent adaptation of synaptic strengths is called synaptic plasticity.

  

1.1.7 NMDARs are major coordinators of synaptic plasticity

At the excitatory postsynapse this change in synaptic strength is proportional to the 

permeability of the post-synapse to cations which is co-ordinated largely via the insertion or 

removal of AMPARs at the PSD (Anggono & Huganir, 2012; Chater & Goda, 2014; Ehlers, 2000). 

A number of mechanisms for synaptic plasticity have been identified but the most prominent of 

these are that of long-term depression (LTD) and long term potentiation (LTP) which decrease or

increase synaptic strength respectively (Bliss & Gardner-Medwin, 1973; Citri & Malenka, 2007). 
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NMDARs are a central player in the mechanisms underlying these changes. This is because 

NMDARs differ from AMPARs in that their membrane pore is blocked with an extracellular 

magnesium plug (Mayer   et al  ; 1984,   Nowak   et al.,   1984  ). NMDARs require strong depolarisation

to remove this magnesium block and crucially also permit Ca2+ to enter the cell (Sabatini   et al  .,   

2002; Yuste   et al  ., 2011  ). In this way, NMDARs act as coincidence detectors - only triggering the 

influx of Ca2+ and consequent intracellular signalling cascades when they are bound by 

glutamate in the presence of strong depolarisation. 

  

1.1.8 Functional plasticity of a synapse is complemented by structural plasticity of the dendritic 

spine

Most excitatory synapses are housed within the dendritic spines structures first observed 

by Ramon y Cajal. This allows neurons to compartmentalise biochemical and electrical signals 

received from other neurons and therefore for synapses to act as discrete units of information 

transfer (Gray, 1959; Majewska   et al  ; 2000; Ashby   et al.  , 2006  ). The number of AMPARs present 

at the synapse is closely correlated with the volume of the dendritic spine that houses it (Nusser

et al.  , 1998  ; Takumi   et al  , 1999; Matsuzaki   et al.  , 2001  ). Functional plasticity is complemented 

by changes in the density and morphology of dendritic spines, termed structural plasticity 

(Lamprecht & LeDoux, 2004; Carlisle & Kennedy, 2005; Alvarez & Sabatini, 2007; Bernardinelli   et  

al.  ,2014  ; ; Lai & Ip, 2013; Borovac   et al  ., 2018;   Sheppard   et al  ., 2019  ). These structural changes 

can occur within minutes (Lendvai   et al  ., 2000  ). However, changes in spine morphology can also 

persist over longer periods or even permanently (Guang   et al  ., 2009  ). It can also be the case 

that both formation and elimination of dendritic spines are promoted simultaneously such that 
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there is a high turnover environment, with the ratio of these determining the overall effect on 

spine density (Jung & Herms, 2014).

  

1.1.9 Overview of Long Term Potentiation (LTP)

LTP is a positive feedback mechanism that underpins Hebb’s famous axiom “cells that 

fire together, wire together.” It is the process through which an increase in signalling at a 

synapse causes its connection to become strengthened, meaning that at an excitatory synapse 

an action potential in the pre-synaptic neuron leads to a stronger depolarisation in the post-

synaptic membrane and therefore an increased probability of that action potential being 

propagated (Bliss & Collingridge, 1993). LTP was first discovered by Bliss and Lomo (1973) when 

conducting electrophysiological experiments on neurons from a region of the brain called the 

hippocampus. They found that high frequency stimulation of rabbit hippocampal neurons led to

potentiation of synaptic transmission that lasted up to 10 h (Bliss & Lomo, 1973). This 

potentiation reflects an increase in EPSC amplitude, mediated largely by changes at the post-

synapse (Cormier & Kelly, 1996).

  

1.1.10 Early phase Long Term Potentiation (LTP)

NMDARs permit the entry of Ca2+ into the post-synapse when bound to glutamate while 

the membrane is simultaneously strongly depolarised. When Ca2+ levels reach a critical 

threshold within the post-synapse LTP is induced through a intracellular signalling cascade. The 

early phase of LTP involves a number of protein kinases - particularly Ca2+/calmodulin-

dependent protein kinase II (CamKII) and protein kinase C (PKC) (Derkach   et al  ., 1999  ; Huganir 
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et al  ., 2000  ; Lisman   et al  ., 2012  ). The result of this cascade is an increase in the single channel 

conductance of AMPARs and the incorporation of more AMPARs into the perisynaptic 

membrane, from which they laterally diffuse into the PSD and are anchored by scaffold proteins 

such as Post-synaptic Density protein 95 (PSD-95) (Benke   et al  . 1998  ; Derkach   et al  . 1999  ; 

Hayashi   et al  . 2000;   Lee   et al.,   2000; Borgdoff & Choquet, 2002; Ren   et al.   2013  ; Penn et al., 

2017). This process leads to the activation of retrograde messengers which are released from 

the postsynaptic neuron into the synaptic cleft where they can bind presynaptic receptors and 

ultimately enhance SV release of glutamate (Sola   et al.   2004; Regehr   et al  ., 2009)   

  

1.1.11 Late phase Long Term Potentiation (LTP)

 Potentiation of signalling that persists more than 1 - 2 hours after LTP induction is 

considered “late phase LTP” and depends on localised dendritic protein synthesis (Sutton & 

Schuman, 2006, Reymann & Frey, 2007). In late phase LTP the dendritic spine and PSD are 

enlarged to accommodate these newly incorporated AMPARs in a NMDAR-dependent manner 

((Matsuzaki   et al  ; 2004  ). A larger spine head allows for a greater synaptic surface for the 

insertion of AMPARs and NMDARs and as such AMPAR and NMDAR currents correlate linearly 

with the size of the spine head (Noguchi   et al  ; 2005  ). This in turn triggers enlargement of the 

presynaptic active zone (Matsuzaki   et al.,   2004  ). In addition to increasing spine volume, spine 

density can also increase as a result of LTP protocols through the formation of new spines 

(Engert & Bonhoeffer, 1999; Maletic-Savatic   et al.,   1999  ).  

  

1.1.12 Overview of Long Term Depression (LTD)
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In contrast, LTD is induced by low-frequency stimulation. The two major receptors 

responsible for initiating LTD are metabotropic glutamate receptors (mGluRs) and again, 

NMDARs. mGluRs are coupled to intracellular guanosine triphosphate (GTP)-binding proteins 

through which they initiate to downstream signalling cascades (Conn & Pinn, 1997). Low 

frequency stimulation leads to only a modest increase in NMDAR activation and therefore a 

modest increase in post-synaptic Ca2+ levels (Cummings   et al.,   1996  ). This results in preferential 

activation of protein phosphatases (Cummings   et al,   1996  ). Phosphatase-driven signalling 

cascade induces the dissociation of AMPARs from the PSD, causing them to diffuse laterally to 

perisynaptic sites where they are endocytosed (Malinow & Malenka, 2002; Bredt & Nicoll, 2003;

Collingridge   et al  ., 2004  ; Derkach   et al.  , 2007  ; Malenka & Bear, 2004). This reduction in 

synaptically localised AMPARs is concurrent with a reduction in protein synthesis and a decrease

in dendritic spine volume (Nagerl   et al  ., 2004  ; Zhou   et al  ., 2004  , Hsieh   et al  ., 2006  ,). LTD can also

lead to selective elimination of weak synapses (Wiegert & Oertner, 2013).

  

1.1.13 Synaptic plasticity underlies memory and learning

There are clear parallels between memory formation and synaptic plasticity processes 

(Nabavi   et al.,   2014  ). Prolonged repetition increases potentiation and also strengthens 

memories. LTP is also facilitated by cooperativity and associativity (Nicoll   et al.  , 1988  ). When a 

critical number of synapses are simultaneously activated this facilitates potentiation. This is 

cooperativity. Associativity is a synaptic property that allows the potentiation of a weak input (a 

small number of synapses) when it is concurrent with a strong input (a large number of 

synapses). These properties of neuronal behaviour are cellular analogues of associative 
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learning. 

  

The hippocampus is the brain region responsible for spatial and declarative memory and is the 

structure in which LTP was first described (Scoville   et al.,   1957; Martin   et al  ., 2000  ; Squire, 2004;

Morris, 2006). Unsurprisingly, this finding was followed by decades of intensive research into 

the role of LTP in memory formation. Early studies into the role of the hippocampus in memory 

found a clear link between memory formation and synaptic plasticity of hippocampal neurons. 

In 1982, hippocampal lesioning of rats was shown to lead to impairment of performance in 

spatial memory tasks, such as the Morris water maze, by Morris and colleagues (Morris   et al  .,   

1982). They then went on to demonstrate that this impairment in spatial memory could also be 

induced pharmacologically by infusion of the NMDAR antagonist and known blocker of LTP, DL-

AP5 into the intraventricular space (Morris   et al.   1986  ). Further evidence for the role of LTP and 

NMDARs in memory was the poor performance in spatial memory tasks of the transgenic mice 

generated by Tsien and colleagues (1996) in which a NMDAR subunit specific to NMDARs in the 

CA1 region of the hippocampus was knocked out (Tsien   et al  ., 1996  ). Conversely, in transgenic 

mice overexpressing the NMDAR subunit NR2B spatial learning and LTP were found to be 

enhanced (Tang   et al  ., 1999  ). As discussed above, CamKII is a Ca2+-dependent protein kinase 

that is an important downstream effector of NMDAR activation in LTP. In CamKII knockout 

transgenic mice performance in tasks such as the Morris water maze and random-platform task 

(which depend on spatial memory formation) is impaired (Silva, Stevens, et al., 1992; Silva, 

Paylor,   et al  ., 1992  ). This is concurrent with a reduction in hippocampal LTP, further underlining 

the importance of synaptic plasticity in memory (Silva, Stevens,   et al  ., 1992; Silva, Paylor,   et al.,     
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1992). Another protein that facilitates LTP is Protein kinase C ζ type (PKMζ), the pharmacological

inhibition of which abolishes both LTP and long-lasting spatial memory (Pastalkova   et al.  , 2006  ). 

Later techniques developed such that in vivo electrophysiological evidence for LTP’s role in 

memory could be demonstrated. In 2006 the proposed link between LTP and hippocampal 

memory formation was demonstrated in the mouse brain in vivo by Whitlock and colleagues 

who compared EPSPs of the CA1 hippocampal region in mice that had been trained using an 

inhibitory avoidance task compared to untrained mice. (Whitlock   et al.  , 2006  ). They found that 

EPSPs were enhanced and that in hippocamapal synaptosomes from trained mice AMPARs were

increased relative to controls, suggesting increased delivery to the synapse as a result of 

learning and memory formation (Whitlock   et al.  , 2006).   The importance of LTD in learning and 

memory has also been demonstrated in vivo. For example, pharmacological inhibition of LTD in 

the CA1 hippocampal region was shown to block novel memory formation and the conversion 

of short term memories (STM) to long term memories (LTM) (Dong   et al  ., 2012  ). In a separate 

study, the same LTD inhibitors impeded performance in rats trained using a hidden platform 

task used to test spatial memory reversal - which is the loss of a redundant memory and 

important for learning (Dong   et al.  , 2013  ). Collectively, these data provide clear evidence for the

important role that synaptic plasticity plays in memory formation and maintenance.

  

1.1.14 Actin is the major cytoskeletal protein of the dendritic spine

Unlike the dendritic shaft in which the core cytoskeletal elements are microtubules, in 

dendritic spines actin is the primary cytoskeletal protein (Landis & Rees, 1983). Actin is present 

in two forms: globular, monomeric G-actin and filamentous, polymeric F-actin (Dominguez & 
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Holmes, 2011). Depending on the structural requirements of the cell or cellular 

subcompartment, free G-actin is able to self-assemble to form F-actin polymers in an ATP 

hydrolysis-dependent manner or conversely F-actin can disassemble back into the monomer 

pool. These F-actin filaments are granted asymmetry by the arrangement of G-actin in a head-

to-tail fashion, such that one end of the filament is “barbed” (+) and the other “pointed” (-) 

(Pollard, 2003). The barbed end is markedly more dynamic as it is able to be elongated with the 

addition of G-actin ten times faster than the pointed end (Pollard, 2003). The ratio of these 

processes can be quickly shifted in response to intra- or inter- cellular signals, facilitated by a 

number of actin-binding proteins (Skruber   et al  ; 2018  ). 

  

1.1.15 Structural plasticity of dendritic spines is orchestrated through actin modifiers

Actin filaments are organised in branching networks which are dynamically structured 

and restructured depending on activity (Matus, 2000; Hotulainen & Hoogenraad, 2010). This 

dynamic bidirectional regulation of the actin cytoskeleton within the dendritic spine neck and 

head plays an important role in synaptic plasticity (Hlushchenko   et al  ., 2016  ). Beneath the post-

synaptic membrane lies the PSD - a dense disk-shaped array of proteins that orchestrate 

synaptic activity and plasticity (Sheng & Hoogenraad, 2007). The spine’s actin cytoskeleton lies 

directly beneath this, interacting with PSD scaffold proteins such as SH3 and multiple ankyrin 

repeat domains protein (SHANK) and PSD-95 via F-actin-binding proteins such as α-actinin and 

cortactin (MacGillavry   et al  ., 2016; Matt   et al.,   2018  ). The pool of F-actin beneath the spine’s 

surface is much more dynamic and less stable than the internal pool of actin within the spine 

which acts as a scaffold to maintain its structure (Hotulainen & Hoogenraad, 2010; Cingolani & 

32



Goda, 2008). 

When high frequency stimulation is used to stimulate LTP G-actin and newly polymerised F-actin

levels in the spine are increased (Bosch   et al  ., 2014  ; Okamoto   et al  ., 2004  ). Remodelling of the 

spine’s actin cytoskeleton is set into action by redistribution of actin regulators to enlarge the 

spine head and expand the PSD in a process that can be divided into three stages (Bosch   et al.  ,   

2014). In the first 5 min following LTP induction actin stability is reduced to allow reorganisation 

(Bosch   et al  ., 2014  ). In this phase the spine head is enriched in actin modifiers able to severe 

(cofilin), cap (Actin-depolymerizing factor (ADF)/cofilin and actin-interacting protein 1 (AIP1)) or 

branch (Actin Related Protein 2/3 (ARP2/3) complex) actin filaments (Bosch   et al  ., 2014; Sekino   

et al  ., 2006  ) while stabilisers that bundle or anchor F-actin (CaMKIIβ, drebrin, α-actinin) are 

translocated to the neck (Bosch   et al  ., 2014; Sekino   et al  ., 2006  ). This initial brief destabilisation 

of actin structure in the spine head facilitates remodelling by allowing access to other actin-

binding factors and a treadmilling of actin to generate an expansive force (Sekino   et al  ., 2006;   

Honkura   et al.,   2008; Bosch   et al  ., 2014  ). The second phase is characterised by stabilisation of 

spine structure as the concentration of stabilising factors in the spine head returns to basal 

levels (Bosch   et al  ., 2014  ). The third phase occurs by around 60 min after LTP induction and is 

the protein-synthesis dependent stage in which scaffold and other synaptic proteins are 

incorporated into the PSD (Tada   et al  ., 2005  ). 

  

It is of note that although modifications in spine size accompany synaptic plasticity, they only 

serve to facilitate the insertion of more or less AMPARs and as such, modification of spine size 
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alone is insufficient to produce changes in synaptic transmission without concurrent changes in 

stimulation (Hayashi & Majewska, 2005).

  

  

1.1.16 Cofilin is essential for activity-dependent actin remodeling in synaptic plasticity

The actin-depolymerising factor (ADF) cofilin is a crucial player in activity-dependent 

actin remodelling in dendritic spines. Cofilin-1, cofilin-2 and ADF protein comprise the highly 

conserved ADF protein family and promote actin turnover by severing F-actin (Bravo-Cordero   et   

al.  , 2014  ). Cofilin is the main ADF family member in the human brain as mammalian neurons 

contain five to ten times less ADF protein than cofilin (Minamide   et al  ., 2000  ; Garvalov   et al.  ,   

2007). Depolymerisation by cofilin can cause a decrease in net F-actin and therefore promote 

structural shrinkage, or it can serve to increase the pool of monomeric G-actin for use in 

remodelling and to create free barbed ends to facilitate growth (Bamburg & Bernstein, 2016; 

Hotulainen   et al.  , 2005  ). LTP-induced activation of NMDARs leads to cofilin translocation to the 

spine where it forms new barbed ends on F-actin (Oser & Condeelis, 2009). These free barbed 

ends allow filament growth and are the preferred site for the ARP2/3 complex (Ichetovkin   et al  .,  

2002). This protein complex initiates actin nucleation and branching (Ichetovkin   et al  ., 2002  ). 

The co-ordinated activity of ARP2/3 and cofilin is therefore crucial for the maintenance of spine 

expansion and has also been shown to be important for the delivery of proteins to the synaptic 

membrane such as AMPARs (Pollard, 2016; Hanley, 2014).

  

1.1.17 Cofilin activity is regulated by Slingshot Homolog 1 and LIM kinase
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Cofilin activity is regulated via phosphorylation at Ser3. LIM kinase (LIMK) 

phosphorylates this site, inactivating cofilin (Arber   et al  ., 1998  ). The LIM kinase protein family 

comprises LIMK1 and LIMK2 and lies downstream of the Rho-family GTPases (Dan   et al.  , 2001  ). 

They are known to phosphorylated by Rac- and Cdc42-activated kinase p21 activated kinase 

(PAK) or Rho kinase (ROCK) and to be inactivated by phosphatases such as chronophin and 

slingshot homolog 1 (SSH1) (Dan   et al.  , 2001; Scott & Olson, 2007  ). They are active in their 

phosphorylated form and go on to phosphorylate and inactivate cofilin (Dan   et al.  , 2001  ). SSH1 

is also the phosphatase that removes this phosphate to activate cofilin (Niwa   et al.  , 2002  ). 

  

1.1.18 Cofilin regulation is important for dendritic spine morphology and function

Given the importance of actin remodelling in the dynamic morphology of dendritic 

spines, it is unsurprising that the role cofilin and its upstream regulators in synaptic plasticity 

and memory have been extensively investigated. The process of LTP was shown to be 

dependent on cofilin, as demonstrated by the lack of potentiation in the CA1 neurons of 

hippocampal slices from cofilin knockout mice, alongside impaired spine morphology and 

deficits in associative learning (Rust   et al  ., 2006  ). This is likely due cofilin’s role in AMPAR 

diffusion and AMPAR subunit activation following LTP induction (Rust   et al  ., 2006; Gu   et al  .,   

2010). However, when endogenous WT cofilin is replaced with mutant (S3A) constitutively 

active cofilin in neurons this causes spine size to be reduced and a relative increase in spines 

with an immature morphology (Shi   et al.  , 2009  ). Mature spine morphology returns to these 

neurons when transfected with phosphomimetic cofilin (S3D) (Shi   et al.  , 2009  ). In another study,

knock down of cofilin expression with short interfering RNA (siRNA) induces a shift in spines 
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towards a filopodia-like morphology (Hotulainen   et al.  , 2009  ). Furthermore, conditional knock-

out (KO) of cofilin in the excitatory neurons of the mouse brain was shown to lead to an 

increase in spine density and size and also to an impairment of late phase LTP and LTD (Rust   et   

al  ., 2010  ). Furthermore, in LTD phosphorylation of serine 3 in cofilin has been shown to mediate

spine shrinkage (Nägerl   et al  ., 2004; Zhou   et al  ., 2004  ).

  

1.1.19 LIM kinase 1 activity is important for synaptic function

Indirect evidence of the importance of cofilin comes from studies into the role of its 

upstream regulators. LIMK1 is expressed throughout the body but predominantly in the brain 

(Proschel   et al  ., 1995; Foletta   et al.  , 2004  ) and has been implicated in neuritogenesis and 

synaptic plasticity (Meng   et al.  , 2002  ; Endo   et al.  , 2003  ; Rosso   et al.  , 2004  ). In LIMK1/2 KO mice 

cofilin phosphorylation is dramatically reduced and consequently these mice have impaired 

synaptic function and altered spine morphology (Meng   et al.  , 2002, 2004  ). In humans, partial 

loss of LIMK1 is believed to underlie the visuospatial cognitive deficits associated with Williams 

syndrome - a neurodevelopmental disorder which results from a chromosomal deletion on 

chromosome band 7q11.23 and therefore hemizygosity for genes within it - including LIMK1 

(Bellugi   et al.,   1999  ).

  

1.1.20 Excessive cofilin activity is associated with dysregulated dendritic spine morphology

Depending on the concentration and form of actin and actin binding proteins present, in 

vitro cofilin activity can promote either nucleation or depolymerisation of actin filaments 

(Andrianantoandro & Pollard, 2006). Collectively this evidence suggests that although cofilin 
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plays a role in both spine expansion and shrinkage in LTP and LTD respectively, when its activity 

is aberrantly elevated the balance of these two processes shifts towards inducing spine 

shrinkage. One explanation for this may be that in LTP cofilin serves to sever and destabilise 

actin such that other actin modifiers which are able to elongate actin are able to access the 

spine, however, in the absence of a concurrent increase in the activity of these elongating 

factors the net effect is the breakdown of actin structure and therefore spine stability and size.

1.2 Alzheimer's disease is a progressive neurodegenerative disorder

1.2.1 Alzheimer’s Disease is the most common cause of dementia globally

Alzheimer’s Disease (AD) is a chronic neurodegenerative disease for which, despite 

extensive research, effective treatment strategies have proved elusive due to its complex and 

multi-factorial pathology. The Alzheimer’s Disease International’s (ADI) 2021 report on the 

implementation of its global dementia action plan stated that over 50 million people globally 

are living with dementia. They predicted that this would increase to 82 million by 2030 and 152 

million by 2050. The leading cause of dementia worldwide is AD which accounts for 60 - 70 % of 

cases (World Health Organisation). Drugs currently prescribed for AD include cholinesterase 

inhibitors galantamine, donepezil and rivastigmine and the NMDA receptor antagonist 

memantine. However, their effect on cognition is only moderate and they are only able to 

alleviate symptoms rather than to slow or halt neurodegeneration (Hardy & Selkoe, 2002). With 

the current annual cost of dementia care currently estimated to be US$1 trillion globally and 

predicted to double by 2030 the dearth of effective AD treatments demonstrates the urgent 

need for a greater understanding of the aetiology of this disease (Gauthier   et al.,   2021  ).
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1.1.2 Alzheimer’s Disease symptoms

Early AD symptoms include declarative and spatial memory problems, language 

processing and speech problems and neuropsychiatric issues such as depression and anxiety 

(Alzheimer's Research UK). As the disease progresses these problems become more 

pronounced, with patients becoming unable to recognise familiar places or people, having 

difficulty sleeping, problems with physical tasks such as walking and swallowing food 

(Alzheimer's Research UK). AD patients may also experience hallucinations and suffer from 

paranoia and seizures (Alzheimer's Research UK). Ultimately AD sufferers become unable to 

care for themselves and eventually the disease causes them to die (Alzheimer's Research UK). In

summary, AD is a profoundly debilitating and ultimately fatal disease.

  

1.2.3 Alzheimer’s Disease Pathology

The brains of AD patients undergo progressive neuronal loss in a stereotyped pattern, 

with detectable atrophy starting before symptom onset in the entorhinal and hippocampal 

regions (Bobinksi   et al.,   2000).   Around two years later this starts to progress through the brain 

in a temporal-frontal sensorimotor sequence, sparing primary visual, sensorimotor, and frontal 

regions until late in the disease course (Bobinksi   et al.,   2000; Thompson   et al  ., 2003  ). 

  

1.2.4 Neurofibrillary tangles progress through the brain in a stepwise manner in Alzheimer’s 

Disease

In 1906 Alois Alzheimer identified the two types of insoluble protein aggregates that 
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characterise the AD brain - intracellular neurofibrillary tangles (NFTs) and extracellular senile 

plaques (Hippius & Neundörfer 2003). The spreading pattern of neuronal pathology from 

entorhinal through to neocortical regions is also reflected in the deposition of NFTs which have 

been found to be composed primarily of paired helical filaments of hyperphosphorylated tau 

(Braak & Braak, 1991; Hardy & Selkoe, 2002; Kidd 1963; Stoothoff & Johnson 2005). In the 

healthy brain tau’s function is as a microtubule binding protein but the excessive 

phosphorylation of tau seen in AD causes it to dissociate from microtubules and to form toxic 

aggregates (Kidd, 1963; Stoothoff & Johnson, 2005). The degree of spread of tau pathology 

along this axis is correlated with measures of cognitive decline and as such is used to define 

disease progression as described through Braak staging (Terry   et al  ., 1991; Braak & Braak, 1997  ) 

(Figure 1.2).

  

  

Figure 1.2: (Vogel   et  al.  , 2020)   
Hyperposphorylated tau spreads in a stereotyped 
manner through the brain. [18F]-flortaucipir tau-PET 
baseline scans show tau spreading pattern of tau, 
represented from top to bottom by Braak stages I, II, V 
and VI as described by Braak & Braak (1997). Warmer 
colours on the scale represent higher tau-positivity across 
the population. 

  
1.2.5 Amyloid dysregulation is the earliest molecular 

hallmark of Alzheimer’s Disease

Tau hyperphosphorylation and 

tangle formation is preceded by accumulation of senile 
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plaques which are primarily composed of β amyloid (Aβ) peptides derived from sequential 

cleavage of amyloid precursor protein (APP) (Hsiao   et al  ., 1996  ; Hardy and Selkoe, 2002) (  Figure   

1.3  )  . APP is a type I integral transmembrane glycoprotein (Gralle & Ferreira, 2007). Of the three 

main APP isoforms, APP695 is an isoform consisting of 695 amino acids (aa) that makes up the 

majority of neuronal APP (Del Turco   et al.  , 2016  ). APP751 and APP770 consist of 751 and 770 

amino acids respectively and make up the majority of glial APP (Moreno-Flores   et al  ., 2003  ; 

Premkumar & Kalaria, 1996).

  

Figure 1.3: Processing of the transmembrane protein APP (Pajak   et al  ., 2016  ). Processing 
of the transmembrane protein APP involves sequential cleavage by β- or ɑ-secretase within the 
lumenal domain generating either β- or ɑ-C-terminal fragments respectively (Kojro & 
Fahrenholz, 2005). These are then subsequently cleaved by γ-secretase to produce either Aβ or 
p3 peptides respectively, which are released from the membrane into the extracellular space 
(Kojro & Fahrenholz, 2005). The latter process involving ɑ-secretase and producing soluble 
APPɑ, p3 and the APP intracellular domain (AICD) is considered non-amyloidogenic (Kojro & 
Fahrenholz, 2005). The former process involving β-secretase and producing Aβ isoforms ranging 
from 38-43 amino acid (aa), soluble APPβ and AICD is considered the amyloidogenic APP 
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processing pathway (Golde   et al  ., 1992  ). 
  

Most Aβ peptides produced via the amyloidogenic pathway are the 40aa Aβ1-40 but ~10% are the

42aa peptide Aβ1-42, which is highly hydrophobic and aggregation prone (Jarrett   et al.  , 1993  ). Aβ 

aggregates form oligomers (AβO) of 10 – 200 kDa or insoluble Aβ fibrils found in the senile 

plaques characteristic of AD brains (Burdick   et al  ., 1992;   Walsh   et al.  , 2002  ). It has been shown 

that the ratio of Aβ1-42 / Aβ1-40 more strongly correlates with AD pathology than total Aβ1-42 

suggesting an interaction between these that is perturbed in the disease (Spies   et al  ., 2010;   

Lewczuk   et al  ., 2017; Hansson   et al  ., 2019  ). Evidence suggests that the increase in Aβ levels seen

early in the disease course may in fact trigger tau pathology in AD. For example, in a 3D in vitro 

human neural cell culture system elevated Aβ levels were found to be sufficient to induce tau 

pathology (Choi   et al  ., 2014  ). It has also been shown that in human tau transgenic mice the 

injection of Aβ fibrils accelerates tau pathology (Bolmont   et al.  , 2007  ). Furthermore, in 

transgenic mice carrying both tau and APP-related genes with mutations that promote 

aggregation Aβ pathology is unchanged by the addition of mutant tau despite exaggerated tau 

pathology when Aβ production is enhanced (Gotz   et al  ., 2001  ).

  

1.2.6 Alzheimer’s Disease genetics

Around 95% of AD cases are sporadic and late onset with symptoms typically appearing 

over the age of 65 (van der Flier & Scheltens, 2005). Sporadic late onset AD (LOAD) is believed 

to be the result of biological, environmental, genetic and epigenetic factors. The biggest risk 

factor for sporadic AD is age with AD affecting 3 % of 65 - 75 year olds, 17 % of 75 - 85 year olds,

and 32 % of people over the age of 84 (Alzheimer’s Association, 2019). There are however a 
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number of gene variants that have been identified as risk factors. The greatest genetic risk 

factor in LOAD is the ε4 gene variant of the ApoE gene (Belloy   et al  ., 201  9). ApoE is a major lipid 

carrier in the brain and is involved in Aβ processing (Fagan   et al.,   2002  ). Other risk genes include

coding variants of Myeloid cell surface antigen CD33 (CD33) and the Triggering receptor 

expressed on myeloid cells 2 (TREM2) which are expressed in the microglial immune cells of the 

brain indicating the importance of these cells in modifying or potentially initiating AD (Bertram 

et al  ., 2008  ; Guerreiro   et al.  , 2013  ; Jonsson   et al.  , 2013  ; Parhizkar   et al.  , 2019  ). Other genes 

involved in the trafficking and processing of APP have been shown to be risk loci such as Sortilin-

related receptor LR11/SorLA (SORL1), Phosphatidylinositol-binding clathrin assembly protein 

(PICALM), and Clusterin (CLU) (Harold   et al  ., 2009  ; Holstege   et al.  , 2017  ). Some gene variants 

have also been identified as protective in AD such as a the ε2 variant of the ApoE gene and the 

APP with the mutation A673T (Corder   et al  ., 1994;   Jonsson   et al  ., 2012  ). A rare variant of the 

GTPase Ras-related protein Rab-10 (RAB10 rs142787485) has also been identified as protective 

in AD (Ridge   et al.  , 2017  ; Tavana   et al.  , 2019  ). In contrast to LOAD, Early onset AD (EOAD) begins 

before the age of 65 and within this subpopulation there are familial forms of AD caused by 

autosomal dominant alleles of mutated genes including APP and genes associated with APP 

processing such as the γ-secretase subunits presenilin 1 (PSEN1) and presenilin 2 (PSEN2) 

(Bettens   et al  ., 2010  ; Levy-Lahad   et al.  , 1995  ).  

  

1.2.7 Amyloid Cascade Hypothesis

The identification of causative mutations within the amyloid pathway and the observed 

presymptomatic accumulation of soluble and aggregated insoluble Aβ peptides within the 
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brains of Alzheimer’s patients lead to the development of the Amyloid Cascade hypothesis 

(Hardy & Higgins, 1992). This hypothesis proposes that in AD APP processing is dysregulated 

and a greater ratio of the aggregation-prone 42 amino acid peptide Aβ1-42 is produced relative to

the 40 amino acid peptide Aβ1-40. These 

amyloid species begin to accumulate and 

aggregate, causing a cascade of events that 

lead to progressive neuritic and neuronal 

dysfunction, cell death and dementia 

(Figure 1.4).

  
Figure  1.4:  Amyloid cascade  hypothesis
(Hardy  &  Selkoe, 2002).  This  cascade  of
events  that  lead  to AD  pathology  in  people
with EOAD genes was laid  out  by  Hardy  and
Higgins  in  1992  who proposed  that
fundamentally  the dysregulation of APP and
consequent  changes to  amyloid  production
were  the  root  cause of  the  disease.  The
curved  arrow highlights  Aβ  oligomer
production as  key  to synaptic  and  neuritic
injury of neurons.

  

Since its inception the validity of Selkoe and

Hardy’s Amyloid cascade hypothesis has 

been called in to question due to the 

failure of several large clinical trials developing therapeutics that target APP processing and Aβ 

accumulation (Tolar   et al  ., 2020  ) Further confounding evidence is that of the discovery of 

cognitively normal people with extensive amyloid plaque deposition (Price & Morris, 1999). 
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Furthermore, total plaque load is only poorly correlated at best with cognitive decline and 

synaptic pathology (Blennow   et al  ., 1996; Nelson   et al  ., 2012  ). However, many studies have 

demonstrated that Aβ oligomers and soluble forms of Aβ (Aβ-derived diffusible ligands), that 

accumulate prior to the larger fibrillar assemblies first identified as characteristic of the disease 

by Alois Alzheimer may be at the root of synaptic toxicity (Roher, Ball et al., 1991; Roher, Palmer 

et al.,   1991; Lambert   et al;   1998  ). Indeed, both synthetic and naturally secreted Aβ oligomers 

have been shown to disrupt synaptic and cognitive function in animal models of AD (Cline   et al.  ,   

2018; Lambert   et al.  , 1998; Cleary   et al.  , 2005  ; Lesne   et al.  , 2006; Shankar   et al.  , 2008  ; Lesne   et   

al  ., 2013; Esparza   et al  ., 2013; Perez-Nievas   et al.  , 2013  ). 

  

However, despite the poor correlation of Aβ load with cognitive decline relative to the NFTs, it is

believed that by the time tau hyperphosphorylation and tangle formation has been initiated it is

too late in the disease course to effectively intervene. Therefore, a greater understanding of the 

early stages of the disease is needed for effective intervention during this therapeutic window.

  

1.2.8 Synapse loss is the earliest structural change in AD

The earliest structural correlate of cognitive decline in AD is that of the loss of synapses 

which also precedes NFT formation (DeKowsky   et al.,   1990; Terry   et al  ., 1991; Blennow   et al.,     

1996; DeKowsky   et al.,   1996  ; Wilde   et al.,   2016  ). At the subcellular level synapses serve as the 

functional units of learning and memory in the brain. It is no surprise therefore that the 

progressive loss of synapses in AD is correlated with a decline in cognitive function as measured 

by the Blessed Information-Memory-Concentration (IMC) Test, the Mini mental State Exam 
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(MME), and the total Dementia Rating Scale (DRS) (DeKosky & Scheff, 1990; Terry   et al.  , 1991  ) 

(Figure 1.5).

Figure 1.5: Synaptic loss is correlated 
with performance on a number of tests of 
cognitive function used to quantify disease 
progression in AD patients. The optical density 
(C.O.D.) of midfrontal brain slices from 
AD patients was immunostained with an 
antibody raised against the synaptic marker 
synaptophysin to quantify synapses. Synaptic 
loss was negatively correlated with cogntive 
function as measured by A) the Blessed 
Infomation- Memory-Concentration (IMC)
Test, B) the Mini mental State Exam (MME), C)
and the total Dementia Rating Scale (DRS).

  

Ultrastructural analyses in biopsies of AD 

patients revealed a 15-35% (depending on the 

cortical layer studied) reduction in the 

number of synapses per neuron in AD 

brain tissue (DeKosky   et al  ., 1996;   

Moolman   et al  .,  2004). Mild Cognitive 

Impairment (MCI) precedes a number of 

different types of dementia and patients with 

this condition were found to have 18-25% 

less hippocampal synapses than healthy 

controls, which rose to 45-55% in patients 

who finally developed AD (Scheff   et al  ., 2006  ). Furthermore, reduction in levels of proteins 
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important for synaptic function such as synaptophysin, SNAP-25, synapsin 1, synaptobrevin and 

drebrin were found to be reduced in patients with MCI and early AD (Masliah   et al.  , 2001  ). 

  

Collectively, these findings indicate that synaptic loss and dysfunction are early events in the 

course of AD pathology which has led to some describing AD as primarily an example of a 

synaptopathy and to call for future therapeutic interventions that target this aspect of the 

disease (Pozueta   et al.  , 2013  ).

  

  

1.2.9 Dysregulation of dendritic spines is seen in models of AD

A variety of methods are used to simulate AD in model systems ranging from exogenous 

application of Aβ and tau to cells and brain slices, to the generation of transgenic animals 

expressing EOAD-linked genes. The intrinsic link between the morphology and density of 

dendritic spines and synaptic strength and therefore learning and memory has naturally led to 

extensive investigation into the biochemical underpinning of these spine changes using these 

model systems. 

  

In organotypic rat brain slices exposure to oligomeric Aβ induces NMDAR-dependent spine loss 

suggested to be due to activation of LTD-related processes (Hsieh   et al  ., 2006  ; Shrestha   et al  .,   

2006; Shankar   et al  ., 2007  ;). Spine loss is also seen in vivo following injection of soluble Aβ into 

the brains of wild type (WT) mice (Arbel-Ornath   et al.  , 2017  ). 
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The first mouse model of AD was the PDAPP mouse line generated by Games and colleagues 

(1995) by engineering a mouse that overexpresses human APP (>10fold murine APP expression)

with the Indiana mutation (V17F) (Murrell   et al.  , 1991)   using a neuron-specific promoter 

(PDGF). These mice develop AD-like pathology with many characteristic phenotypes such as Aβ 

deposits, neuritic plaques, loss of dendritic spines and synapses, astrocytosis and microgliosis 

(Games   et al.  , 1995  ). Since then, many mouse models have been produced utilising the FAD-

linked mutations that led to EOAD in humans. Analysis of spine structure in these models has 

highlighted dysregulation of synapses and spines as a key feature of the Aβ-induced pathology. 

In the PDAPP mouse significant spine loss is seen even before a detectable increase in Aβ levels 

(Lanz   et al.,   2003  ). Another example is that of the TG2576 mouse model which overexpresses 

human APP with the Swedish double mutation (K670N/M671L) (Mullan   et al.,   1992  ) and these 

mice also have reduced spine density relative to controls, particularly proximal to Aβ plaques 

(Mucke   et al  ., 2000;   Lanz   et al  ., 2003;   Wu   et al.  , 2004;   Jacobsen   et al.  , 2006; Spires   et al.,   2005  ). 

Another well studied mouse model of AD is the J20 mouse produced by Mucke and colleagues 

(2000). This mouse overexpresses APP with both the Indiana and Swedish mutations and also 

exhibits marked spine loss in hippocampal neurons (Moolman   et al  ., 2004  ) Importantly, all of 

these mouse models develop reduced cognitive function and memory deficits (Hsiao   et al  .,   

1996, Mucke   et al  ., 2000  , Chen   et al.  , 2000  ). Furthermore, these memory deficits occur prior to 

plaque formation and even in mice overexpressing APP with a mutation that renders the Aβ 

peptide produced able to form soluble oligomers but unable to form plaques (Hsiao   et al  ., 1996,  

Mucke   et al.  , 2000, Chen   et al.,   2000,   Gerlai   et al  ., 2002; Gandy   et al.,   2010  ). These findings 

therefore also provide further support for the notion that oligomers are the primary toxic 
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species in AD.  

  

1.2.10 LIM Kinase and cofilin are dysregulated in Alzheimer’s Disease and its models

Given the importance of the actin cytoskeleton in synaptic plasticity it is unsurprising 

that dysregulation of actin-related proteins such as cofilin and LIMK1 has been reported widely 

in a number of brain disorders. These include Williams syndrome (Hoogenraad   et al.  , 2004  ), 

drug  addiction (Rothenfluh & Cowan, 2013), autism  spectrum  disorder (Duffney   et al  ., 2015  ; 

Sungur   et al.,   2018  ) and indeed neurodegenerative diseases including AD ( (Liu   et al.  , 2019  ).

  

However, the results of investigations into the role of cofilin and LIMK1 in AD and its models 

have produced conflicting results (Table 1.1). 

  

Study Method Outcome

Maloney   et al.,   2005  Primary neuronal cultures 
treated with Aβ1–42

Increased 
phosphorylation/deactivation 
of cofilin and cofilin rod 
formation

Heredia   et al.  , 2006  20 uM synthetic fibrillar Aβ1-40 
applied for 24 h to primary 
hippocampal neuronal cultures

Immunofluorescence in human 
AD entorhinal cortex

FAB increased phosphorylated 
cofilin (pCofilin) and 
phosphorylated LIMK (pLIMK). 
Inhibition of LIMK reduced 
neuritic loss following fibrillar 
Aβ treatment.
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pLIMK was increased proximal 
to areas of high pathology 
(increased Aβ and 
hyperphosphorylated tau 
staining or lesions )

Shankar   et al  ., 200  7 Cell derived (naturally secreted)
Aβ oligomers (10 day chronic) 
applied to organotypic rat 
hippocampal slices

Neurons transfected with a 
plasmid containing 
phosphomimetic (inactive) 
cofilin reduced the spine loss 
seen when Aβ oligomers were 
applied. Calcineurin (activates 
SSH-1L which 
dephosphorylates and activates
cofilin) was shown to be 
involved in this pathway.

Davis   et al  ., 2011  ~250 pM Synthetic Aβ trimers 
and dimers applied to primary 
neuronal cultures and 
organotypic hippocampal slices 
from rat pups

Increased pCofilin and cofilin 
rod formation.

Adenoviral expression of WT or
constitutively active LIMK 
reduced rod formation 
following Aβ application and 
expression of the phosphatases
SSH-1L and CIN increased rod 
formation.

Mendoza-Naranjo   et al  ., 2012  Primary neuronal cultures 
treated with fibrillar Aβ

Increased LIMK 
phosphorylation despite 
decreased cofilin 
phosphorylation. Fibrillar Aβ 
induced changes to actin 
dynamics prevented by 
overexpression of SSH1

Woo   et al.  , 2012   APP/PS1 mice Increased cofilin 
phosphorylation/deactivation

Barone   et al  ., 2014     Human AD brain, APP/PS1 
mice, normal ageing in WT 
mice, mouse primary cortical 
neurons, and mouse embryonic
fibroblasts (MEF)

pCofilin (inactive) levels 
positively correlated with AD 
pathology. Increase in SSH-1L 
phosphorylation and no change
in total LIMK or pLIMK levels.  
Gamma secretase KO in MEF 
reduced cofilin phosphorylation
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and SSH-1 phosphorylation 
with no effect on total or 
phosphorylated LIMK levels.

Sun   et al.  , 2015  APP/PS1 mice and AD brain Identified an increase in cofilin-
2 as an AD biomarker.

Woo   et al  ., 2015  1 uM Aβ1-42 oligomers for 2h in 
hippocampus derived HT22 
cells and in primary cultured 
hippocampal neurons.

APP/PS1 RanBP9+/- mouse line 
generated.

Cofilin activation 
(dephosphorylation) is 
promoted by up-regulation of 
SSH-1 activity downstream of 
RanBP9. RanBp9 is increased 
fourfold in APP/PS1 mice 
relative to WT controls.

Rescue of synaptic and memory
loss in transgenic mice.

Deng   et al  ., 2016  5 x FAD mouse model Inhibition of cofilin 
dephosphorylation 
(competitive inhibition for 
phosphatases by use of peptide
fragment of cofilin containing 
phosphorylation site) improved
surface expression of AMPARs 
and NMDARs and cognitive 
deficits.

Henderson   et al.,   2016  250 nM synthetic Aβ42 
oligomers for 6 h in primary 
neuronal cultures

LIMK phosphorylation 
increased.

Rush   et al.  ,2018  100 nm synthetic Aβ oligomers

APP/PS1 mice

Human AD

Elevated pCofilin in post-
synapse enriched 
synaptosomes from human and
APP/PS1 mice.

Increased pCofilin and actin 
stabilisation following Aβ 
oligomer application. A ROCK 
inhibitor (Fasudil) rescued this 
effect and prevented Aβ 
blocking of Glutamate receptor 
A1 insertion at the PSD

Liu   et al  ., 2019  APP751 expressing Chinese 
Hamster Ovary 7wd10 cell line 

Adenoviral knock down of 
cofilin in both cell lines reduced
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and primary neuronal cultures

APP/PS1:cofilin+/-mice

Aβ accumulation by increasing 
surface APP. Expression of 
phosphonull (active) and not 
phosphomimetic (inactive) 
cofilin reduced this effect.

In the transgenic mouse, Aβ 
deposition was reduced in the 
cofilin knock down mice 
relative to APP/PS1 mice. 
Furthermore, microglia isolated
from cofilin KD mice were more
efficient at clearing Aβ.

Henderson   et al.  , 2019  Primary neuronal cultures 
500nM synthetic Aβ1-42 

oligomers for 6 h at DIV14

6 month J20 mice

LIMK1 inhibition rendered 
dendritic spines resilient to 
Aβ42 oligomers and rescued 
hippocampal spine loss and 
morphologic aberrations in J20 
mice. J20 mice have increased 
pLimK in the hippocampus.

Sun   et al.,   2019  AD patient serum Cofilin-2 levels and score in 
cognitive decline negatively 
correlated.

Table 1.1: Investigations into the role of cofilin and LIMK1 in AD and its models
  

This may be due to the complex and multiphasic role of cofilin in synaptic plasticity or perhaps 

due to its involvement in other aspects of neuronal function. Processes which cofilin has been 

implicated in include microtubule binding, mitochondrial morphology and function (and 

oxidative stress (Klamt et al., 2009; Rehklau   et al.  , 2017; Hoffman   et al.  , 2019; Woo   et al.,   2019  ).

AD pathology has also been shown to affect cofilin’s role in these processes outside of 

cytoskeletal maintenance. In AD mouse models cofilin has been shown to be targeted to 

mitochondria where it mediates cytochrome C release and subsequent apoptosis (Woo   et al.  ,   

2012; Roh   et al  ., 2013  ). Furthermore, as in many other neurodegenerative conditions, in AD 
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active/dephosphorylated cofilin forms rod shaped bundles in a 1:1 ratio with actin called cofilin 

rods (Minamide   et al  ., 2000  ; Maloney   et al.  , 2005  ; Davis   et al  ., 2011  ; Walsh   et al.  , 2014  ). The 

recruitment of cofilin into these inclusions also impairs neuronal function through loss of 

function and gain of toxic function pathways (Bamburg & Bernstein, 2016).

  

Another factor in the heterogeneity of results may be the variety of techniques used. There are 

various methods for probing human tissue and different studies may investigate different brain 

regions. Furthermore, no AD model is able to replicate all aspects of the disease and as such the

strategy for modelling must be considered carefully to assess its physiological relevance. It is 

believed that the most appropriate window for therapeutic intervention is the prodromal stage 

of AD in which Aβ levels and synaptic dysfunction begin to increase prior to symptom onset 

(Masliah   et al.  , 2001; Hardy & Selkoe, 2002; Scheff   et al  ., 2006  ). As such, various methods are 

employed to artificially increase Aβ levels in model systems. These include expression of APP 

with FAD-linked mutations and application of naturally secreted or synthetically derived Aβ (Pike

et al.  , 1993; Millucci   et al.  , 2010  ). In cell models the method for introducing these APP genes 

can also vary. For example, lentiviral transduction or transfection can be used to simply 

overexpress the gene, or the endogenous gene can be knocked down and replaced with a 

mutant. These cells may be primary neuronal cultures or iPSC-derived. In both cell and animal 

models there can be differences in insert site and copy number of a gene. When applying Aβ 

monomeric or oligomeric may be chosen, however, the propensity of Aβ to spontaneously 

aggregate under various conditions can make it difficult to ensure a homogeneously monomeric

pool (Lambert   et al.  , 1998; Podlisny   et al  ., 1998  ; Walsh   et al.,   2001;   Stine   et al.  , 2003; Bitan   et   
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al.  , 2005; ,Hepler   et al.  , 2006; Nag   et al  ., 2011  ). The protocol used to produce these can also 

vary (Jiminez   et al  ., 2014  ). These can be applied to cell models at a variety of time points, 

concentrations and for varying durations. They can also be injected into the brains of animal 

models but again, alongside region-specific effects the above factors can influence results.

  

In summary, although LIMK1 and cofilin signalling has been demonstrated to be perturbed in 

AD, there is a lack of consensus around the ways in which they are affected. This may be due in 

part to the heterogeneity of approaches to modelling AD and therefore a carefully considered 

and multi-faceted approach is necessary in future investigations.

   

1.3 Local translational control at the synapse by miRNA

1.3.1 Localised translation occurs at the synapse

The size, complex morphology and functional compartmentalisation of neuronal cells 

necessitates mechanisms for highly localised coordination of cellular processes. Intracellular 

signals must also be transmitted along great distances as neurons are the largest known cells in 

the body, reaching lengths of meters in some animals. One such mechanism for overcoming 

these challenges is localised translation of messenger RNAs (mRNAs). Local translation of 

subregion specific proteins allows spatiotemporal control of localised proteomes in response to 

inter- and intra- cellular signals. mRNA localisation to nerve terminals was first hypothesised in 

the 60s following studies in which localised protein synthesis within synapses was demonstrated

using metabolic labelling in isolated synaptosomes (Autilio   et al  ., 1968  ) This process and 

underlying pathways have been well researched since and in fact RNAseq studies have 

53



estimated that around 2500 mRNAs are enriched in hippocampal dendrites and axons ready for 

rapid local expression (Cajigas   et al  ., 2012  ).

  

1.3.2 mRNA is transported to dendritic spines

The processing of mRNA is initiated the moment it is transcribed and is coordinated by 

many mRNA-binding proteins (mRBPs). The first step of mRNA trafficking is binding of mRNA by 

specialised trans-acting RBPs that interact with regions usually within the 3’ untranslated region 

(UTR) of the mRNA. These cis-acting elements play a role in determining the destination of 

trafficked mRNA (Kislauskis and Singer, 1992). Depending on whether mRNAs are transported 

singly or as part of a cluster in an RNA granule, this trafficking of assembled mRBPs can be 

performed through interactions with molecular chaperones, adaptor proteins and motor 

proteins which translocate them in a microtubule-dependent manner (Krichevsky & Kosik, 2001;

Batish   et al.,   2012; Xing & Bassell, 2013; Buchan, 2014  ). Ribosomes present in both pre- and 

post- synaptic terminals and in axons facilitate translation of these distal mRNAs (Shigeoka   et al.,  

2016; Hafner   et al  ., 2019  ). Poly-ribosomes have also been shown to migrate into dendritic 

spines during LTD (Ostroff et al., 2002). Cue-dependent local translation has been demonstrated

to be important in a number of neuronal processes such as in developing growth cones and 

synaptic signalling, and interruption of this process is associated with neuropathologies such as 

Amylotrophic Lateral Sclerosis, Spinal Muscular Atrophy and Fragile X Syndrome (Zhang & Poo, 

2002; Taylor   et al  ., 2013  ; Thelen & Kye, 2020; Sasaki   et al.,   2020  ).

  

1.3.3 mRNAs are subject to regulation by microRNAs
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These trafficked mRNAs are also subject to localised epigenetic regulation. MicroRNAs 

(miRNAs) are small non-coding RNAs that each target a specific range of mRNAs for RNA-

induced silencing (Figure 1.6) (Friedman   et al  ., 2009  ). These regulatory RNAs are ~22nt in length

and contain a seed sequence, partially or completely complementary to a number of target 

mRNAs, usually within their 3’ UTR (Meister, 2013). It is through this complementarity that 

miRNAs are able to guide a RNA-induced silencing complex (RISC) to specific mRNA targets in 

order to selectively suppress protein expression either via transient inhibition of the translation 

process or direct cleavage of the mRNA itself (Horman   et al  ., 2014  ). 

  

  

Figure 1.6: Biogenesis of miRNA (Chuang & Jones, 2007). Biogenesis of miRNAs begins in the 
nucleus where primary miRNA (pri-miRNA) of several thousand bases in length is transcribed by 
RNA polymerase II (Lee   et al  ., 2004  ). This is recognised and cut by a Drosha-containing complex 
called the Microprocessor to produce stem-loop precursor miRNA (pre-miRNA) of ~70 
nucleotides in length (Lee   et al  ., 2002  ). This pre-miRNA can be transported out of the nucleus 
and into the cytoplasm by Exportin 5 where it is cleaved a final time by Dicer to produce mature
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miRNA duplexes (Yi   et al  ., 2003  ). With the assistance of Dicer and a Heat shock cognate 70/ 
Heat shock protein 90 (Hsc70/Hsp90) chaperone machinery, miRNA is loaded into an Argonaute
protein (AGO) - a vital component of the RISC (Kobayashi & Tomari, 2016). One strand of the 
miRNA duplex is then degraded to enable it to bind with partial or complete complementarity 
to its target mRNA (Meister, 2013). Other RISC components include GW182, Pumilio2 (Pum2) 
and Moloney leukemia virus (MOV10) and are key for silencing of targeted mRNA (Du and 
Zamore, 2005).

  

1.3.4 miRNA and RISC machinery are present in the synapse

The mammalian brain uniquely expresses more miRNAs than any other tissue (Landgraf 

et al  ., 2007  ). These miRNAs are differentially distributed across brain regions and a large 

number have been found to be enriched specifically at dendrites and at synapses (Pichardo-

Casas   et al  ., 2012  ; Hu & Li, 2017) This indicates specialisation of miRNA function from the levels 

of tissue and brain region through to cellular sub-compartment. 

  

If local translation requires active transport of specific mRNAs to target regions it follows that 

the miRNA must also be transported to its mRNA targets. Though miRNA targeting has long 

been known to be present and essential for cell function the mechanisms for miRNA transport 

are less well understood (Meister, 2013; Sheu-Gruttadauria & MacRae, 2017; Daugaard & 

Hansen, 2017). mRNA transport molecules were contained in fractions in which pri-miRNAs and 

the Microprocesser proteins Drosha and DiGeorge syndrome critical region 8 (DGCR8) were 

found to be enriched and cytosolic Drosha is known to be associated with the kinesin heavy 

chain suggesting that miRNA precursors may be transported in a similar manner to mRNAs 

(Lugli   et al.,   2012  ). Furthermore, Fragile Mental Retardation Protein (FMRP) is known for its role 

coordinating local protein translation and has been found bound to several brain-enriched 
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miRNAs (Edbauer   et al  ., 2010  ). One defined miRNA transport mechanism is that of miR-134. The

DEAH-box helicase DHX-36 has been shown to interact with the terminal loop of pre-miR-134 to

mediate its transport to dendrites and this interaction is necessary for target silencing and 

downstream effects (Bicker   et al  ., 2013  ). 

  

The presence of Drosha and DGCR8 proteins that comprise the microprocesser responsible for 

processing pri-mRNAs has been shown in synaptic fractions and isolated PSDs tightly associated 

with pre-miRNAs (Lugli   et al  ., 2012  ). Furthermore, Dicer has been found to be present in 

synapses and, unlike mature miRNAs and the RISC which are predominantly located in the 

soluble compartment, it is strongly localised to the PSD where it acts as a scaffold for biogenesis

of mature miRNAs in dendritic spines (Lugli   et al  ., 2005, 2008  ). This also indicates that, as with 

pre-miR-134, miRNA arrives at its target destination in its precursor form before being 

processed to produce mature miRNAs for loading into the RISC.   

  

1.3.5 AGO proteins

Roles for miRNA-mediated silencing have been identified in a wide range of fundamental

cellular processes, including homeostasis, differentiation and proliferation (Aalto & Pasquinelli, 

2012; Sheu-Gruttadauria & MacRae, 2017). The core RISC component and key protein effector 

element in siRNA-mediated gene regulation is the Argonaute protein family. In humans the 

Argonaute family of proteins consists of four argonaute (AGO) proteins and four P-element 

Induced WImpy testis (PIWI) proteins. These proteins and their homologs are present in almost 

all eukaryotes, bacteria and archaea (Tolia & Joshua-Tor, 2007) and are highly conserved 
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structurally and functionally despite low sequence homology (Swarts   et al  ., 2014; Olina   et al.  ,   

2018) (Figure 1.7).

  

Figure 1.7: AGO structure. AGO proteins structurally consist of two lobes joined by a 
hinge region. The first of these lobes is comprised of the N-terminal and Piwi-Argonaute-Zwille 
(PAZ) domains and the second of the middle (MID) and PIWI domains (Swarts   et al  ., 2014;   
Parker, 2010) The hinge region connecting these two lobes is made up of Linker 1 (L1) and Linker
2 (L2) (Swarts et al., 2014). Conformational change following small RNA binding is co ordinated 
via this hinging region. The 3’ end of miRNA binds with the PAZ domain and the 5’ end into the 
MID domain.

  

1.3.6 Loading miRNA into AGO

In most cases, to guide RNA-silencing machinery to target specific miRNA targets the 

appropriate miRNA must be loaded into AGO. Hsc70/Hsp90 chaperone machinery are required 

for ATP-dependent loading of RNA duplexes into AGO (Iwasaki   et al  ., 2010  ). Transactivating 

response RNA-binding protein (TRBP) is also necessary for loading miRNA in its double-stranded

form into Ago and acts as as an asymmetry sensor to locate and select the guide strand of the 

miRNA to be retained (Noland et al., 2011). This selection process has been suggested to be a 

mechanism through which the activity of small RNA subtypes may be regulated as different AGO

proteins preferentially bind to particular subpopulations of miRNAs (Czech & Hannon, 2011).

  

AGO is able to directly bind small RNA, anchoring the 3’ end into a binding pocket located on 

the PAZ domain (Jung   et al  ., 2013  ) and the 5’ end into another on the MID domain, facilitated 
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by a highly conserved tyrosine residue within its binding pocket (Jinek & Doudna, 2009; Boland     

et al  ., 2011  ). Insertion of the hydroxy ends of miRNA into the PAZ domain protects them from 

degradation (Tian   et al.  , 2011; Park   et al.  , 2017  ) The N-terminal domain is also required for 

loading and helps to unwind the RNA duplex (Meister, 2013). Conformational changes in AGO 

cause the N-terminal domain to wedge between the strands of the RNA duplex, causing it to 

open up (Meister, 2013). AGO2 bears similarities to RNAse H in that its PIWI domain has several 

highly conserved amino acids that form a slicer activity centre along with a Mg2+ cation and an 

unstructured loop within the N-terminal domain which is able to slice mRNA when there is 

100% miRNA:mRNA complementarity (Jinek & Doudna, 2009; Nakanishi   et al  ., 2012; Wilkomm   

et al  ., 2017  ). In mammals the only AGO protein with this slicer activity centre is AGO2, however,

AGO3 has also been shown to be able to cleave mRNA by an alternative mechanism (Liu   et al  .,   

2004;Park   et al  ., 2017  ). The other AGO proteins are not catalytically active and can therefore 

take longer to remove the passenger strand. C3PO (also known as translin) is another 

endonuclease that removes the passenger strand once it has been nicked, leaving the single 

guide strand loaded into the complex and able to base pair with its targets. (Ye   et al.,   2011; Liu   

et al.,   2009  ).

  

1.3.7 AGO target recognition and translational down-regulation

AGO scans mRNA targets by diffusing laterally along it, assisted by loose protein-nucleic 

acid interactions, and is able to bypass secondary RNA structures and protein barriers to achieve

this (Cui   et al  ., 2019  ). AGO proteins do not directly interact with mRNA and the binding of 

miRNA alone is insufficient for stable association of mRNA with the miRISC (Cui   et al  ., 2019  ). 
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Translational silencing is dependent therefore on the other components of the RISC. The GW182

protein family is so named for the presence of many glycine-tryptophan repeat regions through 

which it binds to AGO proteins (Zhang   et al  ., 2018  ). When AGO is bound to miRNA its affinity for

GW182 is enhanced and the latter is able to act as a flexible scaffold for the RISC, recruiting 

other RNA binding proteins (Jonas & Elisa Izaurralde, 2015). These downstream effectors can 

inhibit mRNA translation in a number of ways. In some cases polyadenylate-binding protein 

(PABPC) bound to GW182 recruits poly(A)-nuclease deadenylation complex subunit 2 (PAN2)–

PAN3 and carbon catabolite repressor protein 4 (CCR4)–NOT complexes (Behm-Ansmant   et al  .,   

2006; Chen   et al  ., 2009; Braun   et al  ., 2011; Chekulaeva   et al  ., 2011; Fabian   et al  ., 2011  ). These 

promote deadenylation of mRNA which in turn permits decapping by mRNA-decapping enzyme 

subunit 1 (DCP1)–DCP2 complex and finally degradation by the 5’ to 3’ exoribonuclease (XRN1) 

(Li   et al.  , 2011  ; Medina   et al  ., 2014  ). However, although mRNA degradation is believed the 

dominant mechanism for miRNA-mediated silencing at steady state in mammalian cells, mRNA 

is not always degraded by the RISC (Eichhorn   et al.  , 2014  ). Temporary inhibition can allow a 

pause in expression which is able to rapidly return upon release of mRNA to the translational 

pool (Schratt   et al  ., 2006;   Wakiyama et al., 2007; Mudashetty   et al  ., 2011  ;). 

  

1.3.8 RISC loading/binding partners

Other RISC proteins have been shown to participate indirectly in RNA-induced silencing. 

For example, Pum regulates E2F3 mRNA by binding to its 3’UTR, leading to an increase in the 

activity of a number of miRNAs that target it (Miles   et al  ., 2012;   van Kouwenhove   et al  ., 2011  ). 

Importin 8 (IPO8) and receptor or activated kinase 1 (RACK1) facilitate targeting of AGO to 
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specific mRNAs or to simply to sites of translation, respectively (Weinnman   et al  ., 2013;   Jannot 

et al., 2011). LIM domain containing proteins LIMD1, Ajuba and WTIP are necessary to stabilise 

the complex (James   et al.  , 2010  ).

  

1.3.9 Post translational modifications of AGO regulate function, localisation and stability

Post translational modifications of proteins allow another layer of regulation to fine tune

protein interactions and pathways (Seet   et al  ., 2006  ). Extensive post-translational modification 

of AGO2 has been demonstrated and shown to affect its miRNA activity, localisation and 
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stability (Meister, 2013; Gebert & Macrae, 2019) (  Figure 1.8  )  . 

Figure 1.8: Post-translational modifications of AGO (Gebert & Macrae, 2019). AGO2 
modifications include hydroxylation at Proline700 (P700) which increases AGO2 stability (Qi   et   
al  ., 2008  ), nitrosylation at Cysteine691 (C691) which disrupts miRNA activity by reducing AGO2 
association with GW182 (Seth   et al.  , 2019  ); ubiquitylation which reduces AGO2 stability and 
consequently represses miRNA activity (Bronevetsky   et al.  , 2013; Rybak   et al  ., 2009  ); Poly(ADP-
ribose)ylation (PARylation) which reduces miRNA activity (Seo   et al.  , 2013  ); sumoylation of 
Lysine402 (K402) which has been reported to affect AGO2 stability (Sahin   et al  ., 2014);   and 
acetylation at a number of lysine residues which was found to recruit the miR191b1 precursor 
to AGO2 (Zhang   et al.  , 2019  ). Phosphorylation of several residues has been attributed to various
functions including regulating miRNA loading and release, AGO localisation and association with
other RISC proteins.

  

1.3.10 AGO is regulated extensively by phosphorylation at number of residues 

One of the most basic and important mechanisms for regulating protein activity is 

phosphorylation. This is a reversible modification in which a phosphate group (PO4) is added to 

the polar group R of amino acids such as threonine, tyrosine or serine by a protein termed a 

kinase (Ardito   et al  ., 2017  ). The addition of a phosphate can lead to conformational changes in 

the protein and therefore changes in affinity and activity (Ardito   et al  ., 2017  ). AGO2 has a 

number of phosphorylation sites which have been implicated in its function and localisation 

(Figure 1.8). 

  

Multi-site sequential phosphorylation of four highly conserved residues in the AGO2 PIWI 

domain from Serine824 (S824) to Serine834 (S834) by Casein kinase 1 alpha 1 (CSNK1A1) is 

triggered when AGO binds to its target (Golden   et al  ., 2017  ). Phosphorylation at these sites 

leads to dissociation of the bound miRNA. These sites are then dephosphorylated by the 

Ankyrin repeat domain 52 (ANKRD52) – Protein phosphatase 6 (PPP6C) complex (Golden   et al  .,   
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2017). This cycle promotes dissociation of miRNA from the RISC to free the complex for binding 

to other miRNAs (Golden   et al  ., 2017)  . Global miRNA-mediated repression is inhibited if this 

process is stalled. Through this mechanism target binding may be self-limiting by causing a 

conformational change that exposes the CSNK1A1 binding site. The triggering of a dissociation 

process following target binding allows loaded miRNA to bind to and inhibit translation of 

multiple targets. The presence of silencing factors such as CCR4-NOT deadenylase complex and 

DEAD-Box Helicase 6 (DDX6) have also been suggested to assist in signalling silencing 

completion and in triggering phosphorylation of AGO at these sites to stimulate release of 

miRNA:AGO from its target (Golden   et al  ., 2017  ). 

  

Phosphorylation of AGO2 at Serine798 (S798) was found to eliminate localisation of processing 

bodies (P-bodies) and stress granules (cytoplasmic RNA granules which serve as sites of RNA 

processing) but surprisingly the reduction seen in RNA-induced silencing was only modest 

(Lopez-Orozco   et al.  , 2015  ). This suggests multiple coordinated mechanisms are responsible for 

translocation and function of AGO2. 

  

Phosphorylation of Tyrosine529 (Y529) within the AGO2 MID domain prevents binding 

efficiency of the 5’ end of miRNA due to the negative charge change which has been shown to 

be important for macrophage activation following parasite invasion (Rüdel   et al  ., 2011;   

Mazumder   et al.  , 2013  ). 

  

Mutation of a cluster of AGO2 phosphorylation sites from Tyrosine555 (Y555) to Serine561 
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(S561) (located on a loop proximal to the mRNA binding site) strongly impairs silencing activity 

and eliminated localisation to P bodies (Quévillon Huberdeau   et al.  , 2017  ) AGO2 Serine253 

(S253), Threonine303 (Tyrosine303) and Threonine307 (T307) are phosphorylation sites that lie 

within the PAZ domain (Rüdel   et al  ., 2011  ). When this site is mutated AGO2 is unable to bind 

miRNAs but can repress translation when artificially tethered to them (Rüdel   et al  ., 2011  ). 

  

Tyrosine393 (Y393) of the AGO2 L2 linker region is phosphorylated by the epidermal growth 

factor receptor (EGFR) following hypoxia (Shen   et al  ., 2013  ). This was found to reduce 

Dicer:AGO2 interaction and processing of precursor miRNAs to mature miRNAs (Shen   et al  .,   

2013). This study also demonstrated the importance of a long-loop structure in precursor 

miRNA in pY393-AGO2-mediated miRNA maturation (Shen   et al  ., 2013  ). Protein tyrosine 

phosphatase 1B (PTP1B) is also able to phosphorylate AGO2 Y393, which was also shown to 

inhibit loading of miRNAs (Yang   et al  ., 2014  ). 

  

In HeLa cells phosphorylation of Serine387 (S387) in the L2 linker region of AGO2 by Akt has 

been shown to act as a molecular switch between the two mechanisms through which AGO2 

can reduce target mRNA translation - direct cleavage of target mRNA and translational 

repression through association with other RISC proteins (Horman   et al.,   2014  ). AGO2 has been 

shown to be present in exosomes, used for intercellular communication (McKenzie   et al  ., 2016  ) 

Phosphorylation of S387 by mitogen-activated protein kinases (MEKs) I and II reduces this 

exosomal secretion of AGO2 (McKenzie   et al  ., 2016  ). Phosphorylation of S387 by p38 mitogen-

activated kinase (MAPK) has been associated with an increase in localisation of AGO2 to P-
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bodies (Lopez-Orozco et al; 2015; Zeng   et al  ., 2008  ) This is in accordance with previous work in 

the Hanley lab which demonstrated that in neurons induction of cLTD with NMDA led to Akt-

mediated phosphorylation at this site and not only an increase in association between AGO2 

and the RISC scaffold protein GW182 but to an increase in activity of miR-134 (Rajgor   et al.  ,   

2018). The variety of kinases found to phosphorylate and regulate AGO2 function and 

localisation at this site demonstrates that AGO2 is under the influence of a number of different 

pathways and underlines its importance in RNA-induced silencing.

  

Collectively, these data show the importance and complexity of post-translational modification 

of AGO2, particularly phosphorylation. However, most of our understanding of AGO2 

phosphorylation comes from studies using cell lines such as HEK293 or HeLa cells. Future 

investigations into the role of these pAGO2 in whole animals and human samples may shed light

on the role that AGO2 phosphorylation may play in disease. 

1.3.11 miRNAs regulate synaptic plasticity  

To simulate NMDAR-related LTD in cultured neurons a bath application of NMDA at an 

appropriate concentration is used. This is one form of chemical LTD or cLTD. Investigations into 

the transcriptome following cLTD have shown that it is profoundly changed, with many up- or 

down-regulated miRNAs known to target key synaptic proteins (Park & Tang, 2009; Wibrand   et   

al  ., 2010  ; Kye   et al  ., 2011; Hu et al., 2014; Olde Loohuis   et al  ., 2012; Reza-Zaldivar   et al  ., 2020;   

Hanley, 2021). These findings highlight the importance of miRNA in synaptic plasticity. 

  

Of the many miRNAs found to participate in synaptic plasticity a number have been shown to 
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coordinate structural remodelling of spines. For example, Hu and colleagues (2014) investigated 

changes in the miRNA transcriptome following cLTD and highlighted miR-191 activity as 

necessary for actin remodelling mediated maintenance of spine shrinkage and miR-135 as 

important in AMPAR trafficking - both important components of lasting LTD. miR-501-3p plays 

an important role in neuronal development by targeting the AMPAR subunit GluA1 (Hu   et al  .,   

2015) miR501-3p activity has also been shown to increase 60 min after cLTD induction and to be

necessary for the consequent reduction in spine size suggesting a role in maintaining LTD-

related changes at the synapse (Hu   et al.  , 2015  ; Hanley, 2021). Translational inhibition by miR-

132 is involved in dendritic spine formation via modulation of the Rac1-Pak actin remodeling 

pathway (Impey   et al  ., 2010  ). miR-188 positively regulates spine size and structure in targeting 

the semaphorin 3F receptor Nrp-2 - a negative regulator of spine development (Lee   et al  .,   

2012). So too does miR-375 which enhances Brain-derived neurotrophic factor (BDNF) activity 

by targeting the RNA-binding protein HuD (Abdelmohsen   et al  ., 2010  ). miR-9 activity also 

promotes dendritic growth by targeting the transcriptional repressor RE1-Silencing transcription

factor (REST) which itself represses miR-132 expression (Giusti   et al.  , 2014  ; Hwang   et al.  , 2014  ). 

In contrast, miR-34a is a negative regulator of dendritic outgrowth (Agostini   et al  ., 2011a,   

2011b). miR-34a has been shown to be important for amygdala-dependent fear memory 

consolidation (Dias   et al  ., 2014  ). miR-29a/b regulates dendritic spine maturation by targeting 

ARPC3, a subunit of the actin nucleating ARP2/3 complex (Lippi   et al  ., 2011  ). The activity-

regulated cytoskeletal associated protein (Arc) is also a key player in spine dynamics and is the 

target of numerous miRNAs (Wibrand et al., 2012).
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1.3.12 miR-134 activity is important in neuronal function and synaptic plasticity

Of particular interest in this study is the brain-enriched miRNA miR-134 (Schratt   et al  ., 2006  ). 

miR-134 represents the first miRNA found to be enriched in dendrites in a landmark paper by 

Schratt and colleagues in 2006. They used fluorescence in situ hybridisation (FISH) to 

demonstrate that miR-134 is present in a punctate pattern along dendrites - indicative of 

presence at synapses. Specifically, it is localised to the post synaptic compartment where it 

targets LIMK1 mRNA. Overexpression of miR-134 was found to lead to shrinkage of dendritic 

spines. This effect could be rescued by overexpression of LIMK1 or by application of BDNF with 

the latter activating the mTor kinase pathway. This miR-134-mediated repression of LIMK1 

translation was later demonstrated to play an important role in spine shrinkage in cLTD and in 

other types of synaptic plasticity (Fiore   et al  ., 2014; Rajgor   et al  ., 2018  ). Specifically, 

phosphorylation of AGO2 S387 was found to follow the induction of cLTD, causing AGO2:GW182

interactions and miR-134 activity to increase (Rajgor   et al  ., 2018  ). This led to shrinkage of 

dendritic spines (Rajgor   et al  ., 2018  ).

  

The histone deacetylase, Sirtuin-1 (SIRT1) also regulates synaptic plasticity by repressing 

expression of miR-134 through the formation of a complex with the transcription factor yin yang

1 (YY1) which binds upstream of the miR134 locus (Gao   et al.  , 2010  ). Knockdown of SIRT1 leads 

to up-regulation of miR-134 expression and increased targeting of cAMP response element-

binding protein (CREB) - a transcription factor that is important for synaptic plasticity (Gao   et al  .,  

2010). This results in an impairment of synaptic plasticity and memory which can be reversed by

inhibition of miR-134. SIRT1 both targets and is a target of other miRNAs (Zovoilis   et al  ., 2011;   
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Liu   et al  ., 2013  ). This is evidence of a complex network of cross-regulation and feedback systems

that helps to regulate synaptic activity. Furthermore, inhibition of miR-134 was found to have a 

neuroprotective effect in kainate-induced epileptic seizures, indicating the importance of these 

coordinated signalling mechanisms in healthy brain functioning (Jimenez-Mateos   et al.  , 2012  ).

  

The AMPAR-trafficking protein Protein Interacting with C Kinase - 1 (PICK1) dampens miR134 

activity by promoting the localisation of AGO2 to recycling endosomes (Antoniou   et al.  , 2014  ). 

This PICK1-mediated inhibition is relieved by cLTD, allowing miR-134 to inhibit LIMK translation 

and consequently, spine size. This represents one mechanism by which an inert pool of miRNA 

can be retained at the synapse and activated following synaptic signalling.

  

Another miR-134 target important for neuronal function is Pum2 - an RBP involved in RNA 

silencing (Fiore   et al  ., 2009  ). Activity-dependent outgrowth of dendrites has been shown to be 

dependent on activation of myocyte enhancing factor 2 (MEF2) which increases transcription of 

the miR-379–410 cluster in which pri-miR-134 resides (Fiore   et al  ., 2009  ). This increases miR-

134-mediated repression of Pum2 translation and consequently increased dendritogenesis 

(Fiore   et al  ., 2009  ). This is in striking contrast to its effect in dendritic spines in which it induces 

shrinkage but is perhaps due to differing effects on local cytoskeletal proteins as, unlike in the 

actin-rich dendritic spines, in dendrites these are primarily microtubules. Another inhibitor of 

mature miR-134 production is the Rett syndrome gene product MeCP2 which inhibits 

processing of pri-miR-134 by the DGCR8/Drosha complex and consequently also modulates 

dendritic growth (Cheng   et al.  , 2014  ). Another role of BDNF in regulation of mechanism for miR-

68



134-mediated signalling is also in dendritic outgrowth (Zampa et al., 2018). BDNF stimulation 

has been shown to induce targeting of pre-miR-134 to dendrites by the RNA binding protein 

(RBP) DEAH-box helicase DHX36 which recognises and binds to specific region of its terminal 

loop (Bicker   et al  ., 2013; Zampa   et al.  , 2018  ). The counteractive effects of these molecules may 

represent a self-limiting mechanism for growth after it has been initiated by BDNF.

    

1.3.13 RNA-induced Silencing Complex (RISC) machinery plays a role in synaptic plasticity  

Although the focus of most miRNA studies is specific miRNA transcripts there is growing 

evidence that RISC proteins’ activity can be regulated by synaptic activity and play an important 

role in synaptic plasticity and memory.

Dicer is present in the PSD of the dendritic spine (Lugli   et al.  , 2005  ). cLTD in induction in 

hippocampal slices and calcium treatment of synaptoneurosomes causes it to be released along 

with AGO in a calpain-dependent manner (Lugli   et al  ., 2005  ). Conditional knock-out of the 

microprocessor subunit DGCR8 leads to deficits in inhibitory signalling in the mouse prefrontal 

cortex (Hsu   et al  ., 2012  ). miRNAs can be produced not only from the drosha-containing 

microprocessor but through alternative routes such as spliced introns (Westholm & Lai, 2011) so

a knock-out of DGCR8 does not lead to completely diminished miRNA activity. In contrast, 

conditional KO of neuronal Dicer led to more severe morphological abnormalities (Hsu   et al  .,   

2012) however another study found that Dicer knockdown led to increased learning and 

memory, presumed due to the increase in synaptic-plasticity associated proteins found in the 

resulting elongated filopodia-like dendritic spines (Konopka et al., 2010). 
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Ubiquitination of the RISC component MOV10 is triggered following NMDAR activation causing 

it to be degraded and consequently a reduction in activity for a number of miRNAs including 

miR-138 and miR-134 (Banerjee   et al.,   2009  ). miR-138 targets acyl protein thioesterase 1 

(APT1), an enzyme that is involved in regulation of multiple synaptic proteins via palmitoylation 

(Siegel   et al  ., 2009  ). This results in palmitoylated G protein subunit Gα12/13, causing it to 

dissociate from the plasma membrane and trigger the RhoA signaling pathway which causes 

shrinkage of dendritic spines (Siegel   et al  ., 2009  ). In addition to its role in synaptic plasticity, 

MOV10 transcription has been shown to increase following contextual conditioning, suggesting 

a mechanism for replenishing degraded MOV10 protein and indicating its importance in 

memory not only cellular processes but in memory (Kye   et al  ., 2011  ).

  

Phosphorylated FMRP is found in a complex AGO2 bound to miR-125a in dendritic spines 

(Muddashetty   et al  ., 2011  ). This interaction promotes translational repression of the PSD 

scaffold protein PSD95 (Muddashetty   et al  ., 2011  ). mGluRs are another type of glutamate 

receptor that participate in synaptic plasticity. mGluR activation leads to dephosphorylation of 

FMRP, causing it to dissociate from this complex and therefore induces derepression of PSD95 

translation (Muddashetty   et al  ., 2011  ). This depression of PSD95 in turn leads to an increase in 

spine density (Muddashetty   et al  ., 2011  ; Edbauer   et al  ., 2010  ). 

  

As discussed above, AGO2 has also been shown to play a role in miR-134-mediated down-

regulation of LIMK1 following cLTD (Rajgor   et al  ., 2018  ). Further evidence for the importance of 
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AGO2 in memory comes from in vivo experiments in which AGO2 was knocked down in the 

dorsal hippocampus of C57BL/6 mice (Batassa   et al  ., 2010  ). These mice had short- and long-

term impairment of contextual fear memories demonstrating the importance of AGO2 and 

RNA-induced silencing in regulating the processes that underpin memory formation.

    

1.3.14 Many miRNAs are involved in AD pathology  

The high relative concentration of miRNA in the brain and the involvement of miRNA-

mediated translational regulation across such a wide range of cellular processes has naturally 

led to extensive research into the role of miRNAs in neurological disease. These studies have 

implicated dysregulated miRNA activity in numerous disorders, including AD where they have 

been shown to be involved in APP processing, tau phosphorylation, inflammation, 

neurotransmitter dysregulation and deregulation of the cell cycle (Figure 1.9) (Garza-Manero   et   

al  ., 2013; Aksoy-Aksel   et al  ., 2014; Hemachandra Reddy   et al  ., 2016; Hu & Li, 2017; Thomas   et   

al  ., 2018; Perkovic   et al  ., 2021  ).
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Figure 1.9: miRNAs have been found to be involved in AD via many different mechanisms
(Reddy   et al  ., 2017  ). These include miRNAs that target genes key AD related genes such as 
BACE1, tau and APP but also other proteins involved in other peripheral cellular processes that 
contribute to ADs pathology.

  

Many of these are also known to play a role in structural plasticity. In the Tg2576 mouse model 

of AD miR-206 is overexpressed (Lee   et al  ., 2012)  . miR-206 targets BDNF for down-regulation, 

repressing its positive effect on LTP and cognitive function. Inhibition of miR-206 in these mice 

enhances expression of the synaptic marker synaptophysin (Lee   et al  ., 2012).   miR-574 

overexpression is seen in APP/PS1 mice along with loss of synapses in the hippocampus and this

overexpression is negatively correlated with cognitive function (Li   et al  ., 2015  ). This is believed 

to be due to targeting by miR-574 of Nrn1 - a neurotrophin involved in the formation and 

stabilisation of dendritic spines (Fujino   et al.  , 2011  ). miR-34a is overexpressed in AD (Sarkar   et   

al.  , 2019  ). Sarkar and colleagues (2019) generated a heterozygous, conditional miR-34a 

overexpression mouse. Again, cognitive function was negatively correlated with miR-34a 
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expression and was concurrent with the presence of characteristic pathologic hallmarks of AD - 

hyperphosphorylated tau and Aβ. This mouse model also has altered spine morphology due to 

targeting of synaptic proteins Synaptotagmin-1 (Syt-1) and Syntaxin1A (Stx-1A) (Agostini   et al  .,   

2011). miR-30b expression negatively effects synaptic integrity by down-regulating EphrinB2, 

SIRT1, and Glutamate Ionotropic Receptor AMPA Type Subunit 2 (GRIA2) and is overexpressed 

in AD patients’ brains and the 5xFAD model of AD (Song   et al  ., 2019  ). Furthermore, 

hippocampal overexpression of miRNA-30b leads to impairment of synaptic plasticity and 

memory and a reduction spine density (Song   et al  ., 2019  ). Overexpression of miRNA-125b was 

found to increase phosphorylation of tau in primary neurons and to impair learning when 

injected into the hippocampus of WT mice (Banzhaf-Strathmann   et al  ., 2014  ).

  

1.4 Summary and aims

1.4.1 Summary  

Synaptic loss is correlated with cognitive decline and is the earliest structural correlate of 

disease progression in AD. Understanding the mechanisms that underlie synaptic loss may lead 

to more effective therapeutic strategies for the disease. 

  

Although there is abundant evidence of the involvement of miRNA in neurological disease, our 

understanding of the role of the protein components of the RISC is considerably limited. 

Furthermore, despite the brain expressing the vast majority of all known miRNAs, most of our 

understanding of regulation of RISC proteins by post-translational modifications comes from 

non-neuronal cell lines (Landgraf   et al  ., 2007  ).
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Previously this lab demonstrated that cLTD stimulation in cultured neurons led to a cascade of 

signalling in which phosphorylation of AGO2 by Akt at S387 led to an increase in association of 

AGO2 with binding partner GW182 and a rapid increase specifically in miRNA-134 activity 

(Rajgor et al., 2018). LIMK1 expression decreased and consequently so did spine density and 

synaptic strength. Furthermore, this process was found to be necessary for the dendritic spine 

shrinkage observed following NMDA-stimulated cLTD. 

  

The discovery of the role of phosphorylation of AGO in LTD-associated spine shrinkage

led to the hypothesis that aberrant regulation of RISC machinery via post-translational 

modifications such as phosphorylation may contribute to spine loss seen in AD and its models. 

Specifically, that there may be an increase in phosphorylation of AGO at S387 and consequently 

an increase in miR134-mediated silencing of LIMK1 mRNA expression (Figure 1.10). 
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Figure 1.10: Schematic of hypothesised pS387-AGO2 and miR134-mediated synaptic loss
in AD. In AD increased Aβ levels may induce AGO2 phosphorylation at S387 which increases 
binding of AGO2 to GW182, elevating miR-134 repression of LIMK1 mRNA translation. LIMK1 
serves to phosphorylate and inactivate cofilin, a negative regulator of spine size. Derepression 
of cofilin by pS387-AGO2 and miR-134-mediated translational inhibition of LIMK1 mRNA 
thereby may contribute to the spine shrinkage and loss seen in AD.

  

A pilot study was conducted by members of the Hanley lab group to determine whether these 

changes are present in the hAPP-J20 mouse model of amyloidopathy (Mucke   et al.  , 2000  ). 

Argonaute phosphorylation at S387 and interactions with GW182 were found to be significantly 

increased and LIMK1 expression significantly decreased in the brains of 18-month J20 mouse 

cortex relative to age-matched WT controls (personal communication). These results reflected 

those found in a primary neuronal cultures overexpressing of hAPP in which miR-134-mediated 

LIMK1 silencing was found to be significantly increased. Further to this, post-mortem human 

brain tissue from patients with AD was found to have lower LIMK protein expression that in age-
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matched controls (personal communication). 

  

Data from this lab published previously has demonstrated that replacing endogenous AGO2 

with a phospho-null mutant (S387A) rendered cultured neurons resistant to shrinkage of 

dendritic spines and reduced excitatory post-synaptic current amplitudes following cLTD (Rajgor 

et al  ., 2018  ). This suggests that inhibiting Argonaute phosphorylation may be a viable strategy 

for reducing deficits in synaptic transmission and dendritic spine morphology seen in AD.  

  

1.4.2 Aims

The aims of my PhD project were therefore to:

• Produce a cellular model of AD in which rescue strategies targeting pS387-AGO2-

mediated miR-134 activity could be tested.

• Determine whether changes seen in the pilot experiments occur early in the disease 

course or are only present in late stage in the J20 mouse model of AD by producing a 

time course of changes to pS387-AGO2 and LIMK1 levels

• Determine whether change in LIMK1 levels observed in the pilot experiments occur 

early in the disease course or are only present in late stage of AD by quantifying LIMK1 

in early, mid and late stage AD brain samples.
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Chapter 2: Materials and Methods
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2.1 Materials  

2.1.1 Chemicals

Reagents were supplied by Sigma-Aldrich unless stated otherwise. Fisher Scientific 

supplied all acids and solvents unless stated otherwise.

2.1.2 Bacterial culture reagents

All competent bacterial strains used were Escherichia coli (E. coli). For cloning the DH5α 

(Western) strain was used (Thermo Fisher). For preparation of DNA the XL1-Blue (Genotype: 

recA1, endA1, gyrA96, hsdR17, supE44, relA1, lac) strain was used (Thermo Fisher). Bacteria 

were cultivated in standard Luria-Bertani (LB) broth (Thermo Fisher). Agar plates used for 

cloning were made using LB and 1.5 % agar (Sigma Aldrich). Growth media and plate agar was 

supplemented with either ampicillin (100 μg / ml) or kanamycin (25 μg / ml) as appropriate.

2.1.3 Eukaryotic cell culture reagents

Human Embryonic Kidney (HEK) 293T cells (HEK293) were purchased from The European

Collection of Cell Cultures (ECACC). Stocks were stored in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Sigma-Aldrich) and 1 % dimethyl sulfoxide (DMSO) in liquid nitrogen. Dulbecco’s 

Modified Eagle’s Medium (DMEM) used for HEK293 cells was supplied by Sigma-Aldrich and 

supplemented with Heat-inactivated foetal bovine serum (FBS) from Biosera. Neurobasal media 

used for primary neuronal cultures was purchased from Gibco (Life Sciences) and supplemented

with horse serum (HS) from Sigma Aldrich. Penicillin/Streptomycin and Poly-D-Lysine (PDL) 

Hydrobromide were also supplied by Sigma Aldrich. B27 supplement and glutamax were from 
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Gibco. Cell culture grade RNAse-free water was purchased from Gibco. Cell culture grade RNase-

free 10 x PBS stock solution was from Gibco. Lipofectamine 2000 reagent was purchased from 

Thermo Fisher.

2.1.4 Molecular cloning reagents

DNA was prepared using GeneJET Gel Extraction, Miniprep and Midiprep kits 

(Thermoscientific). Polymerase chain reaction (PCR) was performed using KOD Hot Start DNA 

Polymerase kit (Merck Millipore). Restriction enzymes and Calf Intestinal Alkaline Phosphatase 

(CIP) were obtained from New England Biolabs (NEB). DNA gel electrophoresis was performed 

using agarose (Bioline) gels prepared in house to appropriate concentration. DNA molecular 

weight marker (1 kb) and 6 x DNA loading buffer were purchased from Bio Line and New 

England Biolabs (NEB) respectively. Merck Millipore supplied Calbiochem Omnipur 

Phenol:Chloroform:Isoamyl alcohol 25:24:1.

  

2.1.5 Protein biochemistry reagents

1:100 Phosphatase inhibitor Cocktail 1 & 2 and EDTA-free protease inhibitors were 

obtained from Thermo Scientific. Molecular weight marker used in protein gel electrophoresis 

was PageRuler prestained molecular weight marker (Thermo Scientific). Acrylamide gels were 

made in house using 30 % acrylamide obtained from Geneflow Limited. Membrane used for 

Western blotting was Immobilon PVDF (polyvinylidene difluoride) with a pore size of 0.45 µm 

(Merck Millipore). Bovine Serum Albumin (BSA) was purchased from Sigma Aldrich. Enhanced 

Chemiluminescence (ECL) substrates used in Western blotting were Luminata Classico HRP 
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substrate and Luminata Crescendo HRP substrate supplied by Merck Millipore, and SuperSignal®

West Pico and West Femto Enhanced Chemiluminescence (ECL) substrates supplied by Thermo 

Scientific. CL-XPosure™ X-ray film was used to develop Western blots (Thermo Scientific).

  

2.1.6 Primary antibodies

Primary antibodies were diluted in 5 % BSA in PBS-T (1x Phosphate Buffered Saline, 0.1 

% Tween) (Table 2.1)

Antibody Species Dilution Supplier  Cat no.

Actin Mouse 1:5000 Sigma Aldrich  A5441

Amyloid Precursor Protein (APP) Rabbit 1:1000 Merck 
Millipore

 ab5300

Argonaute 2 (AGO2) Rabbit 1:500 Cell Signalling  2897S

GAPDH Mouse 1:5000 Cell Signalling  ab8245

LIM kinase 1 (LIMK1) Rabbit 1:1000 Cell Signalling  3842S

p-S387 AGO2 Rabbit 1:1000 AbCam  ab215744

pTau Rabbit 1:5000 Abcam  28866-1-AP

Myc Mouse 1:2000 Santa Cruz  sc-40

Table 2.1: Suppliers and dilutions of primary antibodies used in Western blots  

2.1.7 Secondary antibodies

Horse Radish Peroxide (HRP) secondary antibodies used for Western blotting were anti-

mouse and anti-rabbit purchased (GE Healthcare) and were diluted 1:10,000 in 5 % BSA in PBS-

T.
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2.1.8 Consumables and equipment

2.1.8.1 Plastic and glassware

0.5 ml and 1.5 ml microcentrifuge tubes were purchased from Sarstedt and 0.05 ml thin 

wall tubes for PCR were supplied by Starlabs. Plastic Gilson pipette tips (10-1500 μl) were 

purchased from Starlabs. Gel loading tips (200 μl) were from Thermo Fisher. Plastic conical 

tubes, serological pipettes, cell culture flasks, plates and dishes were supplied by Greiner Bio 

One. Terumo supplied syringes and needles. Syringe filters of 0.25 μm and 0.45 μm pore size 

were obtained from Sartorius. Plastic cuvettes for spectrophotometer were from Thermo 

Scientific.

  

2.1.8.2 Electronic equipment

Microscopes used for dissection and cell culture were from Leica. Power packs for 

protein electrophoresis were from Bio-Rad laboratories and for DNA electrophoresis were 

MupidJ gel apparatus. Benchtop microcentrifuge used was from Eppendorf. Centrifuges were 

either Jouan or Beckman-Coulter. The SRX-101A automatic medical X-ray film developer from 

Konica was used to develop X-ray films used following Western blotting. PCR was performed 

using the MJ Research PTC-2000 thermal cycler. Spectrophotomtetry was performed using a 

Amersham Pharmacia Biotech spectrophotometer. Sterile laminar flow hoods for cell culture 

were from Holten LaminAir. Incubators for culturing of eukaryotic cells were from RS Biotech. 

DNA yield was quantified with the NanoDrop™ Spectrophotometer (Thermo Fisher) using the 

software NanoDrop 1000 (version 3.8.1). Canon CanoScan LiDE 300 Flatbed Scanner was used to

scan X-ray film from Western blots.
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2.2 Cell culture methods

All procedures described were performed using aseptic technique and within sterile 

laminar flow hoods to prevent infection. Cell cultures were kept in incubators at 37°C with 5 % 

CO2 and at 90 % humidity. Media and reagents were warmed to 37 °C in a water bath prior to 

use to minimise shock to cells.

  

2.2.1 Eukaryotic cell culture

2.2.1.1 HEK293T cells

A 1 ml aliquot of stock HEK293T cells was removed from liquid nitrogen cryo-storage and

placed in a 37 °C water bath. Once thawed this was then transferred to 15 ml conical tube 

containing 10 ml Complete DMEM (10 % FBS in DMEM) supplemented with 1 % 

Penicillin/Streptomycin. Cells were mixed with a 5 ml pipette before being centrifuged at 1500 x 

g for 2 min at room temperature (RT). The media was aspirated and 1 ml Complete DMEM was 

added. The cell pellet was resuspended with a 5 ml serological pipette and then transferred 

again to a T75 culture flask containing 10 ml Complete DMEM. This flask was then incubated 

overnight to allow cells to attach. The following day the media was aspirated replaced with 20 

ml Complete DMEM.

  

2.2.1.1.1 HEK293T cell passaging

HEK293T cells were passaged once they reached 80-90% confluency (generally every 3-4

days). The media was aspirated, and the cells were washed gently twice with 10 ml 1x PBS. PBS 
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was then aspirated and replaced with 1 ml 0.05 % trypsin-EDTA to detach adherent cells from 

the flask. The cells were incubated at 37 °C for 3 min before 9 ml of Complete DMEM was added

to competitively inhibit trypsin activity. Cells were resuspended and then transferred to a 15 ml 

conical tube. They were centrifuged at 2000 x g for 2 min 30 sec at RT to pellet cells. The media 

was then aspirated, and cells were resuspended in 10 ml of Complete DMEM. 1 ml of 

resuspended cells was transferred to a new T75 flask containing 20 ml Complete DMEM. The 

flask was then incubated.

  

2.2.1.1.2 HEK293T cell transfection

Media used for transfection was sterile filtered before use. Cells in a T75 flask were 

grown to 80-90 % confluency and passaged as above. The cell number of the remaining 

resuspended cells was counted and calculated by diluting cells 1:10 in 0.4 % Trypan Blue and 

using a haemocytometer. 5 × 105 cells were added to 2 ml of Complete DMEM in the well of a 6-

well plate and incubated overnight. The following day the cells were at 70-90% confluency and 

able to be transfected. An appropriate amount of DNA for the given experiment/ purpose of 

transfection was calculated and added to 100 μl of plain DMEM in a 1.5 ml microfuge tube. 

Likewise, the transfection agent used varied according to the given experiment/ purpose of 

transfection. For the production of lentiviruses 12 μg / ml polyethylenimine (PEI) was used and 

for the testing of miRNA assay constructs Lipofectamine was used. 1.5 μl of the appropriate 

transfection agent per 1 μg DNA. This was placed into 100 μl of plain DMEM and vortexed 

briefly and then incubated at RT for 5 min. The DNA-DMEM mixture was then added to this 

microfuge and vortexed briefly again. The transfection agent and DNA mixture was then 
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incubated for 30 min at RT. This was then inverted 2-3 times to mix before being added 

dropwise to a well of the 6-well plate. These volumes are for one well only and were scaled up 

to account for extra conditions/wells.

    

2.2.2.4 Primary neuronal culture

2.2.1.2.1 Poly-D-lysine coating of cell culture plates

6-well plates were coated in PDL by adding 1.5 ml of 0.5 mg/ml PDL in sterile cell culture 

grade H20 to each well. This was incubated overnight in a cell culture incubator (37 °C, 90 % 

humidity) before being washed three times in sterile cell culture grade H2O. H2O was then 

replaced with 2 ml plating media (Neurobasal® medium, 5 % HS, 2 % B27, 1 % Glutamax and 1 %

Penicillin/Streptomycin) and incubated in a cell culture incubator until needed. 1 h prior to 

plating of neuronal cells plating media was replaced with 2ml fresh plating media.

  

2.2.1.2.2 Rat sacrifice and dissection of embryos

All work involving animals was carried out in a manner compliant with the Home Office 

Act (1986). Isoflurane (Henry Schein) supplemented with O2 was used to anaesthetise pregnant 

Wistar rats bred either in-house or at Charles River at E17. Cervical dislocation of the 

anaesthetised dams was performed to humanely sacrifice them according to Home Office 

Schedule 1 regulations. Dissection tools and work surfaces were sterilised with 70 % ethanol in 

H2O. The abdomen of the animal was sterilised with 70 % ethanol before incision and extraction 

of embryos. These were placed into a 10 cm dish containing 30 ml Hank’s Buffered Salt Solution 

(HBSS). Embryos were humanely sacrificed by decapitation and removed heads were placed in 
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fresh HBSS for dissection. Forceps were used under a dissection microscope to open the skull 

and remove then brain. The meninges and midbrain were then removed, and the two cortical 

hemispheres separated so that the hippocampus could be excised. The cortices were placed in a

35 mm dish containing 5 ml HBSS.

  

2.2.1.2.3 Dissociation and plating of primary neurons

Following dissection of E18 rat embryos, the cortices were cut lengthwise using a sterile 

scalpel blade several times. They were then transferred to a 50 ml conical tube and washed 

three times in 30 ml of HBSS. The final wash of HBSS was aspirated and replaced with HBSS 

containing 0.005 % trypsin-EDTA. The tube was then placed in a water bath and incubated at 37 

°C for 15 min with occasional mixing. Following trypsinisation, the trypsin solution was 

aspirated, and the tissue was washed three times in 30 ml of HBSS. The tissue was then washed 

a final time in 3 ml plating media. The tissue then was then triturated with a 5 ml serological 

pipette in 5 ml fresh plating media. After trituration a further 15 ml plating media was added 

and mixed with a 25 ml serological pipette. To remove remaining debris this was then strained 

into a new 50 ml conical tube using a 70 μm mesh cell strainer (Greiner Bio-One). To count the 

dissociated cortical cells they were di luted 1:10 in 0.4 % Trypan Blue solution. This was 

transferred to a haemocytometer for counting using a dissection microscope. 5 × 105 cells were 

plated per well in a PDL-coated 6-well dish containing 2 ml plating media per well. The cells 

were then incubated in a cell incubator overnight before replacing the plating media with 2 ml 

feeding media (Neurobasal® medium, % HS, 2% B27, 1% Glutamax). At 7 days in vitro (DIV7) 

neurons were fed with 0.5 ml feeding medium supplemented with 1 μM of the antimitotic 
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fluorodeoxyuridine to inhibit glial growth 0.5 ml of feeding media was then added every seven 

days.

  

2.3 Virus production

2.3.1 HEK293T production

All media used in lentiviral plasmid transfection was sterile filtered with a 0.25 µm filter 

prior to use. Lentiviruses were produced in HEK293T cells grown in conditions described in 

Section 2.2.1.1. 2×106 cells were plated in 60 mm cell culture dishes containing 5 ml Complete 

DMEM and incubated in a cell culture incubator overnight.

  

2.3.2 HEK293T transfection for the production of lentiviruses

Cells were transfected the next day at 70-90% confluence. The lentiviruses produced are 

not able to replicate independently so the transfection mix included 1 µg pMD2.G lentiviral 

packaging vector (Addgene) and 3 µg p8.91 helper vector (Addgene) to permit viral particle 

assembly. This was added to a 5 ml plastic bijou containing 1 ml of plain DMEM. 4 µg XLG viral 

vector containing the gene of interest was also added. This was briefly vortexed to mix. 1 µg / µl 

PEI was added 1 ml plain DMEM to a final concentration of 24 µg / ml in a 15 ml conical tube. 

This was briefly vortexed and incubated at RT before being transferred to the DNA:DMEM 

solution. This was vortexed briefly and incubated at RT for 30 min. The media was aspirated 

from the 60 mm dish of cells and replaced with this transfection mix. The cells were incubated 

in a cell culture incubator for 4 h. Transfection mix was then aspirated and replaced with 3 ml 

complete DMEM. Cells were incubated in the cell culture incubator for 48-72 h to allow viral 
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proteins to be expressed and assembled.

  

2.3.3 Harvesting of lentivirus

Media containing lentiviruses was transferred from HEK293T cells to a 15 ml conical 

tube. Cell debris was pelleted by centrifugation at 2000 x g for 10 min. The media was then 

filtered using a 0.45 µm filter into a fresh 15 ml conical tube. Lentivirus was then stored at 4 °C 

until needed for up to a week.

2.3.4 Viral transduction of primary neurons

Aliquots of lentivirus suspended in DMEM were stored at 4 °C no longer than seven 

days. 0.5 ml of the appropriate virus was added to each well of a 6-well plate of cortical neurons

at DIV7. Cells were lysed at DIV14 for downstream applications.

  

2.4 Molecular biology methods  

2.4.1 SDS-PAGE  

2.4.1.1 Preparation of brain tissue samples 

2.4.1.1.1 Post-mortem Human Brain tissue

Use of post-mortem human brain tissue was approved by the Research Ethics committee

and provided by the South West Dementia Brain Bank (SWDBB). 2 g tissue from frontal cortex 

BA10 area of 60 humans was used (Mean age, 86; Mean Post-mortem delay (PMD), 28.2 h). 

These were divided equally into three age-matched groups according to their annotated Braak 

stage which is determined by histopathological analysis of NFT deposition (performed by 
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SWDBB). The three groups were: Braak stage I-II or Entorhinal (ER) stage AD ; Braak stage III-IV 

or Limbic (L) system stage; Braak stage V-VI or Neocortical (NC) stage Specification can be found 

in Appendix Table 1. Samples were stored at -80 °C.

  

2.4.1.1.2 J20 mouse model brain tissue

J20 mouse model mice were obtained from the lab of Professor Jon Brown at the 

University of Exeter under his Project Licence. NL-F mice were obtained from the lab of Mick 

Craig at the University of Exeter under his Project Licence. 6 x 6-month old J20 mice and 6 x age-

matched controls, and 6 x 18-month old J20 mice and 6 x age-matched controls. Genotyping to 

confirm disease phenotype was carried out at the University of Exeter.

  

2.4.1.1.3 Mouse brain dissection

All dissection tools were sterilised with 70 % ethanol in H2O placed on dry ice before use.

Animals were humanely sacrificed by cervical dislocation. The skull was carefully cut open with 

a sterile scalpel blade and the brain was removed and placed onto a piece of filter paper on a 

dissection board. The cerebellum, hippocampi and cortices were dissected sequentially and 

immediately placed on a piece of aluminium foil kept on dry ice to snap freeze. The frozen tissue

was then place in a labelled 0.5 ml microfuge tube that had been pre-cooled in dry ice. The tube

was then placed in the dry ice. Filter paper and aluminium foil was changed after each animal to

avoid cross contamination of tissue. Once dissection and snap freezing had been completed the 

box of dry ice was sealed and transported to University of Bristol from Professor Jon Brown’s lab

at the University of Exeter. Here samples were stored at -80 °C. 
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2.4.1.1.4 Tissue homogenisation

Post-translational modifications of proteins are less stable than proteins and as these 

were the focus of this research a method for homogenisation in which thawing of tissue was 

minimised was chosen. A pestle and mortar were stored overnight at -80 °C. Liquid nitrogen in 

two dewars, an ice box of dry ice and ice box of wet ice were collected. All tools were kept on 

dry ice and wiped clean with tissue and sterilised with ethanol prior to use and between 

samples. 0.5ml microfuge tubes were labelled and pre-cooled on dry ice. Lysis buffer (150 mM 

NaCl, 50 mM Tris HCl pH7.4, 1 % Triton TX-100, 0.1 % W/V SDS, 1:100 Phosphatase inhibitor 

Cocktail 1 & 2 (Thermo Scientific) and EDTA-free protease inhibitors (Thermo Scientific)) was 

pre-cooled on wet ice. Human AD brain samples were processed in batches of 15 samples per 

day and each 15 was prepared in an alternating order: first an ER sample, then a L sample, then 

a NC sample and so on. This was to avoid both human or environmental differences that may be

introduced by preparing sample groups on different days, or in time-sensitive changes that 

occur during the preparation process, skewing the results. Similarly, J20 mouse brain tissue was 

prepared in an alternating order, though all samples from a single brain region and time point 

could be processed in one batch. For human brain tissue, homogenisation was carried out in a 

laminar hood and a N95 mask (3M) was worn to protect against inhaling brain tissue. To remove

frozen human brain tissue from the tube provided by the SWDBB a spoon was used. Frozen J20 

mouse brain tissue was removed from the microfuge and placed on the dissection board coated

in aluminium foil and an appropriate amount was cut using a scalpel blade. Remaining frozen 
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tissue was quickly returned to -80 °C. The tissue removed for homogenisation was placed onto 

the mortar. Liquid nitrogen was poured onto sample and allowed to boil off. The mortar was 

moved out of dry ice and onto a work surface only while grinding frozen tissue. The pestle was 

placed for ~10 sec into liquid nitrogen to cool it before grinding the frozen tissue into a fine 

powder. This was then transferred to a labelled 1.5 ml microfuge tube. The tube was 

immediately dropped into the second dewar of liquid nitrogen for temporary storage while 

other samples were processed. Each sample was retrieved from the liquid nitrogen and 350 µl 

chilled lysis buffer was added. The sample was then sonicated five times for 2 sec with 5 sec 

incubation in ice between sonication steps. Once all the samples for that batch had been 

sonicated they were left on ice for 20 min to allow solubilisation before centrifugation at 4 °C for

20 min at 14,000 x g. The supernatant was removed and placed into new pre-chilled 1.5 ml 

microfuge and the centrifugation step was repeated. The supernatant was then transferred to a 

new 1.5 ml microfuge tube and kept on wet ice. 5 µl brain homogenate was taken for protein 

quantification by Bradford assay. Once protein concentration was quantified, 50 µl was taken 

from each sample and diluted in the appropriate volume of lysis buffer to a concentration of 1.3

mg/ml. 4 x Laemmli sample buffer (250 mM Tris-HCl, pH 6.8; 40% (v/v) glycerol; 8% SDS; 0.02% 

bromophenol blue in H2O) was then added to a ratio of 1:3 and the samples were boiled for 10 

min at 95 °C. Samples in Laemmli buffer were stored at -20 °C and remaining brain homogenate 

was stored at -80 °C. 

  

2.4.1.1.5 Bradford protein assay

Protein concentration of brain tissue homogenate was quantified using a Bradford assay.
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Bradford reagent (Bio-Rad) was diluted 1:5 with H2O. A protein concentration standard was 

prepared for this by dissolving 1 mg BSA in 1 ml lysis buffer and then using this for a 1:2 serial 

dilution in lysis buffer. 5 µl of each of the standards and each of the protein samples to be 

measured was then transferred to separate 1.5 ml microfuge tubes. 990 µl of the diluted 

Bradford reagent was then quickly added to each of the microfuge tubes. These tubes were 

then immediately closed and inverted 3 - 5 times to mix. These were incubated at RT for 5 min. 

This process is time sensitive and therefore no more than 15 tubes were quantified at one time 

to avoid a significant delay between adding Bradford reagent to the protein standards and 

samples to be measured. After this 5 min had elapsed the tubes were poured into cuvettes and 

immediately placed into a spectrophotometer. The absorbance of each sample at 595 nm was 

measured. A standard curve was calculated using the absorbance values for the BSA protein 

standards. The absorbance of the sample was then compared to this curve to determine its 

protein concentration. Where the protein concentrations of the sample fell outside of this linear

range the sample was diluted by a suitable factor using lysis buffer and the assay was performed

again.

  

2.4.1.2 Lysis of primary neurons and HEK293T cells

Cells were lysed directly in 1 x Laemmli sample buffer and scraped with a cell scraper 

before being transferred into a 1.5 ml microfuge tube. This was then boiled for 10 min at 95 °C. 

2.4.1.4 SDS-PAGE

Sample lysates were subjected to Sodium Dodecyl Sulphate (SDS)-polyacrylamide gel 
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electrophoresis (SDS-PAGE) to separate proteins by molecular weight. This was performed using

the Bio-Rad Mini-Protean system. 8 - 10 % acrylamide gels were used depending on the 

molecular weight of key sample proteins to be quantified. Gels were prepared using 1.5 mm 

glass plates which were filled firstly with acrylamide resolving gel solution (375 mM Tris-HCl pH 

8.8, 8 – 10 % acrylamide, 0.1% SDS, 0.1% APS and 0.01% TEMED) to roughly 1.5 cm below the 

top. 700 µl ethanol was then carefully added to ensure the polymerised gel would be level. 

Once polymerised (~30 min) the ethanol was removed. The gel was rinsed with H2O and dried 

using a piece of filter paper. An acrylamide stacking gel solution (125 mM Tris-HCl pH 6.8, 5 % 

acrylamide, 0.1 % SDS, 0.1 % APS, 0.01 % TEMED) was then used to fill the remaining space 

above the resolving gel and a 15- or 10-well comb was inserted depending on the number of 

samples to be added. 

  

Following polymerisation of the stacking gel (~30 min) the gel was assembled into an electrode 

and placed into an electrophoresis tank containing SDS-PAGE running buffer (25 mM Tris, 250 

mM glycine and 0.1 % SDS in ddH2O). The tank was topped up with SDS-PAGE running buffer 

and the comb was removed from the gels. 5 µl molecular weight marker and 10-30 µg 

(depending on relative abundance or quality of antibody for proteins of interest) of sample 

lysates in Laemmli sample buffer were loaded into the wells using gel loading tips. The 

apparatus was connected to a power pack set to 100 V until the protein marker had separated. 

The voltage was then increased to 150V until the Laemmli sample buffer dye front reached the 

bottom of the gel.
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When SDS-PAGE was completed an Immobilin-PVDF membrane was cut to size and activated in 

methanol on an agitator for 2 min. Sponges were immersed in transfer buffer (50 mM Tris, 40 

mM glycine and 20 % methanol in H2O) for 5 min. The gel was removed from the 

electrophoresis tank and submerged in transfer buffer. The plates were separated and the 

stacking gel removed. The wet transfer cassette was then assembled with the gel laid on top of 

the PVDF membrane and both sandwiched between filter paper and transfer cassette sponges. 

The cassette was then placed into an electrode, with the PVDF membrane facing towards the 

anode. This was then placed into an electrophoresis tank. The ice pack was also placed into the 

tank which was then filled with transfer buffer. The tank was placed on a magnetic stirrer and 

connected to a power pack set to 400mA for 70min. 

  

2.4.2 Western Blotting  

2.4.2.1 Immunoblotting

Following transfer, the membrane now containing sample proteins was rinsed in PBS-T 

before blocking for 1 h at RT in 5 % BSA in PBS-T. After blocking, the membrane was incubated 

with gentle agitation for 1 h at RT or overnight at 4 °C in the appropriate primary antibody at 

the concentrated described in Table 2.1. Membranes were then washed three times in PBS-T for

5 min at RT with gentle agitation to remove excess primary antibody. Membranes were then 

incubated for 1 h in appropriate secondary antibody in 5 % BSA in PBS-T. After incubation in 

secondary antibody, the membrane was washed three times for 10 min at RT with gentle 

agitation to remove unbound antibody.
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2.4.2.2 Enhanced chemiluminescence detection

To visualise proteins following incubation with primary and secondary antibodies, 

membranes were incubated for 1 min at RT in one of the following ECL substrates in order of 

sensitivity with the first being the lowest: SuperSignal® West Pico, Luminata Classico, Luminata 

Crescendo or SuperSignal® West Femto. Membranes were then placed between two sheets of 

acetate and closed inside a developing cassette (Amersham). To detect HRP signal the cassette 

was taken to a dark room where X-ray film was placed inside for varying times (10 sec - 10 min). 

The X-ray film was then developed using an automatic medical X-ray processor.  Where 

necessary membranes were stripped of antibodies using Restore™ Stripping Buffer (Thermo 

Scientific) for 10 min at RT followed by five 10 min washes in PBS-T at RT - all with gentle 

agitation. 

  

2.4.2.3 Immunoblot Quantification and Analysis

X-ray film was scanned and densitometry analysis was performed using the ImageJ (Fiji) 

Gel Analysis tool. The area under the peak for each band was used to determine its relative pixel

intensity. These values were then transferred to Microsoft Excel for normalisation to loading 

control values. Statistical analysis was performed using Graph Prism. Data are presented as a 

percentage of control ± SEM. Significance is presented such that *p<0.05, **p<0.01, and 

***p<0.001.

  

2.4.2.4 Total Protein Stain

For membranes containing proteins from brain homogenates total protein was 
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measured to use as a loading control. This was performed using Li-Cor Total Protein Stain (TPS). 

After transfer membrane was rinsed in H2O. Excess H2O was removed by carefully tapping the 

corner of the membrane on a piece of tissue paper, being careful to avoid contact between the 

protein containing region of the membrane and the tissue. The membrane was then incubated 

in TPS for 5 min in the dark at RT with gentle agitation. Revert™ Total Protein Stain Wash 

Solution was then used to wash the membrane two times for 30 sec with gentle agitation. The 

membrane was then rinsed in H2O and placed onto an Odyssey FC detection system tray and 

inserted into the machine. TPS was detected with a Solid-state Laser Diode at 700 nm excitation 

for 2 min. Total protein was then quantified as pixel intensity per lane using Image Studio (LI-

COR).

  

2.4.3 Molecular Cloning  

2.4.3.1 Polymerase chain reaction (PCR)

For each reaction a PCR mix (1×KOD polymerase buffer containing 1.5 mM MgSO4, 0.2 

mM of each dNTP) was produced. To this 10 ng of template DNA and 1 unit of a high fidelity Hot

KOD polymerase) was added. Forward and reverse primers were ordered from Eurofins as 

oligonucleotides. These were added to a final concentration of 0.3 μM in a final volume of 50 μl.

H2O was added as necessary to make up the volume to 50 μl. This was added to 0.05 ml thin-

walled PCR tube and mixed gently by pipetting. This was then placed in a thermocycler and run 

according to the parameters laid out in Table 2.2.

Target size
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< 500 bp 500 – 1000 bp 1000 – 3000 bp > 3000 bp

Polymerase activation 95 °C for 2 min 

Denaturing 95 °C for 20 s

Annealing 55 °C for 10 s

Extension  70°C for 10 s/kb  70°C for 15 s/kb 70°C for 20 s/kb 70°C for 25 s/kb

Table 2.2: Polymerase Chain Reaction parameters for thermocycler.

  

2.4.3.2 DNA gel electrophoresis

PCR products and vectors were separated by size using gel electrophoresis to check 

success of cloning and for the presence of degradation. 0.8 % or 1.5 % agarose gels were chosen

depending on the size of DNA fragment (0.8% being used for 1000-10,000 bp and 1.5% for 

>1000 bp). These gels were made using 0.5 μg / ml ethidium bromide to aid in DNA 

visualisation. 1 µl 6 x DNA loading dye was added to 5 µl DNA sample and run alongside 6 µl 1 

kb Hyperladder at 135 V for 15 - 30 min in 0.5 x TAE buffer. DNA bands were visualised using a 

UV transilluminator.

  

2.4.3.3 DNA fragment purification

The GeneJET™ Gel Extraction kit was used according to the manufacturer’s instructions 

to extract DNA fragments suspended in PCR mix.

  

2.4.3.4 Restriction digest

Restriction enzyme digests were performed using 20 units of restriction endonucleases 
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in NEB buffer. 3 µg of vector plasmid DNA or 50 µl PCR product were added to this. To prevent 

religation of the vector plasmid 20 units of CIP was added to remove the 5’phosphate groups 

(Vector plasmid mix only). These were then made up to a final volume of 100 µl using H2O. 

These were incubated in 1.5 ml microfuge tubes or 4 h at 37 °C. The resulting digested DNA was 

then purified.  

2.4.3.5 DNA ligation

Following restriction digestion, 5 µl of the linearised DNA fragments was run on an 

agarose gel. The relative signal of the vector and insert bands was used to estimate the 

vector:insert molar ratio. The vector and insert were diluted to allow 1 µl of each to be added to

a 0.05 µl microfuge tube with a 3:1 insert:vector molar ratio. To this 2 µl T4 ligase solution 1 

(Tamara) was added. To control for religation of the vector plasmid a control ligation was set up 

in parallel in which the insert was replaced with 1 µl H2O. 

  

2.4.3.6 Transformation of E. Coli

Chemically competent DH5α strain E. coli were prepared using the Inoue method and 

were used for cloning. Commercially available chemically competent XL1-Blue E. coli were used 

for producing DNA for use in transfections. Both were stored at -80°C. 50 µl aliquots of 

competent E. coli were thawed on ice. A volume of plasmid construct containing 10-100 ng of 

DNA but no more than 10 % of the final volume was added to 10-50 µl of competent cells. The 

tube was flicked 1 - 3 times to mix and then incubated on ice for 20 or 30 min for XL1-Blue and 

DH5α cells respectively. They were then heat-shocked in a water bath at 42 °C for 45 sec or 130 
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sec for XL1-Blue and DH5α cells respectively and immediately placed back in ice for 2 min. 200 

µl LB broth was added and the cells were incubated at 37 °C for 1 h. 20 µl of this was then 

spread on an LB agar plate containing the antibiotic for which the plasmid conferred resistance. 

The agar plate was then incubated overnight at 37 °C.

  

2.4.3.7 Plasmid DNA amplification and purification

A miniprep produces 50 µl 50-300 ng/µl DNA in H2O and was used to screen for 

successful cloning. A midiprep produces 350 µl 500-1500 ng/µl DNA in H2O and was used to 

amplify DNA for use in transfection. Bacterial colonies on agar plates were selected for 

amplification and picked using a 200 µl pipette tip, then cultured in LB broth containing the 

appropriate antibiotic overnight at 37 °C in a shaking incubator. For minipreps 3 ml LB broth was

used in a 15 ml conical tube. For midipreps 100 ml of LB broth in a 500 ml glass conical flask was

used. GeneJET™ Plasmid Miniprep Kit and the GeneJET™ Plasmid Midiprep Kit were used 

according to the manufacturer’s instructions. To quantify DNA yield the NanoDrop NanoDrop™ 

Spectrophotometer (Thermo Fisher) was used to measure absorbance at 260 nm and 280 nm 

and NanoDrop 1000 software was used to automatically calculate ratio for yield and purity. 

  

2.4.3.8 Phenol chloroform precipitation

An equal volume of 25:24:1 Phenol:chloroform:isoamyl was added to the DNA sample. 

This was the centrifuged for 5 min at 16,000 × g at RT. The upper aqueous phase was transferred

to a fresh 1.5 ml microfuge tube. 2.5 x volume of ethanol and a 0.5 x volume of 7.5M 

ammonium acetate was added to the reserved upper phase. This was then incubated overnight 
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at –20 °C or for 1 h at –80 °C to precipitate the DNA. The sample was then centrifuged for 30 

min at 16,000 × g at 4 °C to pellet the DNA. The supernatant was discarded. 150 μL of 70 % 

ethanol in H2O was added and DNA was resuspended by pipetting up and down using a 200 μl 

pipette tip. The sample was then centrifuged for 2 min at 16,000 × g at 4 °C. The supernatant 

was discarded. The ethanol wash step was repeated once more. The pellet was allowed to air 

dry at room temperature for 5 – 10 min in laminar flow hood. The pellet was then resuspended 

in 200 μL of H2O by pipetting up and down.

  

2.4.3.9 Extraction of RNA from Rat brain tissue

Rat brain tissue was obtained by dissecting the brain of the dam sacrificed for the 

production of embryonic primary neuronal cultures described in Section 2.2.1.2. The brain was 

removed, transferred to a 50 ml conical tube and stored at -80 °C. RNaseZap RNase 

Decontamination solution (Invitrogen) was used to remove RNase contamination from work 

surface prior to RNA extraction. RNA extraction was performed in laminar flow hood. Aseptic 

technique was also used to reduce RNase contamination. The frozen brain tissue was removed 

from the conical tube and placed on a dissection board covered with aluminium foil. A sterile 

scalpel blade was used to remove 50-100 μg of tissue which was transferred to a 1.5 ml 

microfuge tube. 1 ml TRIzol Reagent (Invitrogen) was added to the tube and the tissue was 

homogenised using a disposable pestle. This was then incubated for 5 min at RT to allow 

dissociation of nucleoprotein complexes. 0.2 ml of chloroform was then added. This was 

incubated for 3 min before centrifuging for 15 min at 12,000 x g at 4 °C. The result of this phase 

separation leads to a colourless aqueous upper phase, an interphase and red phenol-
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chloroform lower phase. The RNA-containing aqueous phase was carefully removed with a 200 

µl pipette tip and transferred to a new 1.5 ml microfuge tube. 0.5 ml of isopropanol was added 

to this and incubated for 10 min. This was then centrifuged for 10 min at 12,000 x g at 4 °C to 

pellet RNA. The supernatant was discarded. The RNA pellet was resuspended in 75% ethanol in 

RNase-free H2O. by pipetting up and down. The RNA sample was then briefly vortexed before 

centrifuging for 5 min at 7500 x g at 4 °C. The supernatant was discarded and the RNA pellet 

was allowed to air dry in a laminar flow hood for 10min. The pellet was then resuspended in 50 

μl RNase-free water. RNA yield was quantified using the NanoDrop™ Spectophotometer 

(Thermofisher) and NanoDrop 1000 software to measure light absorption at 260 nm and 280 

nm and to calculate the A260/A280 ratio. 

  

2.4.3.10 First strand cDNA synthesis 

cDNA synthesis was performed using the RevertAid First Strand cDNA synthesis kit 

(Thermo Fisher). All reagents were stored -80 °C. After thawing they were mixed by pipetting up 

and down then briefly centrifuged and kept on ice while in use. RNaseZap RNase 

Decontamination solution (Invitrogen) was used to remove RNase contamination from work 

surface prior to cDNA synthesis. Aseptic technique was also used to reduce RNase 

contamination. 5 μg template RNA was added to a 1.5 ml microfuge. To this 1 μl supplied 

Random Hexamer primer and an appropriate volume of nuclease-free water to make up a total 

volume of 12 μl. To this the following was added in this order: 4 μl 5 x Reaction Buffer, 20 units 

RiboLock RNase Inhibitor, 10 µl 10 mM dNTP mix and finally 1 µl / 200 units RevertAid M-MuLV 

Reverse Transcriptase. This was pipetted up and down with a 200ul pipette to mix and then 
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briefly centrifuged before incubating for 5 min at RT. The sample tube was then placed in a heat 

block for 1 h at 42 °C. The reaction was terminated by heating at 70 °C for 5 min. PCR 

amplification of first strand performed as described in Section 2.4.3.1 using 2 μl of the first 

strand cDNA synthesis reaction mixture. A control was also used in which the cDNA mixture was

replaced with H2O. 
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Chapter 3: Investigating Argonaute phosphorylation
and LimK in a primary neuronal culture AD model
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3.1 Introduction

3.1.1 Aβ causes synaptic dysfunction and loss in AD and its models

Decades of intensive research has revealed many pathological changes that occur in AD 

and contribute to its progression and symptoms including mitochondrial dysfunction, excessive 

microglial activation and inflammation, synaptic signalling dysfunction, synaptic and neuritic 

injury and of course the formation of the pathological hallmarks of AD - increased Aβ 

production and accumulation, and tau hyperphosphorylation and NFT formation (Hardy & 

Selkoe, 2002). Despite this, the hurdle of identifying the chronology and interconnectivity of 

these many complicated changes remains to be surmounted. It is, however, known that a 

decrease in hippocampal and fronto-cortical synapses precedes symptom onset and even 

detectable NFT and plaque formation (Selkoe, 2002). Prior to the presence of amyloid plaques 

Aβ begins to aggregate into soluble intermediary assemblies - Aβ oligomers (AβO) (Ferrone et 

al., 1990). 

The most abundant APP peptide species in AD brains are the Aβ sequences comprised of

40 or 42 amino acids (Aβ40 and Aβ42 respectively) (Millucci   et al  ., 2010; Pike   et al.,   1993  ). 

Indeed, both endogenous and synthetic forms of these peptides have been shown to self-

assemble in aqueous medium to form higher order aggregates such as AβO (Nag   et al  ., 2011  ). 

High resolution imaging has revealed that AβO are present within individual spines of AD 

patients and AD animal models (Koffie   et al  ., 2009, 2012  ; Pickett   et al.  , 2016  ). Furthermore, they

have been shown to interact with numerous synaptic receptors including EphrinB2, NgR1, 

cellular prion protein (PrPc) (Um   et al.,   2012  ), neuroligins (Dinamarca   et al.  , 2011  ), insulin 

receptors (Zhao & Townsend, 2009), and ionotropic and metabotropic glutamate receptors (De 
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Felice   et al  ., 2007  ; Um   et al.,   2013  ). Extensive study into the relative toxicity of different Aβ 

species has indicated that these AβOs represent the most toxic (Izzo   et al  ., 2014  ; Vargas   et al  .,   

2014; Lee et al., 2017). They have been correlated with impairment of synaptic plasticity and 

spine loss in the AD brain and both animal and cellular models of AD (Lue   et al.,   1999  ; Calabrese

et al  ., 2007; Lacor   et al  ., 2007; Shankar   et al  ., 2008; Bao   et al.,   2012  ; Koffie   et al.,   2012;   

Lourenco   et al.   2013; Arbel-Ornath   et al.,   2017; Wang   et al  ., 2017; Batista   et al  ., 2018  )  . The 

effect of AβO is very potent and rapid, with application of physiological concentrations of AβO in

vitro leading to down-regulation of synaptic proteins crucial for learning and memory occurring 

within hours and higher concentrations to neuronal death (Calabrese   et al  ., 2007; Lacor   et al  .,   

2007; Wang   et al  ., 2017)  . AβO have also been shown to inhibit LTP and promote LTD - a factor 

which may contribute to spine shrinkage and loss (Zhou   et al.  , 2004; Jo   et al  ., 2011; Vargas   et al.  ,  

2014). One mechanism for enacting this is by reducing pre-synaptic transmitter release (Branco 

& Staras, 2009). They have also been shown to bind to and activate NMDARs, causing 

intracellular and synaptic dysregulation (De Felice   et al  ., 2007; Decker   et al.,   2010)  . It has been 

suggested that the cascade of dysregulation initiated by the accumulation of AβO may produce 

a positive feedback loop in which neuronal dysfunction leads to increase in production of Aβ 

and therefore an increase in AβO formation and so on (Tabner   et al  ., 2005; Ferreira   et al  .,   

2014;). Synaptic loss is correlated with reduced cognitive function and disease progression in AD

and with it being the earliest structural change and concurrent with AβO accumulation, 

researchers have laboured to find the precise mechanism through which these may be related 

(Terry   et al  ., 1991  ; Selkoe, 2002). However, this mechanism remains elusive.
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3.1.2 Methods for modelling Aβ accumulation in vitro

Cell culture models represent the simplest model systems and as such are incredibly 

valuable in unpicking disease-related changes at the molecular level. Proof of concept in a cell-

based system serves as the basic starting point of any translational pipeline. A method for 

culturing primary neurons was first developed by Banker & Cowan (1977) who isolated neuronal

cells from rat embryos at 18- or 19-days (E18/19). These cultures are relatively pure, containing 

very few glial cells. This technique has since become the one of the most popular methods for in

vitro AD modelling and has provided substantial data to inform our current understanding of 

mechanisms that underlie the disease (Kaech & Banker, 2006; Fontana   et al  ., 2020).  

  

In some studies, synthetically or endogenously derived Aβ peptides or oligomers are applied to 

neuronal cultures to model conditions found in early AD pathology (Fontana   et al  ., 2020  ). 

However, this method can present problems due to the propensity of Aβ to self-aggregate into 

various higher order structures and therefore the form of Aβ can be difficult to control for 

(Vadakul   et al.  , 2021  ). Furthermore, although Aβ plaques are extracellular, Aβ peptides of 

course originate in the cell and as such are subjected to and affect various subcellular processes 

before being excreted from the cell to form extracellular plaques (O’Brien & Wong, 2011). 

Application of Aβ peptides to neuronal cultures is a method that is able to reproduce aspects of 

the end point of Aβ-related pathology but is arguably less physiologically representative of Aβ 

production, secretion and oligomerisation.

  

In modelling neurological disease, expression of key proteins can be induced in a multiplicity of 

105



ways to better simulate disease conditions (Karra & Dahm, 2010). Aβ production can be 

increased through over expression of WT APP (Kamenetz   et al.  , 2003  ). However, APP 

overexpression may produce artefacts due to the effects of overexpression on the function of 

APP and other APP-derived non-amyloidogenic peptides (Saito   et al  ., 2014  ). Various methods 

are employed in AD models to try to circumvent this problem. One potential solution is to 

compare the effect of over expression of WT APP to equivalent expression of an APP mutant 

with a mutation at the β-secretase site which selectively eliminates production of the 

amyloidogenic 42- and 40-aa peptides (Citron   et al.,   1995  ). However, although this allows 

isolation of the effect of these particular peptides it of course does not eliminate the 

overexpression of other APP-derived peptides and the downstream effects of their increased 

expression. Another is to express APP in which mutations known to increase production of 

these peptides are present. This rationale was used in producing the NLGF mouse model in 

which hAPP is expressed at endogenous levels but the presence of three mutations (Swedish 

“NL”, the Iberian “F”, and the Arctic “G” mutations) Aβ production (Swedish), increase the ratio 

of the 42-aa peptide relative to 40-aa peptide (Iberian mutation) and finally increase the 

propensity of Aβ to aggregate, thereby reducing its proteolytic degradation (Arctic mutation) 

(Kamino   et al  ., 1992; Mullan   et al.  , 1992; Guerreiro   et al  ., 2010  ). Similar to the related NL-F 

mouse model, in the NLGF model amyloid plaques are produced and a loss of synapses is seen, 

however this pathology is accelerated (Saito   et al.,   2014  ).

  

Excessive shrinkage and loss of dendritic spines housing synapses is a key characteristic of the 

pathology of AD but is also seen as a part of healthy brain function through the process of LTD, 
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an important component of synaptic plasticity (Zhou   et al  ., 2004  ). Rajgor et al. (2018) identified 

phosphorylation of AGO2 at S387 and miR-134 induced down-regulation of LIMK1 as important 

in LTD-related spine shrinkage in primary neuronal cultures. Furthermore, data from preliminary

experiments in primary neuronal cultures indicated that this LTD mechanism may be aberrantly 

activated in AD pathology. When APP was overexpressed an increase in pS387-AGO2 was seen, 

concurrent with an increase in association between AGO2 and the RISC scaffold protein GW182 

and an increase in miR134 activity.

  

3.1.3 Aim

The aim for this section of my PhD was to produce a primary neuronal culture AD model 

in which changes to pS387-AGO2 and miR-134 activity found to be activated in pilot 

experiments could be reproduced and potentially rescued.  

  

3.2 Results

3.2.1 Primary neuronal culture amyloidopathy model

Determining the efficacy of dampening AGO2 activity in protecting against spine 

shrinkage in AD necessitates a model for Aβ induced spine shrinkage. Initially, I attempted to 

reproduce the model used in preliminary experiments from the lab that supported the 

hypothesis that pS387-AGO2 related changes occur in AD. These pilot experiments were 

performed using a model in which primary neuronal cultures were transfected with either GFP, 

myc-tagged WT APP, or myc-tagged APP in which a mutation (M671V) at the BACE cleavage site 

prevents production of the amyloidogenic APP fragment species. 
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However, in order to visualise spines this method would involve co-transfection of primary 

neuronal cultures with a plasmid expressing these APP genes and also a plasmid to express a 

fluorescent protein as a morphological marker such as mRuby or mCherry. I found that cell 

viability was prohibitively low following neuronal transfection with lipofectamine (L2K) (data not

shown).

  

In neurons, transfection efficiency of a transfection agent like lipofectamine is relatively low, but 

high for lentiviruses, which are retroviruses also capable of transducing non-mitotic cells (Karra 

& Dahm, 2010). Furthermore, I found lentiviral transduction to be a much better tolerated 

method for introducing DNA to primary neuronal cultures. Therefore, an alternative model was 

designed in which primary neuronal cultures were first transduced with lentiviruses expressing 

endogenous APP-directed shRNA bi-cistronically with a GFP reporter and shRNA-resistant C-

terminally myc-tagged APP that was either WT, contained the Swedish mutation (Mullan   et al  .,   

1992) or the NLGF triple mutation (Saito   et al  ., 2014  ) (referred to hereafter as WT APP, SweAPP 

and NLGF APP viruses respectively) or a scrambled shRNA sequence bicistronically with a GFP 

reporter as a control. In this system, endogenous APP is knocked down via the APP-directed 

shRNA and this is then replaced with myc-tagged APP such that t he effect of these mutations 

could be isolated and observed. The lentiviral plasmids used to produce these were kindly 

donated by Dr Kevin Wilkinson.

3.2.2 miRNA activity assay
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In the previous model the Promega Dual Luciferase Reporter Assay System was used to quantify 

changes in specific miRNA activity levels. This assay involves co-transfection with two luciferase 

constructs - one expressing firefly luciferase conjugated to a regulatory element of interest and 

another expressing Renilla luciferase which acts as a control for transfection efficiency. In this 

case the regulatory element used was the 3’ UTR of LIMK1 mRNA in which the miR-134 seed 

sequence was either intact or mutated to act as a control. Following transfection with the 

luciferase constructs, changes in expressed luciferase bioluminescence following application of 

the luciferase substrate can be measured by a luminometer and used to infer changes in specific

miRNA activity in different conditions.

  

However, this protocol also involves transfection. To circumvent potential issues with cell 

viability following transfection I designed an assay to quantify miRNA activity levels by Western 

blot also using lentiviruses as a vector rather than a lipofectamine transfection. My aim was to 

produce an assay using lentiviral transduction in which changes in expression of a fluorescent 

reporter due to changes in activity of a specific miRNA could be measured by Western blot. 

Unlike in primary neurons, in HEK293T cells lipofectamine transfection efficiency is very high 

and transfection protocols are well tolerated. I therefore chose to use direct transfection of 

HEK293T cells to streamline testing of this concept before moving forward.

  

The cloning vector that I chose to use was pEGFP with some alterations. Firstly, in this vector the

EGFP sequence has been replaced with an mCherry sequence. This is because future 

experiments using this primary neuronal culture AD model will involve rescue strategies using 
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lentiviruses expressing GFP-tagged mutant AGO2. Additionally, the MScI site usually present in 

mCherry has been removed for ease of downstream cloning. 

  

A potential stumbling block in the production of this assay is the stability of fluorescent proteins

which are typically ~24 h (Li   et al.  , 1998  ). This stability facilitates accumulation and detection in 

cells, however, this property limits their use in applications that require high reporter turnover 

where changes in expression may be difficult to detect in the background of accumulated 

protein. Regions rich in proline (P), glutamic acid (E), serine (S), and threonine (T) are termed 

PEST sequences and are associated with increased protein turnover (Li   et al.  , 199  8). This feature

can be utilised to increase the turnover of a protein to allow for detection of changes in 

expression over a smaller timescale (Li   et al.  , 1998  ). I extracted RNA from rat brain tissue and 

used this to synthesise cDNA. I used this to amplify the PEST sequence from rat ornithine 

decarboxylase, adding a XhoI site to the 5’ end (forward) and an EcoRI site to the 3’ end 

(reverse) so that I could digest and ligate this to the 3’ end of the mCherry sequence Figure 3.1. 

This destabilised mCherry plasmid served as my control. I then used PCR to amplify the LIMK1 3’

UTR region containing the miR-134 seed sequence from luciferase constructs first used in and 

kindly donated to the lab by the Schratt lab who first reported a role of miR-134 in LIMK1 mRNA

signalling (Schratt   et al  ., 2006  ). I designed primers for this amplification such that there was an 

EcoRI restriction site on the 5’ end and a SalI restriction site on the 3’ end. I was then able to 

digest and ligate this to the 3’ end of the PEST sequence Figure 3.1.
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Figure 3.1 Diagramatic representation of recombinant genes created (A) control construct in 
which the PEST sequence of rat orthinine decarboxylase (ODC) was amplified with XhoI (at 5’ 
end) and EcoRI (at 3’end) a (B) as (A) but conjugated to the LIMK1 3’ UTR sequence with a SalI 
site at the 3’ end, and (C) miR-134 precursor amplified with a PacI site (at5’ end) and XhoI site 
(at 5’ end). The backbone vector was pEGFP in which GFP had been replaced with mCherry.

  

The 3’ UTR of mRNA is an important site for regulation by many different regulatory 

mechanisms (Mayr, 2019).  To determine whether changes in expression specific to miR-134 

activity are able to produce a detectable change in mCherry expression when it is fused to the 

LIMK1 3’UTR I concurrently overexpressed the miR134 precursor by co-transfecting with a 

separate plasmid (Schratt   et al  ., 2006;   Olde Loohuis   et al;   2015  ). To produce this cDNA extracted

from rat brain tissue was used to amplify the miR134 precursor with a PacI restriction site on 

the 5’ end and a XhoI restriction site on the 3’ end (Figure 3.1). This allowed me to digest and 

ligate the insert into a pcDNA3.1 backbone.

  

I transfected HEK293 cells with the Cherry.PEST (± LIMK1 UTR) constructs with/without the miR-

134 precursor plasmid to artificially increase miR-134 levels (Olde Loohuis   et al  ., 2015  ). 48 h 
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after transfection I lysed the cells in denaturing conditions and performed a western blot using 

these lysates to determine whether an increase in miR-134 activity induced by expression of the

miR-134 precursor could be detected via a decrease in expression of mCherry when it is fused 

to the LIMK1 3’UTR. 

3.2.3 mCherry.PEST protein expression is decreased when conjugated to LIMK1 3’UTR and miR-

134 precursor is overexpressed   

mCherry.PEST expression was not significantly reduced by co-expression of pre-miR-134 when 

LIMK1 3’ UTR was not present (Figure 3.2). However, when mCherry.PEST was conjugated to the

LIMK1 3’ UTR mCherry expression decreased by 68% (± 15.11, n = 4 P<0.001) when co-

expressed with pre-miR-134 compared to expression alone (Figure 3.2).  

Figure 3.2: Expression of mCherry conjugated to a PEST sequence and the 3’ UTR of 
LIMK1 is down-regulated by co-expression of pre-miR-134. (A) Western blots showing the 
expression of mCherry and actin in HEK293T cells transfected with plasmids expressing mCherry
conjugated to a PEST sequence, and also with or without the 3’ UTR of LIMK1, with and without 
expression of pre-miR-134. (B) Quantification of mCherry.PEST expression with co-expression of 
pre-miR-134 expressed as percentage of average control (n = 4; error bars, s.e.m). (C) 
Quantification of mCherry.PEST expression when conjugated to 3’UTR of LIMK1 with co-
expression of pre-miR-134 expressed as percentage of average control (n = 4; ***p < 0.001, 
Student t-test; error bars, s.e.m). Expression bands were normalised to corresponding actin 
expression band.
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Concurrently, the lentivirus-induced cellular amyloidopathy model was characterised - the first 

step being to determine whether changes seen in the previous model were able to be 

reproduced. Primary neuronal cultures were transduced with the lentiviruses described above 

at DIV7 and lysed in denaturing conditions at DIV14. Cell lysates were subjected to Western blot

and the resulting blots were probed with antibodies raised against APP and myc to determine 

transduction efficacy. They were also probed with antibodies raised against LIMK1, AGO2, and 

pS387-AGO2 to investigate whether changes seen in the previous model were able to be 

reproduced. 

  

APP was knocked down 91% (n = 3, p = 0.02) by the shAPP and APP was replaced with myc-

tagged sh-resistant APP to levels that were not significantly different to the scrambled shRNA 

control in all cases (Figure 3.3 B). Of the myc-tagged APP mutants myc expression was 

significantly decreased in the NLGF APP lentivirus transduced cells by 24% (n = 3, P = 0.03) 

relative to the WT APP control (Figure 3.3 C). However, LIMK1, AGO2, and pS387-Ago2 levels did

not significantly change in any condition relative to the control (Figure 3.3 D, E, F, G). 
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Figure 3.3: Lentiviral expression of myc-tagged APP with EOAD-associated mutations in primary
neuronal cultures does not lead to changes in pS387-AGO2 or LIMK1 expression. (Normalised to
actin and expressed as percentage of average control) (A) Western blots showing expression
levels of key proteins in primary neurons transduced with lentiviruses expressing myc-tagged
APP with EOAD-associated mutations. (B) Quantification of APP in primary neurons transduced
with lentiviruses expressing myc-tagged APP with EOAD-associated mutations (n = 3; *p = 0.02,
One-way ANOVA, Bonferroni multiple comparisons test; error bars, s.e.m.). (C) Quantification of
myc in primary neurons transduced with lentiviruses expressing myc-tagged APP with EOAD-
associated mutations (n = 5; *p = 0.03,  One-way ANOVA, Bonferroni multiple comparisons test;
error bars, s.e.m.). (D) Quantification of LIMK1 in primary neurons transduced with lentiviruses
expressing  myc-tagged APP with  EOAD-associated  mutations  (n  =  5;  error  bars,  s.e.m.).  (E)
Quantification of AGO2 in primary neurons transduced with lentiviruses expressing myc-tagged
APP with EOAD-associated mutations (n = 5; error bars, s.e.m.).  (F) Quantification of pS387-
AGO2 in primary neurons transduced with lentiviruses expressing myc-tagged APP with EOAD-
associated mutations (n  = 5;  error bars,  s.e.m.).  (G) Quantification of  pS387-AGO2/AGO2 in
primary neurons transduced with lentiviruses expressing myc-tagged APP with EOAD-associated
mutations (n = 5; error bars, s.e.m.). All expression bands were normalised to corresponding
GAPDH expression band and data are presented as percentage of average scrambled shRNA
control.
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3.3 Discussion

3.3.1 Primary neuronal culture amyloidopathy model

The method for simulating early AD-related amyloidopathy used in this study did not 

reproduce the effects on LIMK1 expression or pS387-AGO2 seen in preliminary experiments 

using an alternative method in which APP was overexpressed. It is of note that spine loss is less 

dramatic in transgenic mouse models of amyloidosis in vivo relative to loss following bath 

application of Aβ in ex vivo preparations which has been suggested to be due to compensatory 

mechanisms that are able to alleviate effects when the build up is slow (Subramanian   et al.,   

2020). Similarly, in this model APP levels are not significantly different from the control and 

therefore the emergence of a disease phenotype depends on the gradual accumulation of Aβ 

caused by the APP mutations present. Compensatory mechanisms may therefore be able to be 

activated sufficiently to reduce the toxic effect of changes in Aβ production. Unlike in this 

primary neuronal model, however, in model animals these proposed compensatory 

mechanisms are unable to prevent the production of a disease phenotype. This may be because

although the APP mutations used are known to increase levels of Aβ40 and Aβ42 APP cleavage 

products and to lead to cognitive abnormalities and Aβ plaque formation in animal models and 

in human AD, these pathologies occur over the scale of a lifetime rather than the short few 

weeks during which primary neuronal cultures are used for experiments (Kamino   et al  ., 1992;   

Mullan   et al.  , 1992; Guerreiro   et al.,   2010).   It is important therefore to determine whether 

these changes accumulate sufficiently during this period to induce AD-like changes so that this 

may be used as a model. Future characterisation and development of this method could involve 

quantification of Aβ over time as has been achieve through mass spectrometry analysis of Aβ 

115



species in induced pluripotent stem cell (iPSC) models of the brain in health and disease (Arber 

et al.  , 2021  ). Furthermore, the method use for lentiviral production did not allow for 

quantification of viral titre, and as such, variable MOI may have influenced results.

  

A further confounding factor may lie in the simplicity of the system. Although having neuronal 

cultures containing very few glial cells can be useful in isolating neuron specific effects, many 

AD-related pathologies have been linked to glia. Glia play a crucial role in forming synapses and 

in their function and capacity to adapt to different conditions (Allen & Barres, 2009). Historically

neurons have been the focus of AD pathophysiology but in more recent years research has 

demonstrated the importance of glial cells in this process (Whitehouse   et al.  , 1982  ; Hansen   et   

al  ., 2018; Carter   et al.,   2019  ). Particularly given that certain alleles of the Triggering receptor 

expressed on myeloid cells 2 (TREM2) and Myeloid cell surface antigen CD33 (CD33) genes 

confer some of the highest risk in LOAD it is likely that glial cells are key players in AD pathology 

(Bertram   et al  ., 2008  ; Guerreiro   et al  ., 2013;   Jonsson   et al  ., 2013  ; Parhizkar   et al  ., 2019  ). Their 

reduced presence in this system may reduce the effect of Aβ, particularly of the 

neuroinflammatory immune cells, microglia. In examining the role of cofilin regulation in AD it is

of note that microglia isolated from APP/PS1:cofilin+/-mice have been shown to be more 

efficient at clearing Aβ (Liu   et al  ., 2019  ). This underlines the importance of glial cells in AD and 

therefore in AD research. A system in which they are present could be crucial to understanding 

the impact of dysregulation in the LIMK1:cofilin pathway.

  

Another aspect of brain physiology that is not able to be modelled in this way is its 3D structure.
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Particularly where manipulations of 2D cell culture systems such as transfection involve partial 

changing of media as this will also remove secreted Aβ, impeding oligomerisation. Furthermore,

should glial cells be present, a 2D structure such as a culture system does not permit 

interactions between different cell types to the same degree as the 3D structure of in vivo tissue

(D’Avanzo   et al.,   2015  ). To overcome these limitations 3D systems have been developed such as 

matrix-embedded cells (Choi   et al.  , 2014; Papadimitriou   et al.  , 2018  ) or scaffold-free self-

organising structures such as neurospheroids and organoids (Lancaster   et al.,   2013; Yoon   et al.,     

2019). 3D cellular models of AD have been shown to recapitulate both core AD biomarkers (Aβ 

plaques and NFTs) and used to test rescue strategies for the associated pathological changes 

(Choi et al., 2014; Papadimitriou   et al.  , 2018  ). This may indicate that, particularly in modelling 

diseases characterised by extracellular aggregation, 3D models are better able to represent 

physiological conditions and as such may be a more useful system to consider moving forward.

  

3.3.2 Lentivirus based miRNA activity assay proof of concept

In addition to producing a model of cellular changes in AD I also aimed to design and 

test an assay which was able to detect changes in specific miRNA activity without the use of 

transfection of neuronal cultures with lipofectamine. It is important to have baseline cell health 

to be uncompromised in your control condition in order to make meaningful comparisons with 

other experimental conditions, however, when cells are being used for the imaging of dendritic 

spines the importance of maintaining cell health is particularly key as spines are very sensitive 

to cellular stress (Penzes   et al.,   2011  ). Despite extensive attempts at protocol optimisation the 

use of lipofectamine as a transfection reagent proved prohibitively stressful for reliable imaging 
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of spines even in control conditions. Furthermore, should I have achieved an optimised protocol

in which cells were suitably unstressed after one round of lipofectamine transfection, in 

projected future experiments they would potentially need to undergo further rounds to test 

whether the effects of Aβ could by rescued by knockdown of endogenous AGO2 and expression 

of phospho-null mutant AGO2.

  

The gene delivery efficiency of lentiviral transduction is 10-30 fold higher than lipofectamine 

transfection and in my experiments did not noticeably affect cell viability (Karra & Dahm, 2010). 

This made lentiviral transduction an attractive candidate for this assay. Proof of concept was 

demonstrated in HEK293T cells in which overexpression of pre-miR-134 lead to a 68 % (± 15.11, 

n = 4 P<0.001) decrease in mCherry.PEST expression. This result is promising, however, there are

a number of factors to consider before moving forward.

  

Although increased miR-134 activity and targeting of the LIMK1 3’ UTR for translational down-

regulation is likely to be the cause of the down-regulation of mCherry.PEST when miR-134 

precursor is overexpressed it is possible that this may be due to an alternative mechanism. 

miRNAs participate in complex networks of regulation such that activity of one can affect the 

activity of another (Ghibaudi   et al.  , 2017  ). To rule out an indirect effect by other regulatory 

elements when pre-miR-134 is expressed a plasmid construct should be produced in which the 

miR-134 seed sequence is mutated so that miR-134 is unable to bind. If the down-regulation 

seen is due to increased miR-134 activity mutation of this seed sequence should eliminate the 

effect.
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Another important future experiment will be a comparison between mCherry expression with 

and without the ODC PEST sequence. Should it be the case that overexpression of pre-miR-134 

leads to an increase in miR-134 activity that far exceeds changes that occur in physiological 

conditions the assay may be insufficiently sensitive to detect them. An important component of 

the assay’s sensitivity is the vulnerability of mCherry.PEST to changes in expression so 

optimising this will be crucial.

  

Another area for optimisation is the 3’ UTR region of the mCherry.PEST.UTR construct. The 3’ 

UTR region of mRNA is an important coordinator of extensive post-transcriptional regulation 

(Mayr, 2019). Therefore, to eliminate confounding off target effects it may prove prudent to 

reduce the size of the regions flanking the miRNA seed sequence. However, the 3’ UTR can be 

important for regulating mRNA localisation (Martin & Ephrussi, 2009; Macdonad & Struhl, 

1988). For example, in neurons dendritic targeting of BDNF and CamKII mRNA has been shown 

to be dependent on their 3’UTR (An   et al.  , 2008; Miller et al., 2002  ). They also contain cis-

elements to which trans-acting RBPs bind (Chen   et al  ., 2001  ; Brennan & Steitz, 2001; Barreau   et   

al.,   2005  ). Therefore, there may be RBP interactions that facilitate site recognition. Should 

elimination of the flanking regions prevent effective miRNA activity-mediated down-regulation 

of the fluorescent reporter protein at the synapse they could be reduced in a stepwise fashion 

to determine the minimum sequence necessary to retain efficient miRNA binding.

  

Once these factors have been considered the next steps in the development of this assay will be
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to transfer the constructs into a lentiviral vector such as XLG. This can then be used to produce 

lentiviruses for use in primary neuronal cultures. This system has the advantage of an 

established method for inducing a physiological increase in miR-134 activity through cLTD with 

which to test the sensitivity of the assay (Rajgor   et al.  , 2018  ).

  

3.3.3 Conclusions

In summary, lentivirus induced expression of EOAD-linked mutant APP alleles to 

endogenous levels in primary neurons was insufficient to reproduce the changes to AGO2 

phosphorylation and LIMK1 expression seen in the model used in pilot experiments. It is unclear

whether this is because this model is insufficient to produce AD-like pathology or whether the 

pilot data was anomalous to the APP overexpression model used. Going forward 

immunoprecipitation and quantification of excreted Aβ in this model may shed light on this. 

Significant down-regulation of mCherry expression in HEK cells transfected with the plasmid 

components of the miRNA assay system described here suggests this may be a viable technique 

for use in neurons. The next steps with this project will be to transfer the constructs into a 

lentiviral plasmid backbone such as XLG. The assay can then be tested in neurons by transducing

them with lentiviruses produced using these constructs.
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Chapter 4: Investigating Argonaute phosphorylation
and LimK expression in the J20 mouse model
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4.1 Introduction

4.1.1 Animal models of AD are generated using EOAD-associated mutations of APP-related 

genes

Genetically, AD patients fall broadly into one of two categories. The first of these is that of 

sporadic late-onset AD (LOAD) which is influenced by common gene variants which only 

modestly increase AD risk individually (Lambert   et al  ., 2013  ). Ballenguez et al., 2022 performed 

a two-stage genome-wide association study comparing AD patients, people identified as having 

parents with AD (AD-by-proxy) who had not yet developed AD, and controls (111,326 cases, 

677,366 controls). Their analysis identified 75 risk loci and implicated ~250 genes in AD risk. 

These genes represent a range of different functional roles including immune- and lipid-related 

processes, and in the degradation of APP proteins. This demonstrates the complex aetiology of 

sporadic LOAD. The second category is that of familial early-onset AD (EOAD) caused by rare but

highly penetrant variants of either APP or presenilin1 or 2 (Cacace   et al  ; 2016  ). The latter form 

the catalytic subunit of γ-secretase - the secretase responsible for producing the APP-derived 

40- and 42 aa peptides found to form the Aβ plaques characteristic of AD (Jarrett   et al  ., 1993  ). 

The discovery of these disease-associated mutations led to the development of the amyloid 

hypothesis which implicates APP cleavage products in AD’s aetiology (Hardy & Selkoe, 2002). 

Consequently, these mutations have been utilised extensively to generate animal models of AD 

pathology. 

  

Mucke and colleagues  .   generated the J20 (PDGF-APPSw,Ind) mouse model in 2000 by 

expressing human APP (hAPP) carrying the FAD-linked double mutation KM->NL (Swedish) 
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(Mullan   et al.,   1992  ) and the V717F mutation (Indiana) (Murrell   et al  ., 1991  ) driven by the 

platelet-derived growth factor β chain promoter for neuron-specific expression (Sasahara   et al  .,   

1991). The insertion site has been mapped to chromosome 16, within the first intron of the Zinc

Finger And BTB Domain Containing 20 (ZBTB20) gene (Fisher   et al.,   2017  ). Despite decreased 

ZBTB20 mRNA expression in young J20 mice relative to WT littermates, protein levels are 

unaffected and as such the phenotype is most likely exclusively due to the expression of mutant 

hAPP (Fisher   et al.,   2017  ). This APP mutation leads to an increase in Aβ levels relative to mice 

expressing equivalent levels of WT hAPP, with increased levels detected from 6 weeks and 

amyloid plaques present from five months of age (Mullan   et al.,   1992  ). Neuronal loss from the 

CA1 region of the hippocampus is seen from 12 weeks (Wright   et al.,   2013  ). Similarly, at three 

months loss of synapses is seen (Hong   et al.,   2016  ). This synaptic dysregulation is also reflected 

in electrophysiological changes, as demonstrated by Saganich   et al.   (2006)   who found deficits in 

basal synaptic transmission from 3 months. They also reported a smaller average amplitude of 

field EPSPs and LTP deficits at the Schaffer collateral to CA1 synapse. Dendritic spines are small 

protrusions from dendrites that house the majority of excitatory synapses in the brain. Loss of 

spines and swollen dystrophic neurites seen in 11-month J20 mice are similar to morphological 

abnormalities in neurons in hippocampal tissue from AD patients (Moolman   et al  ., 2004  ). 

Although dendritic pruning is a part of healthy brain function (Subramanian   et al  ., 2020;   Merlini 

et al.  ,2019  ) excessive loss of dendritic spines leads to cognitive impairment (Terry et al., 1991). 

It is no surprise therefore that from 4 months J20 mice perform significantly worse than age 

matched controls in the radial arm maze test (Wright   et al  ., 2013  ) and Morris water maze test 

(Cheng   et al  ., 2007  ) indicating deficits in spatial reference memory.
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4.1.2 pS387-AGO2 and miR-134-mediated down-regulation of LIMK1 occurs in aged J20 mice

miRNAs are small non-coding RNAs that guide the RISC to target mRNAs for translational

repression. A considerable majority of miRNAs are expressed in the brain where they have been

shown to be involved in a range of processes and miRNA dysregulation has been associated 

with numerous neurological disorders (Kamal   et al  ., 2015).   Previous work in the Hanley lab 

(Rajgor   et al  ., 2018  ) demonstrated that upon NMDA-induced LTD, AGO2 is phosphorylated at 

S387, leading to increased AGO2 association with RISC components and activity of miR-134.  

LIMK1 mRNA is a known target of miR-134 and its expression was decreased following cLTD 

induction in a pS387-AGO2 and miR-134 activity dependent manner. LIMK1 promotes actin 

cytoskeleton stability by phosphorylating cofilin, the activity of which depolymerises F-actin. 

Rajgor et al. suggested that the shrinkage of dendritic spines associated with LTD, and 

reproduced in their cLTD experiments, was due to actin depolymerisation caused by cofilin 

disinhibition via miR134-mediated LimK1 translational inhibition. LIMK1:cofilin signaling has 

been shown to be perturbed in animal models of AD (Table 1.1). This lead to the hypothesis that

aberrant phosphorylation of AGO2 in AD and its models may underlie the observed spine loss 

and synaptic dysregulation. Data from pilot experiments in 18-month old J20 mice showed a 

reduction in LIMK1 concurrent with an increase in phosphorylation of AGO2 at S387 and in 

association of AGO2 and the RISC scaffolding protein GW182. 

  

4.1.3 Aim
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Following pilot data in 18-month old J20 mice that found a reduction in LIMK1 levels 

concurrent with an increase in phosphorylation of AGO2 at S387 I aimed to determine whether 

these changes to AGO2 phosphorylation and LIMK1 expression occur in the early or late stage of

the disease course.  

  

4.2 Results

4.2.1 APP expression is increased in J20 mice

To determine the time course of changes to pS387-AGO2 and LIMK1 expression in J20 

mice cortical and hippocampal tissue were collected from 6- and 18-month J20 mice and age-

matched controls and Western blotted firstly to quantify APP to confirm the disease phenotype. 

APP expression was increased by 131% (± 12%; n = 6; ****p < 0.0001, Student t-test) in 6-

month J20 mice and 225% (± 26%, n = 4, ****p < 0.0001) in 18-month J20 mice relative to 

controls (Figure 4.1). These results aligned with the assigned genotypes.
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Figure 4.1: Changes in expression of APP in the cortical tissue of J20 mouse model at  6- 
and 18-months. (A) Western blot quantification of cortical APP expression in 6-month J20 
mouse model (n = 6; ****p<0.0001, Student t-test, error bars: s.e.m.) (B) Western blot 
quantification of cortical APP expression in 18-month J20 mouse model (n = 4; ****p<0.0001, 
Student t-test, error bars: s.e.m.). Expression bands were normalised to corresponding total 
protein (TPS, LICOR). Data presented as percentage of average control.. Error bars are s.e.m.

  

4.2.2 pS387-AGO2 is increased in the hippocampus of J20 mice

Tissue from these animals was also homogenised and subject to Western blotting. The resulting 

membranes were then probed for LIMK1, AGO2 and pS387-AGO2. LIMK1 levels were found to 

be equivalent in J20 mice relative to controls at both 6- and 18-months and in both brain 

regions (Figure 4.2). No significant differences in total and relative levels of pS387-AGO2 were 

found in cortical tissue from either time point, however, phosphorylation of AGO2 at S387 was 

found to be decreased by 25% (± 9%, P = 0.02) at 6 months and 47% (±18%, P = 0.02) at 18-

months in the hippocampus of J20 mice relative to controls (Figure 4.2 D, E). In the 

hippocampus at 18-months total pS387-AGO2 was decreased by 37% (± 13, p = 0.01) despite no

significant change in total AGO2 (Figure 4.2 E). 
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Figure 4.2: Expression levels of proteins related to pS387-AGO2 and miR-134-mediated silencing
of LIMK1 in hippocampal and cortical tissue of the J20 mouse model of AD at 6- and 18-months 
(A) Western blots showing expression of LIMK1, AGO2, pS387-AGO2 and pS387-AGO2/Total 
AGO2 in 6- and 18-month J20 mouse cortex and hippocampus. (B) Western blot quantification 
of total LIMK1, AGO2, pS387-AGO2 and pS387-AGO2/Total AGO2 in 6-month J20 mouse cortex 
(n = 6; error bars, s.e.m.) (C) Western blot quantification of total LIMK1, AGO2, pS387-AGO2 and
pS387-AGO2/Total AGO2 in 18-month J20 mouse cortex (n = 6; error bars, s.e.m.) (D) Western 
blot quantification of total LIMK1, AGO2, pS387-AGO2 and pS387-AGO2/Total AGO2 in 6-month 
J20 mouse hippocampus (n = 4; *p < 0.05, Student t-test; error bars, s.e.m.) (E) Western blot 
quantification of total LIMK1, AGO2, pS387-AGO2 and pS387-AGO2/Total AGO2 in 18-month J20
mouse hippocampus (n = 6; *p < 0.05, Student t-test; error bars, s.e.m.) Expression bands were 
normalised to corresponding total protein (TPS, LICOR). Data presented as percentage of 
average control. Error bars are s.e.m.

  

4.2.3 LIMK1 expression is unchanged in NL-F mice

Due to differences in the site of insertion, gene copy number, and mutation present, certain 

animal models may present with anomalous phenotypes (Saito   et al  ., 2014  ). The NL-F APP 
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Knock in mouse model of AD expresses endogenous levels of APP with the Swedish mutation 

described above and I716F (Iberian) mutation (Saito   et al  ., 2014  ). Cortical samples were also 

collected from NL-F APP Knock in mice at 18-months and age-matched controls (n = 6) to 

ascertain whether this result was anomalous to the J20 mouse model. These samples were 

subjected to western blot and probed for LIMK1. LIMK1 expression levels did not differ 

significantly relative to age-matched controls (Figure 4.3).

  

Figure 4.3: Expression levels of LIMK1 in NL-F APP Knock in mouse model of AD (n = 6; 
error bars, s.e.m.) Expression bands were normalised to corresponding total protein (TPS, 
LICOR). Data presented as percentage of average WT.

  

4.3 Discussion

4.3.1 pS387-AGO2 levels are altered in the hippocampus of J20 mice

Significant reductions in spine density and volume are seen in AD brains and their 

models - including J20 mice (Pozueta   et al  ., 2013; Moolman   et al  ., 2004  ). These morphological 

changes have electrophysiological consequences and confer an enhancement in LTD and a 

reduction in LTP as larger spine heads can accommodate a greater number of AMPARs and 

consequently confer greater excitability at that synapse (Saganich   et al.   2006)  . Morphological 
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changes in dendritic spines are co ordinated via modulation of the actin cytoskeleton. This led 

to the hypothesis that the LTD-associated role of pS387-AGO2 and miR-134 in regulating the 

LIMK1:cofilin signalling pathway discovered previously in the lab may be overactivated in AD 

and its models, causing excessive and pathological spine loss (Rajgor   et al  ., 2018  ). 

  

Preliminary data from the Hanley lab showed that in the J20 cortex there is an increase in 

phosphorylation of AGO2 at S387 and in association between AGO2 and the RISC scaffold 

protein GW182 concurrent with a decrease in expression of the miR-134 target LIMK1 

supporting the hypothesis that pS387-Ago dependent LTD related processes are aberrantly 

activated in AD. To determine whether these changes occur early in the disease course and 

contribute to the disease aetiology or only appear at later stages cortical and hippocampal 

tissue from 6-month (n = 4) and 18-month (n = 6) J20 mice and age-matched controls was 

homogenised, subjected to Western blotting and probed for relevant proteins. The J20 mouse 

model overexpresses APP so firstly, APP levels were quantified to confirm disease phenotype 

(Mucke et al., 2000). APP expression increased by 131% (± 12%) in 6-month J20 mice and 225% 

(± 26%) in 18-month J20 mice relative to controls. Surprisingly however, the pilot data showing a

decrease in LIMK1 expression in the J20 mouse relative to controls were not reproduced. No 

reduction in LIMK1 expression was found at either 6- or 18- months in J20 cortical or 

hippocampal tissue relative to that of controls. Samples from an alternative model - the NL-F 

APP Knock in mouse model of AD were also probed for LIMK1 to determine whether this result 

was an anomaly of the J20 model (Saito et al., 2014). However, neither were levels altered 

relative to control mice in the NL-F APP knock in model. These findings were however in line 
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with those of previous studies investigating the LIMK-Cofilin pathway in mouse AD models in 

which LIMK1 levels were found to be unchanged relative to controls (Barone   et al  ; 2014;   

Henderson   et al  ; 2019  ).

  

Interestingly, although phosphorylation of AGO2 at S387 remained the same in cortex in J20 

mice relative to controls at 6- and 18-months, it was significantly decreased in the hippocampus 

by 25% (± 9%, p = 0.02) at 6 months and 47% (±18%, p = 0.02) at 18-months. At 18-months this 

effect is more pronounced with relative levels of pS387-Ago2 but also total levels of pS387-Ago2

decreased by 37% (± 11.92, p = 0.01) in J20 mouse hippocampus. This concurrent reduction in 

relative pS387-AGO2 and total pS387-AGO2 despite no change in total AGO2 levels may indicate

specific degradation of AGO2 phosphorylated at this site. This is in agreement with previous 

work demonstrating a role for phosphorylation of S387 in degradation of AGO2 during LTD 

(Paradis & Boehm, 2018). It is known that hydroxylation at P700 and sumoylation of K402 are 

also post-translational modifications that can affect AGO2 stability (Qi   et al  ., 2008; Sahin   et al  .,   

2014). In the context of AD S387 might also represent a site for regulation of AGO2 stability. The

specific vulnerability of the hippocampus to this change in pS387-AGO2 is particularly 

interesting as this brain region is known to be responsible for processing and retrieving 

memories and is also the region affected the earliest and most heavily by AD pathology (Gurvits 

et al.,   1996; Scoville & Milner, 1957; O’Keefe & Dostrovsky, 1971; MacDonald   et al  ., 2011).  

  

Work by Rajgor et al., (2018) suggested that during LTD an increase in pS387-AGO2 leads to an 

increase in miR-134 activity. The absence of changes in expression of LIMK in the J20 mouse 
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brain despite a decrease in pS387-Ago2 may be due to a number of other factors. Precise 

regulation of the activity of cofilin in synaptic plasticity is crucial to healthy synaptic function 

and as such homeostatic mechanisms may come into play if the expression of a key player in 

this pathway is perturbed. This could be enacted through an increase in total expression to 

compensate for miR-134 targeting of LIMK1 mRNA. Alternatively, a reduction in LIMK1 activity 

may trigger a reduction in LIMK1 turnover through changes to mechanisms such as 

ubiquitination which targets proteins for degradation (Hershko & Ciechanover, 1998). 

  

Another consideration in this is the promiscuity of miRNAs. A single miRNA can have many 

targets. Another layer of regulation may be present in which a subpopulation of miR-134 targets

are selected for silencing. Indeed, editing of miRNA has bee extensively reported and is 

suggested to allow greater specificity in target recognition (Correia   et al  ., 2019)  . miRNAs can 

also be subject to signal mediated silencing, for example by target-directed miRNA silencing 

(TDMS) in which specialised RNAs bind to miRNA to form a bipartite duplex with a flexible linker.

AGO cannot accommodate this duplex, which causes it to bend at the linker region, exposing 

the 3’ end of the miRNA to enzymatic degradation (Sheu-Gruttadauria   et al.,   2019  ). Expression 

of other non-coding RNAs that can act as miRNA sponges such as circular RNAs and 

pseudogenes and long ncRNAs can also reduce miRNA activity (Gjorgjieva   et al.,   2019  ). These 

processes all represent mechanisms by which an increase in activity of a specific miRNA can be 

negated.

  

Although total levels were unchanged these results do not rule out an effect limited to dendritic
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spines. If translational inhibition by miR-134 was regulated such that it was highly localised to 

spines or dendrites, this effect may be not be evident in data produced using a Western blot 

which quantifies total lysate protein levels. Given that specific mechanisms for trafficking of 

mRNA, miRNA and RISC machinery to the synapse have been demonstrated, in addition to 

subcompartment specific regulatory pathways it may also be the case that spatial control of 

these processes could occur on a much smaller scale. For example, other work has shown that 

the relative distribution of SSH1 and LIMK1 within a dendritic spine is key to lamellipodia 

formation and neuronal migration (Nagata-Ohashi   et al  ., 2004  ). This suggests that rather than 

total levels, alternative configurations of the relative concentrations of these proteins within the

dendritic spine can play an important role in the net effect of their activity. Therefore, although 

there no changes were seen in LIMK1 at the whole tissue level, in future work 

immunohistochemistry of J20 hippocampal slices or synapotosomal sub-fractionation of tissue 

could be used to determine whether there are highly localised changes to LIMK1 levels within 

the spine.

4.3.2 Conclusions

Surprisingly, I was not able to reproduce findings from the pilot study and therefore 

these results do not support the hypothesis that pS387-AGO2 and miR134-mediated down-

regulation of LIMK1 play a role in spine loss in the J20 mouse model. Furthermore, reduced 

phosphorylation of AGO2-S387 in the absence of altered LIMK1 expression indicates that 

although LIMK1 expression can be altered by miR-134 activity (Schratt   et al  ., 2006  ), in the J20 

mouse this is insufficient to affect total LIMK1 levels. However, whether other targets of miR-
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134 or other miRNAs preferentially recruited by pS387-AGO2 are involved in the AD pathology 

warrants further investigation. It also cannot be ruled out that this altered regulation of AGO2 

may confer changes within the very localised context of the dendritic spine. The specific 

reduction in AGO2 phosphorylated at S387 in the J20 mouse model hippocampus at 18-months 

may also indicate targeting of AGO2 with this modification for degradation in AD. 
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Chapter 5: Investigating LIMK1 in Alzheimer's
Disease cortical tissue
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5.1 Introduction

5.1.1 AD models are unable to recapitulate all aspects of human AD

Experimental models expressing EAOD-linked APP, PSEN1 and PSEN2 mutations in cells 

or whole animals are vital tools in research, but ultimately are limited. They cannot reflect all 

aspects of human brain physiology and also its susceptibility to human-specific pathways 

associated with AD. One important indicator of this is that despite producing sometimes very 

high levels of Aβ, mouse models do not lead to the production of NFTs (Myers & McGonigle, 

2019). The murine ortholog of tau has key sequence differences that render it highly resistant to

aggregation relative to human tau (Gilley   et al.  , 2012  ). To generate mouse models in which NFTs 

are present, mutant tau variants are expressed alongside mutant APP, however these are 

mechanistically distinct from amyloid accumulation and aggregation (Lewis   et al.  , 2001  ). It is 

therefore important to consider, where possible, using human-derived tissue and models to 

determine disease mechanisms.

  

5.1.2 Deposition of Neurofibrillary Tangles progresses linearly through the human brain during 

course of AD

Hyperphosphorylated tau protein deposition has been demonstrated to spread in a 

stepwise fashion through brain networks through examination of post mortem AD patient brain 

tissue (Braak & Braak, 1991) and in PET scans of MCI and AD patients (Cho et al., 2016). Tau 

accumulation starts in the medial temporal regions and then progresses to the basal and lateral 

temporal, inferior parietal, posterior cingulate, and other association cortices and finally to the 

primary cortex (Cho   et al.,   2016  ). In contrast, amyloid accumulates diffusely through the 
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neocortex and cortical thinning only occurs at advanced tau stages (Cho   et al  ., 2016; Thal   et al.  ,   

2002). These stages of NFT progression through the brain were described by Braak (1991) as 

following a broad pattern in six stages, with Braak stages I and II being when entorhinal regions 

are primarily affected, Braak stages III and IV when limbic regions are also involved and the final 

Braak stages V and VI where there is NFT accumulation right through to the neocortical regions. 

The stage of NFT progression also correlates with general cognitive status and can be used to 

confirm disease stage (Cho   et al.,   2016)  . 

  

5.1.3 LIMK1 is down-regulated in LTD and in the AD brain

 LIMK1 is a crucial component of synaptic plasticity and neuronal function (Meng   et al.  ,   

2002; Todorovski   et al.  , 2015; Lunardi   et al  ., 2018; Rajgor   et al  ., 2018  ). It has been demonstrated

to be down-regulated during LTD in healthy neuronal function via pS387-AGO2-dependent miR-

134 activity (Rajgor   et al  ., 2018  ). LTD is associated with shrinkage of the dendritic spines that 

house excitatory synapses (Zhou   et al.  , 2004  ). Excessive synaptic loss is also one of the earliest 

changes in AD and the best correlate of cognitive decline (DeKosky & Scheff, 1990, Terry   et al  .,   

1991). This led to the hypothesis that this LTD-associated mechanism for spine reduction may 

be aberrantly activated in AD and therefore contributing to this disease feature. Preliminary 

results from Braak stage VI AD patient cortical tissue showed that LIMK1 levels are indeed 

reduced in late stage AD relative to controls. 

  

5.3.4 Aim
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To determine whether LIMK1 expression decreases in AD in the entorhinal, limbic or 

neocortical stage of NFT deposition in AD.

   

5.2 Results

5.2.1 Post mortem delay was not significantly different between test groups

Post mortem cortical tissue from 60 age-matched AD patients (range: 74 - 96) was 

obtained from the South West Dementia Brain Bank. These were divided into disease course 

stages according to Braak staging (Entorhinal stages, NFT (I - II); Limbic stages, NFT (III - IV) and 

Neocortical stages (V - VI) ) (Braak, 1991) with each group making up 20 of the total 60 samples.

This tissue was homogenised in denaturing conditions and subjected to Western blot. Relative 

total protein was quantified with Licor Total Protein stain (TPS) used as a loading control.

  

Protein degradation increases with post mortem delay and can therefore skew results. Post 

mortem delay was compared across groups and no significant differences were found (Figure 

5.1).
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Figure 5.1: Post-mortem delay was not significantly different between Entorhinal (ER) 

(Early) stage, Limbic (L) (Mid) and Neocortical (NC) stage human AD samples. (n = 20; error bars,

s.e.m.)

  

5.2.2 Cortical pTau is increased in late stage AD but LIMK1 expression is unaffected

Braak staging is based upon the progressive formation of NFTs made up of hyperphosphorylated

tau that deposit firstly in the entorhinal cortex and then through the brain in a stereotyped 

manner (Braak, 1991). Of these samples four from each group were randomly selected to 

confirm assigned Braak staging by probing for phosphorylated tau (pTau). pTau was found to 

increase significantly in the neocortical (NC) stage relative to the limbic (L) stage (254% P = 

0.044) and NC relative to entorhinal (ER) stage (380% P = 0.0045) (Figure 5.2 A)
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Figure 5.2: Cortical LIMK1 expression levels do not change during the course of AD as 
determined by pTau deposition and Braak stage. A) pTau expression levels in Entorhinal (ER) 
(Early) stage, Limbic (L) (Mid) and Neocortical (NC) stage human AD samples (n = 5; ***p < 
0.001, *p <0.05, One-way ANOVA, Bonferroni multiple comparisons test; error bars, s.e.m.) B) 
LIMK1 expression levels in Entorhinal (ER) (Early) stage, Limbic (L) (Mid) and Neocortical (NC) 
stage human AD samples (n = 20, error bars, s.e.m.) C) Scatterplot showing correlation between 
expression levels of pTau and LIMK1. (n = 5; r = 0.06)
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Previous work in the lab demonstrated the role of pS387-Ago2 and miR134-mediated LIMK1 

down-regulation in LTD-associated shrinkage of dendritic spines and lead to the hypothesis that 

this mechanism may underlie spine loss in AD. This was supported by pilot experiments in which

LIMK1 was found to decrease in late stage AD. Surprisingly however, LIMK1 levels were analysed

and no significant difference was found between control and AD conditions at any disease 

course stage (ER/L/NC) (Figure 5.2 B). Furthermore, LIMK1 levels were also not found to be 

correlated pTau levels (Figure 5.2 C).  

  

5.3 Discussion

5.3.2 Cortical LIMK1 expression levels are unchanged during the course of AD

Preliminary data indicated that in late stage AD there is a reduction in cortical LIMK1 

expression in AD. To explore when in the disease course this change occurs LIMK1 levels were 

quantified by Western blot in cortical tissue from 60 AD patients acquired from the SWDBB. 

These were divided equally into groups (n = 20) according to the progression of pTau inclusions 

through the brain, either restricted to entorhinal cortex (Early stage: Braak I-II), spread to the 

limbic regions (Mid stage: Braak III-IV) or through the brain to neocortical regions (Late stage: 

Braak V-VI) (Braak & Braak, 1991). No significant differences were found in post mortem delay 

between groups indicating that the results were not skewed by uneven distribution of protein 

degradation. 

  

To investigate the accuracy of assigned Braak stage a random selection of four samples from 

each group were probed for one of the hallmark AD protein aggregates - NFTs. These are made 
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up of hyperphosphorylated tau so quantification of this pTau was used as a proxy measurement 

of NFT deposition. The trend was an increase with Braak group, however, there was no 

significant difference between Early and Mid stage samples. This suggests a greater variability of

pTau deposition within groups than between them which may be due to the fact that these 

samples are cortical and in these earlier stages pTau deposition has not stably progressed to this

region. This is supported by the 254% increase of pTau found in NC/late stage samples relative 

to L/mid and 380% increase relative to ER/early stage. The finding of increasing cortical pTau 

levels with assigned Braak stages indicates accurate assignment of Braak stage.

  

Contrary to previous findings, cortical LIMK1 levels did not differ significantly in NC/late stage 

relative to ER/early stage AD. LIMK1 levels were also not correlated with pTau levels suggesting 

that variations in these did not skew the results. This result is however in line with that of 

Heredia et al. (2006) who found that total LIMK1 expression levels did not change in the AD 

brain.

  

There are many different factors which can negatively impact reproducibility, particularly when 

working with human tissue. Although these samples were age-matched and did not differ 

significantly in post-mortem delay there may be other factors that were not controlled for that 

may affect results. These include the presence or absence of genes that confer a greater risk of 

AD, or protection against it such as the well-studied APOE alleles (Serrano-Pozo   et al.,   2021  ). 

Uneven distribution of APOE4 carriers across groups in Phase 2b trial cast doubts on the efficacy

of the IgG1 monoclonal antibody based treatment that targets soluble aggregated amyloid β 
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(Aβ) Lecanemab (BAN2401) in 2018 (Alzforum). This highlights the importance of controlling for 

confounding factors when analysing results. In addition to genetic risk factors there a number of

modifiable factors that have been shown to affect AD risk. A meta-analysis by Xu and colleagues 

(2015) with a pooled population of > 5000 people revealed that diseases such as osteoporosis, 

heart conditions such as artherosclerosis, hypertension, hypotension and a history of 

myocardial infarction all increased the risk of developing AD. A history of Type II Diabetes was 

also shown to be positively correlated with AD. This is unsurprising as has been long been 

associated with insulin resistance and diabetes, leading some to suggest that AD represents a 

third type of diabetes (Burillo   et al.,   2021  ). Furthermore, diabetes drugs have been shown to 

ameliorate the negative effect of Type II diabetes on cognitive function and have been 

suggested to be potential candidates for AD drugs (Boccardi   et al.  , 2019  ). Should this prove true 

the use of these drugs could affect molecular mechanisms involved in LIMK1 expression. 

Conversely, having a history of cancer or metabolic syndrome was associated with a reduced 

risk of developing AD. Medical treatment with NSAIDs, statins or oestrogen were all found to 

reduce AD risk. Lifestyle factors also play a role. High intake of folate, vitamin C, vitamin E, 

caffeine or a mediterranean-type diet were all dietary factors negatively correlated with AD risk.

Low BMI was shown to be a risk factor. Educational attainment was found to reduce risk. In 

future work, additional data regarding the presence or absence of these conditions within 

subgroups would allow for more confident conclusions to be drawn. 

  

Another potential confounding factor is potential variations in tau deposition. Although the 

staging method described by Braak and Braak (1991) derived from histopathological analysis of 
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ex vivo brain slices has been demonstrated in vivo with tau-PET imaging studies a number of 

examples since have emerged in which the tau spreading pattern does not fit perfectly into this 

system (Schwarz   et al  ., 2016; Scholl   et al.  , 2016  ). These include an AD phenotype in which the 

medial temporal lobe is spared despite extensive cortical tau deposition and a phenotype in 

which the most prominent tau pathology is found in the limbic medial temportal cortex (Murray

et al.  , 2011; Whitwell   et al  ., 2012; Ferreira   et al.,   2020;  ). Furthermore, different AD subtypes 

have been attributed to different rates of atrophy and cognitive decline (Risacher   et al.,   2017;   

Ossenkoppele   et al  ., 2020  ). It has been suggested that defining these subtypes will be an 

important step in refining research into AD pathology (Vogel   et al.  , 2021  ).

  

5.3.3 Conclusions

Despite the findings of the pilot experiments in late stage AD, these results do not 

support the hypothesis that LIMK1 expression is altered during the course AD. Unlike model 

systems, humans are highly variable in lifestyle, genetic make up and even amongst AD 

sufferers, in AD phenotype. To reduce issues with reproducibility these confounding factors 

must be identified and controlled for as thoroughly as possible.
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Chapter 6: General Discussion
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6.1 Summary

Firstly, I attempted to reproduce pS387-AGO2 and miR-134-mediated changes seen in cLTD and 

in a primary neuronal model of AD overexpressing WT APP and using a BACE1 site mutant APP 

as a control. The lipofectamine protocol used to produce this model proved too stressful for 

cultured neurons in my hands. I therefore chose to use an alternative strategy for producing a 

primary neuronal model using lentiviruses, produced using lentiviral plasmid constructs kindly 

donated by Dr Kevin Wilkinson. With these, I was able to almost entirely knock down 

endogenous APP and replace it to endogenous levels with myc-tagged APP that was either WT 

or carried the EOAD-linked Swedish mutation, or the Swedish, Iberian and Arctic mutations in 

combination. This lead to no observable changes in cell viability. However, this also did not 

confer the same effects on phosphorylation of AGO2 at S387 or LIMK1 levels seen in the 

previous model.

The pilot data had also used a dual luciferase assay which would again require transfection. I 

decided to design a miRNA activity assay that also involved lentiviruses, in this case expressing a

reporter protein (mCherry) that could be quantified by Western blot. The sequence of this 

reporter protein was conjugated to a degron sequence (ODC PEST) to increase protein turnover 

and thereby sensitivity to changes in expression caused by miRNA activity. To this I also 

conjugated the 3’ UTR of LIMK1 containing the target sequence complementary to miR-134 so 

that reporter protein expression was subject to regulation by miR-134 activity. To test the design

concept I transfected HEK293T cells with these plasmid constructs either with or without 

another plasmid expressing pre-miR-134. When pre-miR-134 was overexpressed mCherry 
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expression decreased significantly by 68%.

I considered that although my cellular model had not reproduced the results of the pilot 

experiments this was most likely due to the difference in protocol used to produce the model. I 

moved forward to a whole animal model - the J20 mouse model of AD. Pilot experiments using 

tissue from 18-month old J20 mice had also found changes in protein expression levels 

supporting the hypothesis that excessive phosphorylation of AGO2 at S387 increases miR-134-

mediated silencing of LIMK1, leading to the suggestion that this may contribute to spine loss 

seen in AD and its models and therefore represent an avenue for therapeutic intervention. 

However, the therapeutic window for AD is considered to be the prodomal stage, prior to 

extensive neuropathology. I aimed to determine whether these changes occur early in the 

disease course or only in late stages. Surprisingly, the pilot data were not reproduced. I found no

change in LIMK1 levels and a significant decrease in phosphorylation of AGO2 S387 in the 

hippocampus of both 6- and 18-month old J20 mice of 25% and 47% respectively.

Although animal models are better able to model the intact human brain than cellular models 

they are still unable to recapitulate all aspects of neurological disease. Pilot experiments using 

late stage human AD cortical tissue had found a decrease in LIMK1 expression supporting the 

general hypothesis. As in the J20 mice I aimed to determine whether this occurs only in late 

stage AD or if it occurs earlier and as such is a potential candidate for maximally effective 

therapeutic intervention. However, I found no difference in LIMK1 expression between early 

(Braak stage I - II), mid (Braak stage III-IV) and late (Braak stage V - VI) AD.
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6.2 Conclusions

My primary aim was to investigate the roles of AGO2 phosphorylation and miR-134 in synaptic 

dysfunction in AD. Although the data shown here does not support the initial hypothesis that 

pS387-AGO2 and miR-134 mediated down-regulation of LIMK1 is involved in shrinkage of 

dendritic spines in AD the finding that there is specific reduction in pS387-AGO2 in hippocampal

tissue from J20 mouse model mice at both 6- and 18-months is intriguing. The hippocampus 

plays a well-established role in memory and is one of the first and most heavily affected regions 

in AD pathology. This is the first finding in J20 mice as young as 6-months of changes to 

phosphorylation of AGO2. Here I have also demonstrated proof of concept for a lentivirus-based

miRNA activity assay. This may be a useful tool in determining what other miRNAs may be 

involved in primary neuronal models of AD in future.
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Appendix 1: South West Dementia Brain Bank
human sample data
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MRC ID AGE SEX Histological Diagnosis
Secondary 
diagnosis

Tertiary 
diagnosis PM DELAY (hours) Braak tangle stage

BBN_8739 93 F NO PL,SC T(HIPPO&MT CORTEX) NO NO 18 2
BBN_8751 82 M NO PL OR T NO NO 30 2
BBN_8770 89 F AGE(SC PL TF CORTEX,T ENTOR) NO NO 15 2
BBN_8848 77 F AD NO NO 43 4
BBN_8917 91 M AD NO NO 43 3
BBN_8923 82 M AGE NO NO 3 2
BBN_8968 89 F AD NO NO 14 4
BBN_8989 90 M AD NO NO 13 3
BBN_9028 76 M NORMAL BRAIN NO NO 23 2
BBN_9050 90 F AD NO NO 21 4
BBN_9078 78 F AD(SEV) NO NO 26 4
BBN_9092 75 M NORMAL FOR SHELLEY NO NO 6 3
BBN_9189 78 F AD(SEV) NO NO 21 6
BBN_9222 90 M AD,DLBD DLBD NO 32 6
BBN_9284 76 F AD, LBD LBD NO 43.5 6
BBN_9299 90 M NORMAL NO NO 5.5 2
BBN_9311 93 M No AD, CONTROL NO NO 37.75 3

BBN_9317 79 F
AD definite, moderate CVD, 
very limited cortial LBD CVD LBD 27.25 5

BBN_9325 90 F
AD possible, Argyrophilic grain
disease, mod CVD

Argyrophilic grain 
disease CVD 18 4

BBN_9329 80 M
Mod CAA, mild to mod 
cerebrovascular disease NO NO 45.75 0

BBN_9338 95 M
AD probable, mod CAA, mod 
small vessel disease NO NO 27 4

BBN_9340 94 F Mod atherosclerosis, CAA NO NO 21 2
BBN_9343 80 M AD probable, moderate CAA NO NO 24 4

1



BBN_9354 85 M
Control, no significant 
abnormalities NO NO 30.5 2

BBN_4213 88 M
AD probable, very mild limbic 
LBD LBD NO 5 5

BBN_4215 80 F AD probable, moderate CAA NO NO 26 4

BBN_9357 92 F
Braak tangle stage IV but does 
not fulfil CERAD criteria for AD NO NO 34.5 4

BBN_4220 86 F

AD possible, moderate to 
severe CAA, small vessel CVD 
with microinfarcts CVD NO 13.5 3

BBN_4229 87 F
Apart from mild small vessel 
disease, no abnormalities seen NO NO 47 3

BBN_9375 96 F

AD definite, moderate 
arteriosclerotic small vessel 
disease, mild CAA, 
hippocampal sclerosis CVD

Hippocampal
sclerosis 26 5

BBN_9394 81 M
AD probable, severe capillary 
CAA CAA NO 32 4

BBN_4238 85 F

AD definite, moderate 
arteriosclerotic small vessel 
disease, moderate to marked 
CAA CVD CAA 14 5

BBN_9407 90 F

Mild argyrophilic grain disease, 
moderate CAA, fine to use as 
control brain NO NO 41 2

BBN_9408 87 M

Moderate cerebrovascular 
disease (athersclerosis and small 
vessel disease) use as control but 
not for comparison with VaD CVD NO 42 2

BBN_9422 74 F
Control, no significant 
abnormalities NO NO 39.5 1

BBN_9426 81 M AD definite, moderately severe
arteriosclerotic vascular 

CVD CAA 32 6

2



disease (small vessel disease, 
atheroma), moderate CAA

BBN_9432 74 F

Fine to use as control. 
Argyrophilic grain disease, severe
CAA, mild to moderate 
arteriosclerotic cerebrovascular 
disease

Argyrophilic grain 
disease CAA, CVD 27.5 2

BBN_9433 88 M

AD probable, moderately 
severe atheromatous large 
vessel disease and 
arteriosclerotic small vessel 
disease, severe CAA CVD CAA 36 4

BBN_14398 90 F
AD probable, moderate small 
vessel disease, moderate CAA CVD CAA 46.75 5

BBN_19608 96 M
Control, no significant 
abnormalities, TDP43 pathology TDP43 pathology NO 21 2

BBN_19615 75 M
AD definite, moderate SVD, 
moderate CAA CVD CAA 7 5

BBN_19626 81 M
Fine to use as control. 
Argyrophilic grain disease

Argyrophilic grain 
disease NO 35.75 3

BBN_19627 94 F Control, moderate CAA CAA NO 29.5 2

BBN_19632 91 M

AD definite, hippocampal 
sclerosis, severe CVD with 
several infarcts, TDP43 
pathology

Hippocampal 
sclerosis

CVD, TDP43 
pathology 43 6

BBN_24309 92 M
AD definite, moderately 
severe arteriosclerotic SVD CVD NO 30.5 5

BBN_24311 82 F Fine to use as control. Mild Argyrophilic grain NO 36 2

3



argyrophilic grain disease disease
BBN_26015 90 F AD definite, moderate CAA CAA NO 21.25 6
BBN006.2701
7 93 F AD definite NO NO 31.75 5
BBN006.2876
6 87 F AD definite NO NO 40.5 5
BBN006.29018 89 F Nil of note NO NO 26.5 2

BBN006.2961
4 85 M

AD definite, severe CAA & 
capillary CAA with multiple 
microinfarcts, VCING low 
likelihood

CAA & capillary 
CAA

Multiple 
microinfarcts 31 6

BBN006.2972
3 92 F

AD probable, VCING high 
likelihood, multiple subacute 
cerebral infarcts VaD

Multiple 
subacute 
cerebral 
infarcts 16 5

BBN006.3002
4 84 F

AD definite, moderately 
severe SVD, subarachnoid 
haemorrhage CVD

Subarachnoi
d 
haemorrhage 10.25 6

BBN006.30165 93 M

No significant abnormalities 
apart from microinfarct in 
putamen

Microinfarct in 
putamen NO 34.5 2

BBN006.3144
5 86 M

AD definite, AD-associated 
TDP43 pathology, 
hippocampal sclerosis TDP43 pathology

Hippocampal
sclerosis 34.5 4

BBN006.3251
4 80 M

AD definite, TDP43 pathology 
associated with AD TDP43 pathology NO 21.25 6

BBN006.32578 86 F Normal brain, moderate CAA CAA NO 36.25 2

4



BBN006.32845 92 M CONTROL, severe CAA CAA NO 47.25 2

BBN006.3366
6 80 M

AD probable, TDP43 
pathology associated with 
AD/ageing TDP43 pathology NO 43 5

BBN006.3368
2 91 F

Moderately severe SVD, 
severe CAA, mild AD 
pathology CAA

Mild AD 
pathology 43.5 3

5
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