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Abstract 

Fused in sarcoma (FUS) is a DNA/RNA-binding protein that modulates gene 
expression by associating with a wide range of transcription-related factors 
in the nucleus and/or cytoplasm of neurons. Abnormal expression of FUS or 
mutant forms of FUS were reported to be involved in the pathologies of 
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration 
(FTLD). Since both ALS and FTLD include neurodegeneration, the synapse 
weakening process might be exhibited prior to the neuronal death. However, 
there are many missing gaps and mechanisms not well explained. 

In this PhD study, the nature and consequence of abnormal FUS were 
investigated in terms of the potential pathology that would be involved in ALS, 
FTLD and other possible neurodegenerative diseases. By utilising main 
pathogenic factors of FUS (nuclear localisation signal (NLS) mutation and 
hypomethylation), both morphological and neurophysiological alterations by 
abnormal expression and propagation of FUS were investigated. 

First, cytosolic accumulation of FUS was investigated using FUS-P525L 
mutant form, which has mutation on NLS region that is required for nuclear 
internalisation of FUS. FUS-P525L was shown to have quicker translocation 
though the dendrites than that of FUS-WT and this difference resulted in the 
reduction of spine density in the apical dendrites of FUS-P525L cells. FUS-
P525L cells were shown to have increased synaptic conductance and 
intrinsic excitability and the excitability was returned to the control level when 
Calcium-permeable AMPA receptor (CP-AMPAR) blocker IEM-1460 was 
applied. And had decreased basal synaptic transmission and inhibited 
induction of both long-term potentiation (LTP) and long-term depression 
(LTD).  

Second, FUS mutant with enhanced cation-π interaction was investigated by 
using FUS-16R mutant form, which has 16 additional arginine residues 
therefore increases the chance of hypomethylation. The spine density of 
FUS-16R cells were shown to be reduced in both basal and apical dendrites 
compared to FUS-WT cells. In addition, intrinsic excitability and basal 
synaptic transmissions were reduced in FUS-16R cells.  

Together, the results suggest that abnormal expression of FUS mutant is 
widely involved in the morphological, electrophysiological synapse 
weakening and it is related to the neuronal activity and excitability.  
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1.1. Pathophysiology and neurodegenerative disease 

Neurodegenerative disease refers to the progressive condition that neurons 

losses their functions and results in neuronal degeneration or death. This 

progression is accompanied by atrophy or lesions in various brain or central 

nervous system (CNS) regions and causes significant clinical phenotypes.  

In the most cases, neurodegenerative diseases are symptomized to be 

dementia and motor neuron diseases, such as Alzheimer’s disease (AD), 

Parkinson’s disease (PD), frontotemporal dementia (FTD, or frontotemporal 

lobar degeneration (FTLD)) and amyotrophic lateral sclerosis (ALS). These 

diseases damage the abilities to memorise, think, behave, move and 

eventually, ruin the everyday life. Briefly introducing each disease, AD is 

known to present atrophy in wide range of cortex, thought to be affected from 

medial temporal lobe in the early stage and accompanied by cognitive 

impairment, PD shows neuronal loss in substantia nigra and mainly impairs 

motor and non-motor functions. FTD expressed with neuronal loss in 

frontotemporal lobe and alteration of behaviour and dysfunction of language 

skills, ALS is characterised by loss of motor neurons and showing 

dysfunction of voluntary muscles. 

They are mainly regarded and expressed to be age-dependent, however, 

environments, genetic mutations, lifestyle or various factors also have been 

identified and/or expected to trigger early onset form of the diseases 

(Erkkinen et al., 2019). Accurate understanding of those factors will make 

early and accurate diagnoses easier and give clues for therapeutic or 

preventive approaches toward those diseases. Considering the progression 

of those diseases are slow and accumulative than acute, the number of 

patients is exponentially growing to result in high demand of social care 

resources and it gives burdens to the responsible family members. Therefore, 

early and accurate diagnosis of the diseases gaining attentions worldwide 

and the importance of them are growing. 

The most dominant neurodegenerative disease, AD, takes about 60-80 % of 

dementia worldwide, estimated to be 24 million (Mayeux and Stern, 2012). 
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The prevalence of AD was 701 cases per 100,000 in 2016 (Nichols et al., 

2019). PD is the second common neurodegenerative disease and comes 

with the motor symptoms. The prevalence of PD is generally known to be 

100-200 cases per 100,000 (Von Campenhausen et al., 2005) and 

prevalence of dementia within PD cases is thought to be 30 % (Hely et al., 

2008). FTD is also one of the major dementia and it is mostly expressed to 

be early onset, takes 12 % of dementia before 65 years and 2 % of dementia 

from 65 years and older cases (Van Der Flier and Scheltens, 2005). The 

prevalence of FTD is estimated for 0.01-4.6 cases per 1000 people (Hogan 

et al., 2016). And ALS is the most common motor neuron disease and the 

prevalence is about 6 cases per 100,000 (Talbott et al., 2016). Overall, these 

diseases are expressed in the older age groups and the population of aged 

group is increasing, therefore, the worldwide economic cost of dementia was 

reported to be $1 trillion (USD) in 2018, according to the world Alzheimer 

report 2018.  

The progression of diseases primarily damage distinct neural areas, for 

instance, cerebral cortex is affected in AD and FTD, basal ganglia and 

thalamus are affected in AD, PD and FTD, hippocampus is affected in AD, 

brain stem and spinal cord are affected in ALS  (Gan et al., 2018). When 

those neural regions are damaged, then, clinical phenotypes appear such as 

behavioural, cognitive, primary motor, extrapyramidal symptoms and 

metabolism and they are overlapped in AD, FTD, ALS and PD (Ahmed et al., 

2016). For instance, behavioural symptoms and metabolism issues are 

expressed in all 4 different diseases, whereas cognitive symptoms are 

prominent in AD and FTD, motor (primary motor, extrapyramidal) symptoms 

are expressed in ALS, PD and FTD. Because of that heterogeneity in the 

clinical phenotypes, there were efforts to find the connections between 

neurodegeneration and molecular pathology (or proteinopathy) (Golde and 

Miller, 2009; Pievani et al., 2014).  
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1.2. Proteinopathies – distinct diseases with shared pathophysiology 

Proteinopathy (or proteopathy) is a category of disease with malfunction of 

proteins. Common mechanism of proteinopathy is generally characterised by 

misfolding of certain proteins that can act as seeding molecules to recruit 

multiple functioning proteins and form bigger complexes (widely referred as 

oligomers, inclusions or aggregates), which in turn, disrupt cellular functions 

and cause cell death. This concept has been applied to neuronal 

degenerations to explain progression of the diseases (Jucker and Walker, 

2011). 

As the known molecules in the inclusions or aggregates of the proteinopathy, 

amyloid β (Aβ) and Tau are mainly identified in AD, α-synuclein in PD, TAR 

DNA-binding protein 43 (TDP-43) and fused in sarcoma (FUS) are mainly 

found in FTD and ALS (Fu et al., 2018). These proteins are normally 

expressed in the various range of cells in the healthy conditions and have 

their basic roles. However, in the pathological condition, those molecules are 

prone to aggregate like prion protein (Goedert et al., 2010). The aggregates 

are known to be misfolded into β-sheet structure and propagate by seeding 

to recruit other proteins into the aggregates (Soto and Estrada, 2008). These 

aggregates are deposited in the wide range area of the brain and CNS 

regions and interfere the neuronal functions and induce neurodegenerations. 

Interestingly, each protein has the predominant area that is deposited and 

induces neuronal toxicity, therefore, it results in the distinct neuronal 

degeneration patterns and likely correlates with the clinically affected brain 

regions as mentioned above (Gan et al., 2018). 

For the further aspects to the neural dysfunctions and clinical phenotypes, 

those pathologies also have been investigated in the further smaller level, 

neurons. Therefore, neurodegeneration is also referred to be a series of 

phenomena that describes the progressive loss of neuronal structure and 

function (Haass and Selkoe, 2007). In that sense, those proteinopathy is not 

just neural region-specific, but also neuron-specific and gene-specific that 

contribute the selective vulnerability of the neurons (Fu et al., 2018). 
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Obviously, the mutations on the genes of the main pathological proteins (e.g. 

Aβ, α-synuclein, TDP-43 and FUS) in each neurodegenerative disease and 

the other genes that accelerate the neuronal pathologies are largely involved. 

Mentioning few major genes for each disease, APP, PSEN1 and PSEN2 are 

involved in AD pathology, SNCA, LRRK2 are involved in the PD pathology, 

TARDBP, superoxide dismutase 1 (SOD1), FUS are involved in ALS 

pathology, GRN, microtubule-associated protein Tau (MAPT) are involved in 

FTD and C9orf72 is involved in both ALS and FTD (Fu et al., 2018). These 

pathogenic gene and protein expression result in the alterations of neuronal 

homeostasis (Gan et al., 2018). For instance, protein quality control 

mechanism and autophagy and lysosome pathway are dysregulated, 

therefore, it accelerates accumulation of misfolded proteins (Gomez-Pastor 

et al., 2017; Taylor et al., 2016). In addition, adenosine triphosphate (ATP) 

production of mitochondria can be also less efficient by aging and eventually 

impaired by neurodegenerative diseases (Golpich et al., 2017). And adding 

up to those disruption of neuronal homeostasis, those pathogenic proteins 

can propagate to the other adjacent neurons via seeding (Braak and Braak, 

1991; Luk et al., 2012) or interfere the normal function of stress granules 

(Aulas and Velde, 2015) to spread out the neuronal toxicity intracellular or 

cell-to-cell manner. Overall, neurodegenerative diseases can cause the 

alteration of neuronal dynamics and result in neuronal death eventually. 

 

1.3. Memory as a cognitive function 

The brain is a key organ for learning and memory that consists of the 

neuronal dynamics through connections among nerve cells. The brain 

receives sensory inputs from the environment and coordinates various 

information through different brain regions. As described previously, various 

neurodegenerative diseases damage different compartments of the brain, 

therefore, disable their normal functions. Since the functionality of learning 

and memory is widely affected from synaptic level, it has been monitored in 

many neurodegenerative diseases. Although it is distinct in certain disease, 
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brain region, neuron and major pathogenic protein types, however, the 

principle neuronal dynamics of learning and memory is shared throughout 

CNS. In addition, the proteinopathy of neurodegenerative diseases not just 

stay in the main area of disease, but also spread through CNS, therefore, 

those well-characterised neuronal models for learning and memory also can 

be utilised to study diverse range of neurodegenerative diseases, such as 

ALS and FTD. To understand the function of memory, the most common 

theory postulated was Hebb’s rule “neurons fire together and wire together” 
(Hebb, 1949) and this theory was previously suggested by Cajal (Cajal, 

1894). Therefore, neuronal activity and neuronal circuit from various brain 

regions process information and store the encoded information as a memory 

(Squire, 2009). 

 

1.3.1. Definitions of memory 

Memory has long been thought of as a process in which sensory information 

is encoded, stored and made accessible for retrieval (Nadel and Hardt, 2011). 

It has long been established (Waugh and Norman, 1965) that memory does 

not occur via a single process but various subtypes.  Broadly, there are three 

different types of memory; sensory memory, short-term memory and long-

term memory depend on the duration of the memory and how the memory is 

produced and processed. The memory types are drawn as a diagram in Fig. 

1-1. 

Sensory memory refers to the sensed information from the outside world 

such as iconic memory from visual stimuli, echoic memory from auditory 

stimuli and haptic memory from tactile stimuli. Among them, iconic memory 

is dominantly used and to be relied on (Atkinson and Shiffrin, 1968). For the 

formation of the memory, visual stimuli need to be processed by retinal 

receptors and cells and occipital lobes (Camina and Güell, 2017). For the 

further conversion and consolidation, the information goes through ventral 

route to inferior temporal cortex (Camina and Güell, 2017).  
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Short-term memory (working memory) is the processed information for a 

short period of time (Baddeley and Hitch, 1974), therefore, short-term 

memory can work as an independent memory or work as a prior stage of 

long-term memory to be processed. The first example of short-term memory 

can be seen from Miller’s 1956 study in which participants were required to 

study a sheet of numbers and subsequently list them without refereeing to 

the original reference. The information processing capacity (or working 

memory) of the participant can be proposed from the amount of correct 

 

Figure 1-1 Classification of memory types. 

The diagram of memory types was adapted from (Camina and Güell, 2017). 
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numbers repeated. It has been suggested that working memory has the 

central executive, visuospatial sketchpad, phonological buffer, episodic 

buffering components, all of which interact each other (Baddeley and Hitch, 

1974). The central executive has roles to focus on attention, to separate 

attention from multiple tasks, to access to long-term memory (Baddeley and 

Hitch, 1974) and requires frontal lobe activity. Visuospatial sketchpad is 

specialised to the formation and maintenance of the visual and spatial 

contents of short-term memory. It has been suggested to be mainly held in 

the right hemisphere of the brain. Phonological buffer (or phonological loop) 

is specialised to the formation and maintenance of the auditory information 

by storing short-term acoustic contents and rehearsing subvocal articulatory 

contents. This has found to be on the left hemisphere of the posterior 

superior temporal gyrus (Buchsbaum et al., 2001). Episodic buffer is able 

to store memories in a short-term and can integrate information from different 

sources (Baddeley, 2000). There are no specific brain area(s) proven to do 

this role, thus, episodic buffer is often hypothesised as short-term memory 

(Baddeley, 2000). Overall, working memory can give attention and integrate 

information to form short-term information for the further consolidation of the 

memory to be stored. 

Long-term memory is the information to be stored for long and/or 

permanent period of time and can be recalled. It is categorised into two 

different types; declarative memory and non-declarative (procedural) 

memory. 

Declarative memory is the information which can be recalled consciously. 

It was further categorised to episodic memory and semantic memory by 

Tulving in 1972 (Tulving, 1972). Episodic memory represents the information 

about personal experiences or specific events related to the time and place. 

Therefore, these declarative memory forms are important for the cognitive 

functions of the brain. This type of memories is known to be processed 

mainly in the hippocampus and cortices near hippocampus (Allen and Fortin, 

2013; Irish and Piguet, 2013). Episodic memory is unique as it consists of 
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personal experiences in terms of temporal and spatial context. Episodic 

memory has been thought to be one of the major neurocognitive memory 

systems (Schacter and Tulving, 1994). Episodic memory is thought to be 

exclusive for the humans because it is difficult to define and convert the 

concept of the personal experience to the nonhuman species (Templer and 

Hampton, 2013). But there are still approaches to define episodic-like 

memory from animal studies (Clayton and Dickinson, 1998; Easton et al., 

2012). In addition, episodic memory is more vulnerable to the neuronal 

dysfunction compared to the other memory systems (Tulving, 2002). 

Hippocampus and adjacent cortices participate in the process of episodic 

memory. Semantic memory represents the understandings and thinking of 

the common knowledge and concepts. The exact brain regions required for 

semantic memory are still debated but temporal and inferior parietal lobes 

are known to be broadly related  (Binder and Desai, 2011). However, two 

main hypotheses exist, 1) memory is processed in the temporal lobe and 

hippocampal formation as episodic memory, 2) memory can be associated 

with the wide-range of sensory and motor cortices and converged in the 

inferior parietal lobe and temporal lobe in the brain (Binder and Desai, 2011).  

Non-declarative memory is commonly explained as the memory of skill 

learning, where on has the ability to repeatedly complete a motor task (e.g. 

tying shoelaces) that is recalled unconsciously. Non-declarative memory is 

further categorised to procedural memory, associative memory, non-

associative memory and priming (Camina and Güell, 2017). Procedural 
memory is related to physical skills and habits. This still requires the 

conscious learning process to be associated, but once acquired, it becomes 

automated and does not require conscious thinking. For the acquisition, the 

striatum of the basal ganglia is required and for the execution, motor 

neuronal regions such as cerebellum are needed. Associative memory is a 

process that storing and retrieving information to associate multiple different 

types of the information. Or, this process can do simply associating the 

existing information than generating new information (classical conditioning) 

(Pavlov, 1927) or association of information to affect positively or negatively 
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to the further behaviour (operant conditioning) (Skinner, 1938). Non-
associative memory represents alterations of the responses toward the 

repetitive stimulations that result in either decreased response (habituation) 

or increased response (sensitisation) (Kandel, 1976). This is process in the 

reflex pathways and related to acetylcholine and serotonin. Priming is the 

process that certain stimulation affects the responses towards other 

stimulations in the future. This is known to be related to neocortex (Baars et 

al., 2010). Overall, these different long-term memory types have different 

functions and associated with the different brain regions.  

 

1.3.2. Neuroanatomy of memory  

Then how are memories are obtained, processed and stored? At the 

beginning, information from outside world needs to be received via sensory 

organs and then converted via sensory cortices as sensory memory. Sensory 

memory is delivered to association areas such as frontal, temporal and 

parietal lobes and processed to the short-term memory. At this stage, spatial 

type (potential episodic memory) and non-spatial type memories (potential 

semantic memory) are handled separately. And both types of the memories 

enter the parahippocampal region but go through the different sub regions. 

Spatial type memories mainly go through parahippocampal cortex and 

postrhinal cortex and then they are transferred to medial entorhinal cortex. 

Meanwhile, non-spatial type memories go through perirhinal cortex and then 

transferred to lateral entorhinal cortex. Both spatial and non-spatial type 

memories enter the hippocampus for the consolidation process and the 

process can be done either separately or associatively. Then, the memories 

are encoded to declarative memory, either episodic memory or semantic 

memory and amygdala can add emotional context for the episodic memory. 

Those encoded memories are thought to be stored in the associative cortices 

and when the memories are needed to be retrieved or executed, prefrontal 

cortex receives the information and then delivers it to the relevant cortices or 

regions of the brain to take actions. Overall, these connected compartments 
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for the memory circuit are all necessary, however, for the declarative long-

term memory, hippocampus conducts the core process of the consolidation. 

In that context, many studies have been done with the hippocampus to 

dissect the process of learning and memory and it has been reported that the 

deficit of hippocampal functionality caused cognitive impairment and deficit 

in learning and memory (Broadbent et al., 2004; Eichenbaum, 2004; Jarrard, 

1993). Therefore, it is important to know the basic structure and what is 

happening in the hippocampus during the learning and memory process. 

Hippocampus is known to consist of dentate gyrus, cornu Ammonis 

(CA)1~3 and subiculum (Fig. 1-2). These brain regions form the neural circuit 

to receive the information from x, process and forward to y. CA1 is 

considered as the main spot of the memory circuit in the hippocampus. Each 

CA1 pyramidal neuron has two distinct dendritic branches (e.g., apical 

dendrite and basal dendrite) and receives distinct inputs from different brain 

regions. The layers of CA1 area match with the dendritic region and soma of 

each CA1 neuron; proximal apical dendrite in stratum radiatum (SR), distal 

apical dendrite in stratum lacunosum moleculare (SLM), basal dendrite in 

stratum oriens (SO) and soma in stratum pyramidale (SP). The main 

excitatory input CA1 neurons receive is via the Schaffer-collateral pathway 

that originates at CA3 neurons and terminates at proximal apical dendrite of 

CA1 (Masurkar, 2018). Proceeded this, the dentate gyrus receives input from 

entorhinal cortex, process it, then gives input to CA3, which is mossy fibre 

pathway. CA1 can also receive direct input from entorhinal cortex to distal 

apical dendrite. And distal apical dendrite also receives inputs from prefrontal 

cortex via nucleus reunions of thalamus. Meanwhile, basal dendrite receives 

input from CA2 directly and also contralateral CA3 gives input to the region 

(associational commissural pathway) (Masurkar, 2018). CA1 itself has 

different functions and neuronal features dependent on the anatomical 

location within the hippocampus. CA1 neurons can be located either in the 

dorsal or ventral area, proximal or distal area and deep or superficial area of 

the hippocampus. The main area of the CA1 responsible for processing 

spatial declarative memory is proximal area in dorsal hippocampus 
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(Henriksen et al., 2010; Jung et al., 1994). The ventral area has broader roles 

related to anxiety, motivation, fear and others (Okuyama et al., 2016; Zhu et 

al., 2014). The inhibitory drive within the CA1 is mainly provided by GABA 

(γ-aminobutyric acid)-ergic interneurons which deliver inputs in the dynamic 

manner (Klausberger and Somogyi, 2008). 

 

In addition to the hippocampus itself, the input from entorhinal cortex also 

has major roles for the formation of the declarative memory, especially 

spatial memory (Parron et al., 2006), and consolidation of the memory 

(Takehara-Nishiuchi, 2014). The entorhinal cortex basically works as a 

bridge between neocortex and hippocampus closely communicate with 

hippocampus. The entorhinal neurons process spatial context by forming 

hexagonal grid patterns (known as grid cells) as the response to the 

surrounding spatial environment. And then, grid cells deliver the information 

to the place cells in the hippocampus for the further process to generate the 

spatial memory, which is a type of episodic memory (Moser et al., 2015).  

 

Figure 1-2 Hippocampal circuitry. 

The basic circuitry of hippocampus was illustrated. Entorhinal cortex delivers inputs 
to the granule cells dentate gyrus (DG) via performant pathway. Axons of granule 
cells deliver the signal to cornu Ammonis (CA)3 pyramidal cells via mossy fibre 
pathway. And axons of CA3 delivers signal to CA1 pyramidal cells via Schaffer-
collateral pathway. Those 3 pathways also referred as trysynaptic circuit. The 
processed signals are mainly delivered back to entorhinal cortex via subiculum. 
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In short, the hippocampus has a highly aligned and organised circuit that can 

perform dynamic process of the memory in the coordination with the adjacent 

brain regions such as entorhinal cortex. However, the studies on this process 

have been further dissected to the smaller level; synapse and 

neurotransmission.  

 

1.4. Molecular mechanisms of memory 

1.4.1. The synapse 

Neuronal circuits described above coordinate the information and the store 

memory through the creation and strengthening of synapses (Südhof and 

Malenka, 2008). A synapse is the junction between cells and transfers 

signals from the presynaptic neurons to the postsynaptic neurons. Once a 

presynaptic neuron is excited enough to deliver action potentials, the 

intracellular Ca2+ level is increased and resulting in synaptic vesicles release 

via exocytosis into the synaptic cleft. These synaptic vesicles are filled with 

neurotransmitter. The postsynaptic neuron then detects the 

neurotransmitters with the diverse postsynaptic receptors. Upon, 

neurotransmitter binding the receptors either open the ion channels 

themselves to allow the flow of ions into the neuron or activate G proteins to 

send further intracellular signal cascades. Generally, especially in the case 

of ion channels, binding of neurotransmitters causes either excitatory and/or 

inhibitory function of neuron by allowing ions to flow through the channels. If 

Na+ flows into the cell via ion channels, then, the cell is depolarised and 

shows excitatory postsynaptic response, on the other hand, if Cl- flows into 

the cell or K+ flows out via ion channels, then, the cell is hyperpolarised and 

shows inhibitory postsynaptic response. Thus, summation of those 

responses decides whether the signal would be delivered further or stopped 

and not to be sent. 

Synaptic transmission can be categorised by the neurotransmitters that are 

involved in either excitatory and/or inhibitory function of neuron. There are 
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plenty of chemical molecule species capable of neurotransmission, for 

example, amino acids, amines and peptides. Among them, the most 

abundant molecules in the brain are two amino acid types, one is glutamate 

for the excitatory synapses and the other one is GABA for the inhibitory 

synapses. Furthermore, glutamatergic receptors have been intensively 

studied and put the importance on the roles in learning and memory and also 

involved in the synaptic changes (or synaptic plasticity) (Bliss and 

Collingridge, 1993). Due to the importance and predominance, glutamatergic 

receptors have been targeted as the main parameters for studying neuronal 

or synaptic changes by neurodegenerative diseases (Sheldon and Robinson, 

2007). 

 

1.4.2. Excitatory ionotropic glutamate receptors 

Glutamate receptors are mainly expressed in the synaptic region of the 

neurons and have main roles in the glutamatergic neurotransmission of 

excitatory neurons. There are ionotropic glutamate receptors (iGluRs) and 

G-protein coupled metabotropic glutamate receptors (mGluRs). iGluRs are 

ligand gated ion channels which permit the influx of Na and Ca ions (See 

Traynelis et al., 2010 for review). On the other hand, metabotropic glutamate 

receptors are activated via G-protein coupled signal cascades and regulate 

neuronal function. In general, iGluRs are more likely participate in the fast 

responses and mGluRs is relatively slower response than iGluRs. The 

subtypes of glutamate receptors are displayed in the Fig. 1-3.  
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There are 3 different ionotropic receptor groups, each of them has high 

affinity with specific agonists such as α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA) and/or 

kainate, respectively. Those receptors are named as AMPA receptors, 

NMDA receptors and kainate receptors, since they were selectively bound 

with each agonist and activated in the pharmacologically analysis. AMPA 

receptors (AMPARs) and NMDA receptors (NMDARs) are the predominant 

types of the excitatory neurons in the brain and have main roles for synaptic 

transmission and are involved in learning and memory (Citri and Malenka, 

2008). 

Activation of AMPARs causes the major component of fast excitatory 

synaptic transmission in the brain. AMPARs bind with glutamate (or other 

antagonists such as AMPA and 5-Fluorowillardiine) to allow the influx of Na+ 

and efflux of K+ and also influx of Ca2+ in some occasions (Zieglgänsberger 

et al., 2005). An important feature of AMPARs, is they can regulate synaptic 

efficacy through postsynaptic signalling cascades, which cause AMPARs to 

 

Figure 1-3 Classification of glutamate receptors and subunits. 

Glutamate receptors are mainly classified to ionotropic and metabotropic receptors 
and further divided into AMPAR, KAR, NMDAR and group I, II, III mGluR. The 
subunits of each glutamate receptor type were also shown. 
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be either recruited or removed from synaptic surface. AMPARs have 4 

subunit types, which are GluA1, GluA2, GluA3 and GluA4 and form tetramers 

to make AMPARs functional (Greger et al., 2017). The combination and 

status of subunits make the different functionalities of AMPARs. Most of 

AMPARs are composed of 2 dimers and in the most cases, a dimer of GluA2 

combined with a dimer of either GluA1, GluA3 or GluA4. Since GluA2 is 

included in almost all the AMPARs, the diverse functionality is usually 

determined by the status of GluA2. The mRNA of GluA2 usually goes through 

post-transcriptional modification at 607th residue by adenosine deaminase 

type 2 (ADAR2) and this change is related to Q/R editing site of GluA2 

subunit that decides whether AMPAR is permeable to Ca2+ or not (Fig. 1-4). 

 

  

 

Figure 1-4 Calcium permeability of AMPARs. 

Calcium permeability of AMPARs is mainly defined by the status of GluA2 subunit. 
If AMPAR is lacking GluA2 (left) or Q/R editing of GluA2 (centre), then, AMPAR is 
calcium permeable. However, predominant AMPARs contain Q/R-edited GluA2 
subunit and they are calcium impermeable (right). 
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The Q/R site of GluA2 is predominantly edited to R and AMPARs are mostly 

impermeable to Ca2+. Non-edited Q variant and GluA2-lacking AMPARs are 

Ca2+-permeable, thus conductance is higher than that of R variant GluA2-

containing AMPARs (Swanson et al., 1997). Considering the combination of 

those factors, AMPARs can be referred as either Ca2+-permeable AMPARs 

(CP-AMPARs) or Ca2+-impermeable AMPARs (CI-AMPARs) depends on the 

permeability of Ca2+ ions. Due to that difference, CP-AMPARs and CI-

AMPARs have different current–voltage characteristics (or I-V curve). Since 

CP-AMPARs are not only permeable to Na+ and K+ but also Ca2+, this causes 

stronger inward rectification of I-V curve (Bowie and Mayer, 1995; Washburn 

et al., 1997). Therefore, abnormal expression of Q variant and/or GluA2-

lacking AMPARs are frequently found and implied in the neuronal 

pathologies, specifically those related to excitotoxicity (Kwak and Weiss, 

2006; Liu et al., 2006, 2004; Noh et al., 2005). In addition to Q/R editing, 

other variation of AMPAR subunits can be edited in the different ways to 

change the kinetics of AMPARs (Dingledine et al., 1999). mRNAs of GluA2, 

GluA3, GluA4 also go through R/G editing to change the speed of recovery 

from non-conducting and desensitised state (Wright and Vissel, 2012). The 

other variation is FLIP/FLOP alternative splicing of all the GluA subunits to 

change the speed of desensitisation (Dingledine et al., 1999). 

NMDARs also have important roles in synaptic plasticity, learning and 

memory (Collingridge, 1987). At the resting status, Mg2+ blocks the ion pore, 

therefore, no ion can pass through the NMDAR channel. Depolarisation of 

neuron (mainly by AMPAR) removes Mg2+ from the pore and allow the influx 

of Na+ and Ca2+, efflux of K+. NMDARs have various subunits, which are 

GluN1, GluN2A~D and GluN3A~B. The combination of subunits can be 

either di-heteromer or tri-heteromer and always forms tetramer. Di-

heteromeric NMDARs are composed of two dimers, one GluN1 dimer and 

either one of GluN2A, GluN2B, GluN2C, GluN2D or GluN3A. Tri-heteromeric 

NMDARs are composed of two GluN1 and GluN2A/2B, GluN2A/2C, 

GluN2B/2D and GluN2B/3A. GluN2 subunits bind to glutamate and GluN1 

and GluN3 can bind to glycine. The main combination of NMDAR subunits is 
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GluN1 and GluN2 (Predominantly GluN2A and 2B) di-heteromer (McKay et 

al., 2018; Miglio et al., 2005; Sanz-Clemente et al., 2013). Since GluN2B has 

longer deactivation time compared to GluN2A (Paoletti et al., 2013), the ratio 

of GluN2B is usually found to be higher when the neuron is more exciting 

condition such as in early developmental brain or under excitotoxic 

environment (Martel et al., 2009, 2012). 

 

1.4.3. Synaptic plasticity in the hippocampus 

The connectivity of synapses can be either strengthened or weakened, a 

process which highly depends on the patterns of the synaptic input and/or 

experience. This change of synaptic connective strength (or efficiency) is 

called synaptic plasticity and it is considered to be a key component of the 

cellular and molecular mechanism of learning and memory (Bliss and 

Collingridge, 1993). This concept was initially suggested by Donald Hebb, 

who stated “neurons fire together and wire together” (Hebb, 1949). If one 

cell’s axon is close to the other cell’s dendrites and can excite, then the 

repetitive stimulation can induce metabolic change of those cells and 

strengthen the connectivity to form neuronal assembly (or engram). Addition 

to that neuronal assembly, there was a closely-related idea that 

morphological changes at synaptic region is the substrate for the learning 

(Konorski, 1948). To prove the concept, it was demonstrated by application 

of high-frequency electric stimulation in the rabbit’s hippocampus that 

induced the stable and persistent potentiation of the neuronal responses 

(Bliss and Lomo, 1973), later named long-term potentiation (LTP) (Douglas 

and Goddard, 1975). The molecular profile underpinning the synaptic 

changes was discovered with the great advance in the development of 

selective agonists and antagonists for the receptors on the synaptic 

membranes of neurons (Watkins and Jane, 2006). The NMDAR was 

revealed as a key component as NMDAR-mediated synaptic plasticity was 

discovered and is important for the learning and memory process (Morris et 

al., 1986), which is sensitive to hippocampus (Bliss and Collingridge, 2013; 
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Morris et al., 1982). Therefore, synaptic plasticity happens between neurons 

to store information in the brain, which is basically learning and memory, and 

this concept has been postulated, demonstrated and proven for centuries 

and greatly improved in several decades with the advanced devices and 

techniques.  

The diversity of synaptic plasticity has been discovered and it is not clear that 

how many types of synaptic plasticity exist and their potential relationship 

(Südhof and Malenka, 2008). However, the main types of synaptic plasticity 

can be categorised in terms of the tendency of either potentiating or 

depressing, time span either long or short, molecular or cellular specificity 

and so forth. Broadly, these are categorised into short-term synaptic plasticity 

(lasts several minutes or less) and long-term synaptic plasticity (few hours, 

days or more) by the length of the maintained time (Cowan, 2008). In most 

cases, short-term plasticity only requires the trafficking of synaptic 

components, while long-term plasticity requires changes in the molecular 

profile and also accompanied by translation of the synaptic structural proteins 

to sustain the altered synaptic strength and morphology of the dendritic 

spines (Mayford et al., 2012). 

Short-term synaptic plasticity is transient changes that lasts very short 

period of time. It occurs predominantly at pre-synaptic neuron and is related 

to the change of the presynaptic level of Ca2+ to modify the dynamics of the 

release of synaptic vesicles (Zucker and Regehr, 2002). Paired-pulse 

facilitation (PPF) and depression (PPD) occurs when 2 pulses are delivered 

at short (less than 20 ms for PPD) or slightly long intervals (20~500 ms for 

PPF) (Citri and Malenka, 2008). This is mainly due to the probability (or 

readiness) of the release of synaptic vesicles from the presynaptic region. 

Trains of stimulations also induce longer transient changes (several seconds 

to minutes) such as augmentation, post-tetanic potentiation (PTP) and post-

tetanic depression (PTD) that are also related to the probability of the 

synaptic vesicles in addition to the sensitivity of the ligand-gated receptors 

(Zucker and Regehr, 2002). The occupancy of the presynaptic receptors or 
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retrograde messengers also modulate the short-term synaptic plasticity, as 

well. Overall, short-term synaptic plasticity is mainly modulated by probability 

of synaptic vesicles, thus, this work as filter of high or low frequency input. 

Long-term synaptic plasticity is characterised by sustained changes that 

lasts for long period as the activity dependent response. This change is often 

accompanied by morphological changes of spines and background 

molecular profiles at synapse (Ho et al., 2011). LTP has been studied in the 

various way, as mentioned earlier, by postulating concepts, proving the 

concept with electrophysiology, pharmacology, molecular biology, behaviour 

test and other methods. NMDAR-dependent LTP is the most studied type of 

synaptic plasticity and has numerous evidences that are demonstrated in the 

CA1 region of the hippocampus of various mammalian models (Martin et al., 

2000; Zola-Morgan et al., 1993). 

As stated earlier, NMDAR-dependent LTP first requires activation of 

AMPARs to depolarise the post-synaptic region, removing the Mg2+ block 

from NMDAR to open and allow the influx of Ca2+. Once the concentration of 

Ca2+ increases to certain point by application of high-frequency stimulation 

(HFS), an intracellular cascade is triggered, and it is known to include 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) (Park et al., 2014). 

This cascade is mainly composed of protein kinases and eventually triggers 

AMPAR trafficking to the post-synaptic membrane and results in the 

increased synaptic transmission efficiency (Lüscher and Malenka, 2012). In 

addition to the recruitment of AMPAR to the synaptic membrane, LTP needs 

further process to maintain the potentiation. Local translation of synaptic and 

structural proteins and trafficking of mRNAs to dendrites often suggested as 

the requirements to sustain LTP. This process eventually enlarges the active 

synaptic region of both pre- and post-synaptic neuron and strengthen the 

synaptic transmission (Loebel et al., 2013). On the other hand, NMDAR-

dependent long-term depression (LTD) also has been studied massively in 

the CA1 hippocampal neurons and known to be a counterpart of LTP in terms 

of the modulation of synaptic strength. NMDAR-Dependent LTD is typically 
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induced by application of low-frequency stimulation (LFS). Similar to LTP, 

this LTD requires depolarisation and increase of Ca2+ level in post-synaptic 

region but in the moderate level. In this case, this Ca2+ triggers different 

cascade that includes calcineurin and other phosphatases (Mulkey et al., 

1994). This cascade results in the removal of AMPARs from synaptic region 

and decreases the efficiency of synaptic transmission and the size reduction 

or removal of synapse (Wiegert and Oertner, 2013). In addition to the post-

synaptic changes in NMDAR-dependent LTP or LTD, presynaptic region can 

also undergo synaptic plasticity. Presynaptic LTP is often suggested as 

triggered by massive action potentials and increase of Ca2+ level in pre-

synaptic region. These changes cause the increased release of 

neurotransmitter. There are several more different types of long-term 

synaptic plasticity types such as metabotropic glutamate receptor-dependent 

LTD, endocannabinoid-mediated LTD, metaplasticity, synaptic scaling and 

this is not the whole list of them (Citri and Malenka, 2008). Overall, these 

long-term plasticity types are activity-dependent and bidirectional regulation 

of the synaptic strength. Therefore, these activity-dependent synaptic 

changes are considered as the underlying mechanisms of encoding and 

saving of the information in the brain, which are implied in memory formation.  

Then how important is the hippocampus for studying synaptic plasticity? The 

early findings of LTP and other forms of synaptic plasticity were mainly found 

and studied in the hippocampus and for the decades, connection between 

synaptic plasticity in the hippocampus and functionality of learning and 

memory have been repetitively proven and reviewed (Bliss et al., 2018; 

Lynch, 2004; Nicoll, 2017). Patients with deficit in the hippocampus have 

been reported to have memory deficits (Boyer et al., 2007; Nagy et al., 1996; 

Penfield and Milner, 1958) and in the rodent models (Altemus and Almli, 

1997; Gallagher, 1997), inhibition of the major components of the 

hippocampal synaptic plasticity such as NMDAR has proven to damage the 

learning ability (Newcomer et al., 2000) and also, it was demonstrated that 

learning task could generate the activity patterns of hippocampal CA1 neuron 

and LTP (Whitlock et al., 2006). Therefore, the hippocampus became the 
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most important, well-established tool to study synaptic plasticity, thus, the 

hippocampus can be utilised for seeking either pathologies or therapies that 

are closely connected to the memory function of the brain. 

 

1.4.4. Molecular mechanisms and protein interactions in synaptic plasticity 

As described in the session 1.4.3., main components of synaptic plasticity 

are receptors of neurotransmitters and their trafficking is critical to reflect the 

efficiency of neurotransmission. Therefore, molecular and protein 

interactions mediating the trafficking and sustaining the altered state of those 

receptors also have critical roles in synaptic plasticity. This topic has been 

relatively well studied in Schaffer-Collateral pathway between hippocampal 

CA3 and CA1 neurons. 

AMPAR is a main component of LTP and LTD studies and it has been known 

to be a major target of trafficking and expression in and out of the synaptic 

surface during synaptic plasticity (Collingridge et al., 2004). Basically, 

trafficking of AMPARs is categorised to exocytosis, endocytosis and lateral 

diffusion and many molecules are involved to mediate the trafficking. When 

AMPARs are on the synaptic membrane, GluA2 subunit is anchored to PDZ 

proteins such as AMPAR binding protein (ABP) and glutamate receptor-

interacting protein (GRIP) (Dong et al., 1997; Osten et al., 2000). In addition, 

GluA2 is needed to be bound with N-ethylmaleimide-sensitive factor (NSF) 

to maintain AMPARs staying in the synaptic region (Nishimune et al., 1998). 

GluA2 subunit also can bind with protein interacting with C-kinase (PICK1) 

after phosphorylation at Serine 880 by protein kinase Cα (PKCα) to be 

dissociated from ABP/GRIP and become available for later diffusion (Hee 

Jung Chung et al., 2000; Perez et al., 2001). Or NSF can be substituted by 

AP2 adaptor complex and this causes the endocytosis of AMPARs (Lee et 

al., 2002). The endocytosed AMPARs can be recycled with the binding of 

GluA1 subunits to synapse-associated protein 97 (SAP97) and myosin-VI 

(Wu et al., 2002). Again, AMPARs can laterally diffuse and then once reach 

to the synaptic region, AMPARs can bind with postsynaptic density protein 
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95 (PSD-95) and this aids the anchoring at the synapse (Bredt and Nicoll, 

2003). 

In addition to the trafficking of AMPARs, the dynamics of cytoskeletons is 

also important for the changes on dendritic spines where synaptic plasticity 

happens. Mainly cytoskeletons in the dendritic spines are consist of actin 

proteins and highly dynamic during synaptic plasticity (Borovac et al., 2018), 

therefore, regulating their dynamics is important for the structural alteration 

of dendritic spines. The dynamics of actin proteins is often described as a 

balance between globular (G)-actin (monomer) and filamentous (F)-actin 

(polymer). F-actin is the functioning component of cytoskeleton to support 

the spine structure, thus, bundled F-actin is stabilised in the basal state 

(Hotulainen and Hoogenraad, 2010). Induction of synaptic plasticity (e.g. 

LTP), active CaMKII detaches F-actin bundles and then Cofilin/actin 

depolymerizing factor (ADF) dissociates F-actins into free F-actins and G-

actins (Bamburg and Bernstein, 2010). Afterwards, Aip1 and Arp2/3 bind to 

F-actin and mediate F-actin assembly, which results in the growth of the 

spines (Ichetovkin et al., 2002; Okreglak and Drubin, 2010). Finally, Drebrin, 

α-actinin and inactivated CaMKII stabilise the newly formed F-actin bundles 

and maintain the structure (Djinovic-Carugo et al., 1999; Koganezawa et al., 

2017; Okamoto et al., 2007). 

Overall, these molecular mechanisms and protein interactions are involved 

in the synaptic plasticity and interruption or dysfunction of those molecular 

mechanism can be important starting point of studying neurodegenerative 

diseases. 

 

1.4.5. Synaptic dysfunction and neurodegeneration 

As articulated in the previous sections, synapse is the very fundamental 

element that comprises neuronal activity, memory and cognition. Therefore, 

synapse has been suggested to be highly vulnerable and sensitive when it 

comes to the neurodegeneration. Synapses are often reported to be altered 
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before expression of symptoms or neuronal degeneration (Wishart et al., 

2006). Therefore, a loss or impairment of neuronal regulatory dynamics for 

the connectivity in synapses can be the origin or the initiative mechanism of 

pathophysiology of neurodegenerative diseases. This pathological process 

is widely involved in the synaptic plasticity, which is a change in synaptic 

communication weight between neurons and thought to be  a cellular 

mechanism of learning and memory (Neves et al., 2008). Therefore, its main 

categories, LTP and LTD, have been studied in the context of 

neurodegenerations and/or aging whether they are actually affected or not 

during the progression of the diseases. To investigate the changes, the 

efficiency of neurotransmission can be monitored by checking the population 

and activity of those glutamate receptors. As mentioned in the section 1.1.4., 

AMPA receptor is one of the most dominant and dynamic glutamate receptor 

in excitatory neurons (Bredt and Nicoll, 2003) and it is widely accepted that 

AMPA receptor internalisation from synaptic region is an underlying 

molecular mechanism of LTD (Beattie et al., 2000) and vice versa for LTP 

(Bliss and Collingridge, 2013). Among the disease model, AD was widely 

investigated to understand the dysfunction of those synaptic plasticity 

process. For instance, application of Aβ has been shown to induce rapid 

recruitment of AMPARs (Whitcomb et al., 2015) and inhibit the induction of 

NMDAR-mediated LTP (Palop and Mucke, 2010). Tau was also found to be 

hyperphosphorylated during AD pathology (Kosik and Finch, 1987), 

especially post synaptic region in the neurodegenerative condition where 

LTD-like pathways mainly occur (Tai et al., 2012). These synaptic changes 

are highly dependent on Ca2+ homeostasis of the neurons and its 

dysregulation in the neurodegenerative diseases is also known to contribute 

the neuronal vulnerability (Morrison et al., 1998). In addition, FUS-related 

diseases are also shown to have altered status of Ca2+ homeostasis (Leal 

and Gomes, 2015; Machamer et al., 2018; Tischbein et al., 2019) and the 

involvement to the regulation of AMPAR (Udagawa et al., 2015), it would be 

important to look into the roles of FUS in the regulatory dynamics of the 

synapses. 
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1.5. Proteinopathy and synaptic dysfunction: the role of Fused in 
sarcoma (FUS) 

1.5.1. Structure and function of FUS 

FUS is a DNA/RNA-binding protein in which mutations or abnormal 

expression have been implicated in the pathogenesis of ALS and FTLD 

patients (Kwiatkowski et al., 2009; Neumann et al., 2009). FUS is thought to 

modulate the expression of genes by association with a wide range of 

transcription-related factors in different types of neurons in the nucleus 

and/or cytosol (Dormann and Haass, 2013; Fujioka et al., 2013). However, 

the pathological mechanisms of mutated FUS on neuronal physiology are 

not well understood. 

FUS is expressed on chromosome 16 and is a part of FET-family (or FET 

proteins), a group of DNA/RNA-binding proteins that include FUS, EWSR1 

and TAF15 (FET) (Crozat et al., 1993; Law et al., 2006). These proteins have 

common structural domains, which include N-terminal low-complexity (LC) 

domain, Arg-Gly-Gly (RGG) domains, a zinc finger (ZnF) domain, RNA 

recognition motif (RRM) and nuclear localisation signal (NLS) (Schwartz et 

al., 2015). Each domain has specific roles (Sama et al., 2014): RRM is an 

RNA binding site; RGG and ZnF contribute to FET-RNA binding and diversify 

binding RNA partners; LC and RGG domains promote self-assembly of FET 

proteins; NLS contributes to the localisation of FUS into nucleus (Fig. 1-5). 
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The major role of FUS is thought to be DNA/RNA processes such as DNA 

repair, transcription, miRNA processing, splicing, RNA transport and local 

translation (Dormann and Haass, 2013; Lagier-Tourenne et al., 2010). These 

regulatory roles are known to be done with direct binding with DNA/RNA or 

indirect interaction through intermediate molecules. For DNA repair, FUS is 

recruited to DNA double-strand breaks and interact with histone deacetylase 

1 (HDAC1) or poly-ADP-ribose polymerase (PARP) (Mastrocola et al., 2013; 

Wang et al., 2013). For the transcription of RNA, FUS binds to the C-terminal 

domain of RNA polymerase II and RNA is thought to assist that binding 

(Kwon et al., 2013; Schwartz et al., 2012). FUS is also involved in RNA 

splicing by directly/indirectly binding with pre-mRNA or being a part of the 

spliceosome machinery (Kameoka et al., 2004; Wu and Green, 1997; Zhou 

et al., 2002). Relationship with miRNA is also indirectly done by binding with 

a protein, which is involved in miRNA maturation (Gregory et al., 2004). RNA 

transport and local translation has been suggested to be dependent on 

various neuronal activity and its mechanism has been proposed as the 

binding of FUS with RNA and transported via microtubule proteins (Belly et 

al., 2005; Fujii et al., 2005; Kanai et al., 2004). Although FUS has some 

preferences for binding with certain sequence or motifs of DNA/RNA, 

 

Figure 1-5 Schematic structure of FUS protein.  

As a family of FET protein, FUS is consist of LC, RGG1-3, RRM, ZnF and NLS 
domains.
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however, binding tendency depends more likely on overall affinity than well-

defined specificity of the sequence (Wang et al., 2015). 

 

1.5.2. Potential roles of FUS in neurons 

The distribution of FUS in either the nucleus or cytoplasm differs from cell 

type to type (Andersson et al., 2008). In neurons, FUS is mainly located in 

the nucleus and it can move between nucleus and cytoplasm by nucleo-

cytoplasmic shuttling (Zinszner et al., 1997). The intracellular trafficking of 

FUS was further discussed in the section 3.1.1., Chapter 3. This trafficking 

of FUS is known to be involved in the transportation of various essential 

mRNAs to the synaptic region and possibly mediated and accelerated by 

mGluR5 activation (Fujii and Takumi, 2005). Those target mRNAs are related 

to the components of the synapse such as actin-related proteins, therefore, 

knock out of FUS caused abnormal morphology of dendritic spines (Fujii and 

Takumi, 2005), indicating FUS activity is related to synaptic morphology, as 

well. The roles of cytosolic FUS in the morphologic changes were further 

discussed in the section 3.1.2., Chapter 3. In addition, FUS is involved in 

various RNA processing and regulation, such as, RNA splicing and 

polyadenylation (Fujioka et al., 2013; Masuda et al., 2016) and local 

translation in the soma and neurites like axons and dendritic branches 

(Kamelgarn et al., 2018; López-Erauskin et al., 2018; Yasuda et al., 2013). 

In the postsynaptic dendrites and spines, FUS stabilises mRNA of GluA1 to 

regulate AMPAR function (Udagawa et al., 2015) and also associates with 

NMDAR to regulate the expression of the other mRNAs (Belly et al., 2005), 

thus, synaptic activity can be affected by FUS. Also, FUS can directly bind to 

Tau RNA and get involved in the alternative splicing of the mRNA and 

expression of the protein (Ishigaki et al., 2017). Knockdown of FUS increased 

the expression of Tau exon 3 and 10, which in turn, increase of the longest 

isoform of Tau 2N4R that is more likely to be aggregated in Alzheimer’s 

disease pathology compared to the other isoforms of Tau (Orozco et al., 

2012). Therefore, it can be suggested that FUS might have roles in dendritic 
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spine dynamics by transporting and processing of RNAs at the dendritic 

spines which in turn, affect the stability and the morphology of dendritic 

spines. These dynamic, morphological, structural and translational changes 

at dendritic spines by FUS can be related to the synaptic plasticity, but it 

needs to be investigated further. 

FUS is assembled to form either homogenous or heterogeneous aggregates 

to respond to cellular changes (Fig. 1-6). In cellular stress conditions (e.g. 

Osmotic stress, irradiation) cytoplasmic FUS protein is recruited into stress 

granules (SGs) (Higelin et al., 2016; Sama et al., 2013). The roles of SGs 

are not clearly understood, but thought to be related to the protection of 

mRNAs against cellular stress by storing mRNAs into the granules, 

processing, splicing and translation of RNA by recruiting RNA and RNA-

binding proteins (RBPs) (Nover et al., 1989; Protter and Parker, 2016; 

Schwartz et al., 2015). After the stress is resolved, these granules are 

disassembled and FUS protein can return to be transportable between 

cytoplasm and nucleus (Deng et al., 2014; Niu et al., 2012). This kind of SGs 

or SG-like aggregates consist of various RBPs (e.g. FUS, TDP-43, TIA1) 

(Lagier-Tourenne et al., 2010; Wolozin, 2012) to form hydrogel-like 

structures, which is stable and reversible in the cells (Murakami et al., 2015). 

The concentration of FUS in the cytoplasm also affects the formation of SGs 

and high cytoplasmic concentration by either overexpression or NLS 

mutation can increase the formation of SGs in the presence of stress 

conditions (Andersson et al., 2008; Li et al., 2013; Sama et al., 2013). In 

addition, increased cytosolic FUS and cation-π interaction between FUS 

proteins also involved in FUS condensations and phase separations and it is 

regulated by post-translational methylation of arginine residues in FUS 

(Dormann et al., 2012; Rappsilber et al., 2003). The FUS-FUS interaction 

and the relationship between hypomethylation and enhanced cation-π 

interaction were further discussed in the section 5.1.1. and 5.1.2., Chapter 5. 

Overall, FUS can translocate from nucleus to cytoplasm and dendritic spines 

with the abilities to bind to various RNA and ribonucleoprotein particle (RNP) 
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targets to form granules. If these mechanisms have disrupted or overdriven 

by mutations in FUS, deleterious pathology will be initiated. 

 

1.5.3. Mutations in FUS and neurodegenerative diseases 

Several mutant forms of FUS were found in subtypes of ALS and FTLD cases, 

accompanying deposition of insoluble FUS in motor neurons and 

neurodegeneration (Deng et al., 2014; Higelin et al., 2016). The effects of the 

mutations were dependent on the domain of the sites. The mutations at LC 

domain abolishes binding of transcription factors or impairs the assembly of 

FUS, either abolition of reversible hydrogel formation or acceleration of 

fibrilisation (Murakami et al., 2015). The mutations at NLS impairs the 

 

Figure 1-6 Schematic model of the FUS pathology through the formation of 
stress granule. 

FUS is predominantly localised in the nucleus and shuttles between cytosol and 
nucleus. In the cytosol, FUS can be recruited to stress granules (SGs) as a part of 
cellular response to the cellular stress. Mutations on FUS inhibit the nuclear 
localisation of FUS and accelerate irreversible aggregation of FUS and eventually 
induce neurodegeneration. 
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localisation of FUS into the nucleus and enhances the accumulation of FUS 

in the cytoplasm (Dormann et al., 2010; Higelin et al., 2016). The mutations 

in RGG2, ZnF, RGG3 domains can impair the affinity of FUS towards RNAs 

or SGs, formed in response to cellular stress (Schwartz et al., 2015). As a 

whole, mutations of FUS could result in accumulation of cytoplasmic portion 

of FUS proteins and make them recruited into SGs, SG-like aggregates or 

irreversible fibrils. Eventually, those cytoplasmic FUS induce DNA damage, 

impair DNA-repairing and apoptosis (Higelin et al., 2016; Scekic-Zahirovic et 

al., 2016). Therefore, the mutations in FUS gene cause either gain of function 

or loss of function. 

As stated above, the concentration of cytosolic FUS is related to the 

increased formation of SG and mutation at NLS domain promotes the 

accumulation of FUS in cytoplasm. In other words, FUS-containing 

irreversible aggregates or SGs were found in FUS-ALS or FUS-FTLD 

patients (Mackenzie et al., 2010a; Vance et al., 2013) and FUS with NLS 

mutant accelerated the pathologies in the neuronal cytoplasm (Deng et al., 

2010; Kwiatkowski et al., 2009). Thus, cytoplasmic aggregates of FUS, 

especially NLS mutant forms, have been investigated to find out the 

mechanisms of FUS pathology (Blokhuis et al., 2013; Vance et al., 2013). 

 

1.5.4. Implied mechanism and importance of FUS 

ALS (also known as Lou Gehrig’s disease) is a neurodegenerative disease 

that characterised by the loss of motor neurons in the cerebral cortex, brain 

stem and spinal cord (Van Langenhove et al., 2012; Ling et al., 2013). This 

neuronal loss causes atrophy and dysfunction of voluntary muscles and most 

patients die within few years from the onset of the first symptom. The causes 

of the disease are still being characterised, though mutations in C9orf72, 

SOD1, TARDBP and FUS/TLS genes have been found in ALS patients, 

along with pathological inclusions of TDP-43, SOD1 and FUS proteins (Ling 

et al., 2013). 



 
 

Chapter 1  
General Introduction 

 

 
31 
 

FTLD (or referred as FTD in clinical practice) is another neurodegenerative 

disease that neuronal loss happens in the frontal and temporal lobe (Van 

Langenhove et al., 2012; Ling et al., 2013). This leads to behavioural change 

and dysfunction of language skills. From FTLD patients, mutations of MAPT 

and progranulin (PGRN) were mainly found and TDP-43, Tau, FUS and 

ubiquitin-proteasome system (UPS) pathologies were also found (Ling et al., 

2013). 

Both ALS and FTLD share several pathologies related to RNA processing 

and protein regulatory dynamics especially, such as TDP-43 and FUS 

DNA/RNA binding proteins (Lagier-Tourenne et al., 2010; Ling et al., 2013). 

Mutations or aggregations of TDP-43 and FUS can develop DNA/RNA and 

protein dynamics-related pathologies for example, malfunction of DNA 

repairing mechanism, alternative splicing and abnormal changes of mRNA 

expression to protein, which will cause disruption of cellular homeostasis and 

degeneration, eventually. Therefore, investigating common pathologies of 

FUS or TDP-43 would be needed to find the shared pathophysiological 

changes in both ALS and FTLD in addition to the other major targets from 

other neurodegenerative diseases. 

 

1.6. Aims and summary 

As articulated, FUS has the various roles to regulate the dynamics of 

DNA/RNA and also involved in the deleterious pathologies of ALS/FTLD. 

Since both ALS and FTLD includes neurodegeneration, the synapse 

weakening process might be done prior to the neuronal death. However, 

there are many missing gaps and mechanisms not well explained. The aim 

of this thesis is to investigate the early physiological and morphological 

alterations by the abnormal expression of FUS that eventually forms cytosolic 

inclusions throughout the dendrites. By biolistically transfecting 2 different 

mutant forms, 2 major pathologies found in the FUS-opathy were tested in 

the organotypic hippocampal slices model to utilise well-characterised 

neuronal circuit of neurotransmission and synaptic plasticity.  
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First, cytosolic accumulation of FUS was investigated using FUS-P525L 

mutant form, which has mutation on NLS region that is required for nuclear 

internalisation of FUS. In the Chapter 3, the intracellular trafficking and 

morphological changes by FUS-P525L expressions were discussed. FUS-

P525L was shown to have quicker translocation though the dendrites than 

that of FUS-WT and this difference resulted in the reduction of spine density 

in the distal part of the apical dendrites in FUS-P525L neurons. In the 

Chapter 4, the electrophysiological changes by FUS-P525L expressions 

were discussed. FUS-P525L was shown to have increased synaptic 

conductance and intrinsic excitability and the excitability was returned to the 

control level when CP-AMPAR blocker IEM-1460 was applied. And had 

decreased basal synaptic transmission and inhibited induction of both LTP 

and LTD. 

Second, FUS mutant with enhanced cation-π interaction was investigated by 

using FUS-16R mutant form, which has 16 additional arginine residues 

therefore increases the affinity between FUS proteins to form inclusions in 

the cytosol. In the Chapter 5, both morphological and electrophysiological 

changes by FUS-16R were discussed. The spine density of FUS-16R cells 

were shown to be reduced in both basal and apical dendrites compared to 

FUS-WT cells. In addition, intrinsic excitability and basal synaptic 

transmissions were reduced in FUS-16R cells.  

Together, the results suggest that abnormal expression of FUS mutant is 

widely involved in the morphological, electrophysiological synapse 

weakening and it is related to the neuronal activity and excitability.  
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2.1. Animal-derived materials 

2.1.1. Animals 

All procedures involving animals were performed in accordance with the UK 

Scientific Procedures Act, 1986. Male Wistar Han rats of postnatal 6-8 days 

(P6-P8) were used to prepare organotypic slice culture on the day of delivery.  

 

2.1.2. Organotypic hippocampal slice culture preparation 

Animals were sacrificed by cervical dislocation (Schedule 1) and then 

decapitated. The upper skin and then the skull of the head was cut sagittally 

from the middle back of the head. Frontal bone was cut coronally and the 

upper skull was opened with forceps. The whole brain of rat was quickly 

transferred to the ice-cold cutting solution (238 mM sucrose, 2.5 mM KCl, 26 

mM NaHCO3, 1 mM NaH2PO4, 11 mM D-glucose, 5 mM MgCl2 and 1 mM 

CaCl2). Hippocampi were dissected and cut into 350 µm coronal slices with 

McIlwain tissue chopper. The hippocampi were transferred to culture 

medium (78.8% minimum essential medium (MEM), 20% horse serum (heat-

inactivated), 30 mM HEPES, 26 mM D-glucose, 5.8 mM NaHCO3, 2 mM 

CaCl2, 2 mM MgSO4, 70 μM Ascorbic Acid, 0.1% 1 mg/ml Insulin, pH 7.3 and 

320–330 mOsm) and separated into individual slices. Hippocampal slices 

were washed by transferring slices into the 35 ml petri dishes with fresh 

culture medium for 4 times. The washed slices were placed onto a semi-

permeable membrane inserts (Millipore, PICM0RG50) in a 6-well plate with 

culture medium. The slices were stored in an incubator at 35 ⁰C 5% CO2 and 

medium was changed every 2-3 days. 

 

2.2. Biolistic transfection 

2.2.1. Genes of interest 

Neurons were transfected with plasmids that contain gene of interest. 

Plasmid DNA constructs were kindly provided from Professor Peter St 
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George-Hyslop (Clinical neurosciences, Cambridge Institute for Medical 

Research, UK). Information of the plasmid constructs were shown as a Table 

2-1. For the mutations, FUS-P525L has only mutation of P525L, on the other 

hand, FUS-16R mutation has mutations on G167R, G170R, G173R, G202R, 

S205R, S221R, G225R, G228R, G230R, M254R, G379R, N381G, 

insert387G, G398R, G401R, S402G, G404R, G456R, M464R, therefore, 

FUS-16R has 16 additional arginine residues. 

FUS genes were loaded to 2 different types of plasmid vectors to tag either 

EYFP or mCherry as displayed in Fig. 2-1. Later for the transfection, those 

plasmid DNA constructs were loaded to gold microcarriers with the amount 

as shown on Table 2-1 and the procedure is explained in the chapter 2.2.4. 

Venus, mCherry and TdTomato are types of structural fluorescence marker 

protein and Venus is further used as transfection control. 

 

Name Backbone Insert Species Tag bacteria 
resistance 

Amount 
used 
(μg) 

YFP_FUS-FL-
P525L peYFP-C1 FUS-

P525L Human N-term 
YFP Kanamycin 20 

YFP_FUS-FL-
WT peYFP-C1 FUS Human N-term 

YFP Kanamycin 20 or 40  

YFP_FUS-FL-
16R peYFP-C1 FUS-

16R Human N-term 
YFP Kanamycin 20 or 40 

mCherry_FUS-
FL-WT 

pmCherry-
C1 FUS Human N-term 

mCherry Kanamycin 20 or 40 

mCherry_FUS-
FL-16R 

pmCherry-
C1 

FUS-
16R Human N-term 

mCherry Kanamycin 20 or 40 

Venus - - Jellyfish - Ampicillin 10 

mCherry - - Discosoma - Ampicillin 60 

TdTomato - - Discosoma - Ampicillin 10 
 

Table 2-1 Information of DNA plasmid constructs used in the study. 

Basic information of DNA genes of interest and used amount were displayed. 
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2.2.2. Plasmid amplification 

The whole process of this amplification takes 3 consecutive days. DH5α 

(Invitrogen, 18265-017) E.coli strain was used for the amplification of the 

plasmids.  

 

Figure 2-1 Plasmid vectors used for tagging FUS proteins. 

Plasmid vectors were utilised to add either EYFP or mCherry at the N-terminus of 
FUS proteins. (a) peYFP-C1 vector was used and as a result, N-terminus of each 
type of FUS protein was tagged. (b) pmCherry-C1 vector was used and as a result, 
N-terminus of each type of FUS protein was tagged. 
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First day was to transform DH5α with the target plasmid. 50 µl of DH5α 

(expected to yield >1 x 106 transformants / µg) was aliquoted to a 1.5 ml tube 

from thawed stock on the ice. 1-10 ng of target plasmid was added and gently 

mixed, then, incubated on ice for 30 minutes. Next, 20 seconds of heat shock 

at 42 °C was applied on a heat block and then placed on ice for 2 minutes. 

950 μl of SOC medium (Invitrogen, 15544-034) was added to maximise the 

transformation efficiency of the plasmid and then the tube was incubated in 

the 37 °C shaker for 1 hour. 120 µl of media with transformed E.coli was 

plated on the premade agarose gel plate with the antibiotics either 50 µg/ml 

of kanamycin (Sigma-Aldrich, K0254) or 100 µg/ml ampicillin (Sigma-Aldrich, 

A9518) for the target plasmid. After 10 minutes, the agarose plate was 

incubated overnight in the 37 °C oven. 

Second day was to prepare for the starter culture. The agarose plate was 

checked whether transformed E.coli with target plasmid formed colonies. 

One of the colonies was transferred into a 1.5 ml tube with 1ml of LB Broth 

and 1 µl of appropriate antibiotic. The tube was incubated in the 37 °C shaker 

for 6-7 hours as the starter culture. The starter culture was transferred into 

an autoclaved glass flask with 80ml LB broth and 80 µl of appropriate 

antibiotic and then incubated overnight in the 37 °C shaker. 

Third day was to purify the target plasmids with Plasmid midi kit (QIAGEN, 

12943) and it was conducted based on the product manual with few minor 

variations. The incubated flask from the previous day was checked whether 

the broth was cloudy, indicating amplified E.coli cells. The broth was split into 

two 50 ml falcon tubes, then, centrifuged at 2800 rpm for 15 min. The 

supernatant was discarded. 2 ml of buffer P1 was added into each tube to 

resuspend the pellets and then the contents were mixed into one tube. 4 ml 

of buffer P2 was added, gently mixed and then incubated at RT for 3 minutes 

to lyse the E.coli cells. 4 ml of buffer S3 was added and mixed to precipitate 

cell debris. The mixture was centrifuged at 2800 rpm for 5 minutes and 
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filtered into a new tube to remove precipitant. 2 ml of buffer BB (binding buffer) 

was added and gently mixed together. To separate the target plasmid, the 

mixed buffer was gone through the QIAGEN plasmid plus midi spin column 

with suction from a vacuum pump. The column with target plasmid was 

washed with 0.7 ml of buffer ETR by centrifuging at 13,000 rpm for 45 

seconds and the flow-through was discarded. The washing step was 

repeated for twice with 0.7 ml of buffer PE. Further spinning at 10,000 rpm 

for 2 minutes to remove the remaining buffer. Then, the column was placed 

on the new 1.5 ml tube. 110 µl of buffer EB buffer (elution buffer) was added 

on the column and incubated at RT for 3 minutes and then, the column and 

the tube were spun at 13,000 rpm for 45 seconds. The flow-through was 

transferred again on the column and incubated at RT for 2 minutes, then, 

they were spun at 13,000 rpm for 1 minute. The flow-through was again, 

transferred on the column and incubated for 1 minutes, it then, spun at 

13,000 rpm for 1 minute. The concentration of the eluted plasmid was defined 

by using NanoPhotometer (Implen, P300). 

 

2.2.3. Concept of biolistic transfection: Gene gun 

Biolistic transfection (biological and ballistic transfection) is a technique to 

deliver DNA into target cells by using small-sized carriers such as gold 

particles. This is mechanical method, therefore, versatile and simple to be 

used on diverse kinds of cells and tissues that includes hippocampal 

organotypic culture slices. The big advantage of biolistic transfection is that 

this method physically delivers genes, therefore, it can be reliably applied to 

a variety of neuron and tissue types with higher success rate and less 

limitations compared to the other transfection methods (McAllister, 2000). In 

addition, it is also easy to combine and deliver few different DNAs together, 

thus, easier to express target genes with different visual markers (e.g. 

fluorescence proteins). The core component of this technic is gene gun, 

which is designed to release pressurised inert gas flow to shoot DNA-

containing carrier particles into the cells. Those carrier particles are usually 
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prepared to be bound with target genes using spermidine, then, loaded in the 

plastic Tefzel cartridge, so called bullets. Once carrier particles are shot from 

the gene gun, then, the particles penetrate through the tissues and cell 

membranes and release plasmid that contains target gene to be expressed. 

The concept summary of biolistic transfection is shown in Fig. 2-2. 

 

 

2.2.4. Microcarrier preparation 

Tefzel tubing (Bio-Rad, 1652441) was inserted into the tubing prep station 

(Bio-Rad) and dried with nitrogen gas, while rotating, for minimum 30 minutes. 

To prepare the DNA/RNA construct solutions, constructs of interest were 

mixed at the desired ratio (total volume 100 μl, maximum DNA/RNA content 

100 μg). A 100 μl of 50 mM spermidine was added to 10 mg of gold 

microcarriers (1.6 μm) (Bio-Rad, 1652264), vortexed for 10 seconds and 

then bath-sonicated for 10 seconds. Then DNA/RNA construct solution was 

  

Figure 2-2 Biolistic transfection. 

Organotypic hippocampal slices were biolistically transfected by using Helios gene 
gun system (Bio-Rad). Gold microcarriers were coated with gene of interest (DNA 
plasmids), loaded on gene gun and pressurised helium gas propels microcarriers 
just enough to penetrate cell membrane and transfect the cell. Usually, target genes 
are tagged with fluorescence tags, therefore, transfected cells can be identified. 

Pressurised
helium gas

Gene gun

Organotypic 
hippocampal 
culture slice

Gold microcarrier
(Coated with gene of interest)
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added and the mixture was vortexed together for 10 seconds. Calcium 

chloride (100 μl of 1 M) was added dropwise while the mixture was gently 

vortexed. The mixture was left at RT for 10 minutes to precipitate the solution. 

The mixture was mini-centrifuged for -15 seconds and then supernatant was 

removed. The pellet was resuspended and washed with 1 ml of 100 % 

ethanol for 3 times (mini-centrifuged for 5 seconds and the supernatants 

removed every time). After the last wash, the supernatant was removed and 

remaining gold microcarrier mixture was resuspended and mixed with 3 ml 

20 µg/ml polyvinylpyrrolidone in 100 % ethanol. The mixture was aspirated 

into 10 ml syringe with 3-5 cm silicone tubing attachment. The aspirated 

mixture was loaded into the Tefzel tubing on the prep station and held in 

place for 2 minutes. The solution was slowly aspirated, and the tubing was 

turned 180º and left for 30 seconds. The tubing was rotated for 1 minute 

followed by, an additional 5 minutes of rotation with a nitrogen gas flow to dry 

out the remaining liquids inside the tubing. The tubing was cut into 0.5’’ 

cartridge (gene gun bullets), desiccated and stored for the further 

experiments. 

 

2.2.5. Gene transfection 

Hippocampal neurons were transfected with a gene gun (Helios gene gun 

system, Bio-Rad). Each gene gun bullet cartridge contains DNA/RNA 

constructs bound to 1.6 μm gold microcarriers. To shoot the gene gun, bullets 

were loaded into the cartridge holder and assembled to the gene gun. The 

gene gun was connected to the helium cylinder at the pressure of 140-180 

psi. Once gene gun was ready, 6-well culture plates with hippocampal slices 

were taken out of the incubator. The culture membranes were aimed with the 

gene gun (distance between the front tip of the gene gun’s barrel liner and 

the membrane was 1 cm), then the gene gun was triggered to shoot the gold 

microcarriers to the culture tissues. Once the process was done, the culture 

plates were returned to the incubator. 
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Transfection was done at Day In Vitro (DIV) 3-5 to let organotypic 

hippocampal slices stabilise on the membrane before the transfection 

process. Once the transfection was done, hippocampal slices were left in the 

incubator for Day After Transfection (DAT) 2-7 depends on the experiment 

type. For the electrophysiology experiments, DAT 3-4 time window was used 

for early stage, DAT 5-7 time window was used for late stage. The summary 

of the timetable is shown in Table 2-2. DAT 5-7 time window was mainly 

selected to make sure the pathogenic inclusions translocated through 

dendrites, which will be described in the results chapters. To be clear, these 

different time windows represent the progression of pathology, however, they 

are relatively early progression before neuronal death, therefore, those time 

points are not directly matched with early onset or late onset of the real 

disease and patients. 

 

 

2.3. Electrophysiology 

2.3.1. Electrophysiology rig setup 

The recording chamber for the electrophysiology experiments (Warner 

Instruments, RC-26G) was attached on a glass coverslip (Warner 

Instruments, CS-22/40) with the sealing of vacuum grease (Dow Corning). 

Day In Vitro (DIV) 0 1 2 3 4 5 6 7 8 9 10 

Day After 
Transfection (DAT)    0 1 2 3 4 5 6 7 

Slice culture 
preparation            

Transfection            

Experiments (Early)            

Experiments (Late)            
 

Table 2-2 Summary of transfection timetable. 

Time course of Days in vitro (DIV) and Day After Transfection (DAT) were displayed 
with the critical steps of the experiments with blue boxes.
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Perfusion of artificial cerebrospinal fluid (ACSF) (119 mM NaCl, 2.5 mM KCl, 

26 mM NaHCO3, 1 mM NaH2PO4, 11 mM D-glucose, 4 mM CaCl2, 4 mM 

MgCl2, 0.02 mM picrotoxin, 0.01 mM 2-chloroadenosine) was supplied from 

a glass bottle with 95 % O2 / 5 % CO2, perfused by peristaltic pump (Watson-

Marlow, 323S/D) at about the flow rate of 2-3 ml / min through polythene 

tubing (Fisher Scientific, 800/100/460), Norprene tubing (Cole-Parmer, 

06410-01) and PTFE tubing (Cole-Parmer, 06417-31). The bottle with ACSF 

was heated to 37 °C in a water bath (Nickel-Electro, Clifton NE1-4) and 

perfusion tubing was heated with a pen heater (ALA Scientific Instruments, 

HPT-2A) and a control unit (npi electronic, TC-10) to adjust the temperature 

to 28-30 °C when the perfusion enters the recording chamber. A syringe 

needle with a suction pump (Charles Austen, Dymax 5) was placed to 

remove the excessive ACSF from the recording chamber. To visualise the 

recording chamber, a microscope (Nikon, Eclipse E600FN) and a camera 

(Hitachi, KP-M1AP) were used. The X-, Y- movement of the table was 

adjusted by an in-house built X-, Y-plate and Z- movement was adjusted by 

automated motor unit (Prior, Optiscan) attached to the microscope. To 

reduce the recording noise from vibrations, the whole microscope and X-, Y-

plate were placed on the air table (Newport, VH3036W-OPT) and the air was 

supplied by an air compressor (Bambi, 35 / 20). An in-house built Faraday 

cage was used to cover the whole unit above the air table and to shield the 

inside from electrical fields. For the stimulation, two-strand-twisted Nickel80 

/ Cromium20 wire (Advent Research Materials, NI653514) and the wire was 

inserted through a glass capillary and fixed and it was prepared as a pair of 

stimulating electrodes. The pair of stimulating electrodes were held by a pair 

of manipulators (Scientifica, LBM-7). The end of the wire was soldered to 

general electric wires and connected to a pair of constant voltage isolated 

stimulators (Digitimer, DS2A – Mk.II) that generate 0.1 ms square-wave 

constant voltage pulses as triggered by commands. For making recording 

glass electrodes, Flaming/Brown micropipette puller (Sutter Instruments, P-

1000) was used to pull the glass capillaries (Harvard Apparatus, 30-0057) to 
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the pipette resistance of 4-7 MΩ (Ideally about 5.5 MΩ). The electrodes were 

then filled with internal filling solution (see chapter 2.3.2.) and fixed to an 

electrode holder (Molecular Devices, 1-HL-U) that is connected to a 

headstage (Molecular Devices, CV-7B) and the headstage was connected 

to an amplifier (Molecular Devices, Axon multiclamp 700B). A 0.2 mm silver 

wire (Advent Research Materials, AG548815) was coated with chloride in 

advance and fixed to the electrode holder to touch the filling solution inside 

the glass electrodes. The back of the headstage was connected to another 

long silver wire, which was also coated with chloride in advance and then the 

coated part was submerged inside the recording chamber to be a ground 

reference. The whole electrode on headstage unit was mounted on the 

automated micromanipulator (Scientifica, PatchStar). 

The data acquisition was done at 20 kHz with Multiclamp 700B amplifier and 

a CA-1000 data acquisition device (National Instruments) and filtered at 2 

kHz. For the recording and saving of the data from electrophysiology 

experiments, WinLTP version 2.10 software (Anderson and Collingridge, 

2007) was used. 

A cultured hippocampal slice was placed in the recording chamber and an 

in-house built mesh net was placed to surround the slice and prevent the 

movement by the flow of ACSF. For the experiments requiring preincubation, 

cultured hippocampal slices were placed in 5 ml of ACSF (room temperature, 

bubbled with 95 % O2 / 5 % CO2) with the drugs of interest (e.g. IEM-1460). 

Concentration and incubation time are described in the results chapters as 

the drugs used. The preincubated slice was transferred to the recording 

chamber perfused with ACSF containing the same drugs. 

 

2.3.2. Whole-cell patch and recording 

For whole-cell patch clamp, hippocampal slice was placed in the recording 

chamber with ACSF perfusion of the consistent flow rate and temperature as 

described in the chapter 2.3.1. One each stimulating electrode was placed 
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on the Schaffer-collateral pathway (experimental pathway) and subiculum-

CA1 pathway (reference pathway) when required. 

For voltage clamp experiments, the recording electrode was filled with Cs 

methanesulfonate filling solution (130 mM Cs methanesulfonate, 10 mM 

HEPES, 0.5 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na-GTP, 6 mM QX-314 

chloride, 8 mM NaCl, pH 7.2 and 285-290 mOsm). For current clamp 

experiments, K-Gluconate filling solution (135 mM K-Gluconate, 10 mM 

HEPES, 0.5 mM EGTA, 2 mM Mg-ATP, 0.3 mM Na-GTP, 8 mM NaCl, pH 

7.2 and 275-290 mOsm) was used. 

The recording electrode was positively pressurised to prevent blockage of 

the tip of the electrode by using a 1 ml syringe connected to the electrode 

holder via Tygon lab tube (RS components, ACF00002-C). Once the 

electrode pipette dipped into the solution in the recording chamber, the 

resultant current through the tip was set to zero by using the software 

Multiclamp 700B. Pipette resistance was also checked whether that was 

within the ideal range (4-7 MΩ) with WinLTP by applying 10 mV square-wave 

pulse of 100 ms through the headstage. Target CA1 cell in the pyramidal cell 

layer was identified by Venus or YFP (yellow fluorescence protein) 

fluorescence with a blue light source (CoolLED, pE-300) for the transfected 

cells or in-built bright-field of the microscope for untransfected cells. Once 

target cell was identified, the tip of the electrode was approached carefully. 

When the tip of the electrode was close enough to show a dent on the target 

cell by the positive pressure from the tip, the pressure was released (and 

gentle negative pressure applied if needed) to make a giga-seal (GΩ) 

between pipette tip and the membrane of the cell body. Once giga-seal was 

accomplished, holding voltage was set to -30 mV and gradually changed to 

-70 mV. Then, capacitive transient of pipette was compensated. Negative 

pressure was applied to break the cell membrane between pipette internal 

solution and cytosol of the cell. If the patch was successful, test pulse 

(generated by 10 mV square-wave) on WinLTP should show capacitive 

transient pattern that the peak would be calculated to the series resistance 
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(Rs) and current difference would be calculated to the membrane resistance 

(Rm) (Fig. 2-3). For Rs, only patched cells under 23 MΩ with the change of 

max 20 % were used for analysis not to record signals with blockage of the 

recording pipette. For Rm, only cells over 50 MΩ were further recorded and 

used to ensure stable attachment of the tip on the cellular membrane without 

rupturing excessively (Finkel et al., 2006; Ionescu-Zanetti et al., 2005). 

 
After each cell was patched, resting membrane potential (RMP) was also 

checked by temporarily removing voltage holding of the recording pipette. 

Only cells with RMP hyperpolarised than -40 mV because less polarised cells 

easily showed epilepsy upon electric stimulations. These passive properties 

of patched cells (Rs, Rm and RMP) are supposed to evaluate the quality of 

the whole-cell patch. Therefore, once the passive properties of the patched 

cells met the proper condition as stated above, difference between groups 

should not significantly influence the actual data sets of the 

electrophysiological recordings. To confirm the quality of the whole-cell patch 

recording, example passive properties from each major transfection groups 

 

Figure 2-3 Parameters of whole-cell patch recording. 

An example single trace of whole-cell recording. Series resistance (Rs), membrane 
resistance (Rm) and peak amplitude were measured from each single trace. 
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were plotted as a supplementary data (Fig. 2-4). The recorded data sets are 

part of AMPA/NMDA current tests in Chapter 4 and 5. From each cell, RMP 

values were acquired right after whole-cell patch and for Rs and Rm values, 

10 sweeps of test pulses per 30 seconds were recorded and averaged. Most 

of transfected cells were paired with untransfected cells, thus n-number of 

untransfected cell group is bigger than other FUS transfected cell groups. 

The data set was shown as Mean ± SEM. From multiple neurons from 

different groups (Untransfected: 49 cells, FUS-WT: 12 cells, FUS-P525L: 15 

cells, FUS-16R: 15 cells), recorded RMP (Untransfected: -58.65 ± 1.03 mV, 

FUS-WT: -61.42 ± 2.91 mV, FUS-P525L: -56.67 ± 1.08 mV, FUS-16R: -63.68 

± 1.60 mV, F = 3.378, p = 0.0217), Rs (Untransfected: 14.45 ± 0.45 MΩ, 

FUS-WT: 17.08 ± 1.07 MΩ, FUS-P525L: 16.19 ± 0.87 MΩ, FUS-16R: 14.64 

± 0.76 MΩ, F = 2.727, p = 0.0486) and Rm (Untransfected: 177.45 ± 10.10 

MΩ, FUS-WT: 158.40 ± 25.20 MΩ, FUS-P525L: 237.58 ± 40.27 MΩ, FUS-

16R: 101.12 ± 9.40 MΩ, F = 7.117, p = 0.0002) distributed within the proper 

range of whole-cell patch to be used as electrophysiology data sets. 
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2.3.2.1. EPSCs 

Excitatory postsynaptic currents (EPSCs) were generated by stimulating 

electrodes previously placed on Schaffer-collateral pathway (experimental 

 
Figure 2-4 Example passive properties of neurons during whole-cell patch 
recording. 

Passive properties were recorded to confirm the quality of whole-cell patch. (a) 
Resting membrane potential (RMP). (b) Series resistance (Rs). (c) Membrane 
resistance (Rm). 
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pathway) and subiculum-CA1 pathway (reference pathway) at a holding 

voltage of -70 mV. Two pathways were stimulated alternately at 15 seconds 

interval. Only cells show fast rise / decay kinetics with monosynaptic 

responses were used. The peak amplitude was used for the parameter of the 

synaptic efficacy. For EPSCNMDA, the peak at 90-100 ms after stimulation 

artefact was measured. Rm, Rs, DC were also measured to monitor the 

quality of the whole-cell patch. 

For AMPA/NMDA current tests, 10 EPSCAMPA recorded at -70 mV voltage 

and changed to +40 mV voltage holding, waited for > 2 minutes and further 

10 EPSCNMDA were recorded. Total 20 EPSC per one experiment were 

recorded. One transfected cell and the other untransfected cell in one slice 

were always recorded as a pair. 

 

2.3.2.2. mEPSCs 

For miniature EPSCs (mEPSCs) experiments, target cells were voltage 

clamped at -70 mV, then, ACSF with 500 nM tetrodotoxin, 50 μM D-AP5 and 

20 μM bicuculline was perfused for 7 minutes. The perfusion was to remove 

the EPSCs induced by excitation of presynaptic neuron. Therefore, this 

procedure makes the presynaptic neurons to release neurotransmitters 

without any contamination of action potential-mediated release of synaptic 

vesicles. After the perfusion, then mEPSCs were continuously recorded 

without any electrical stimulation for 6 minutes. 

 

2.3.2.3. LTP / LTD 

For the baseline recording, two stimulating electrodes were alternately 

delivered stimulations every 15 seconds. For LTP experiments, a stable 

baseline was recorded for 5 minutes and then, 200 pulses of 2 Hz stimulation 

at the holding voltage of 0 mV (Kullmann and Nicoll, 1992; Malinow and Tsien, 

1990) were delivered to the Schaffer-collateral pathway. EPSCs were further 
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recorded for 35 minutes at the holding voltage of -70 mV. For LTD 

experiments, a stable baseline was recorded for 10 minutes and then, 200 

pulses of 1 Hz stimulation at the holding voltage of -40 mV (Hjelmstad et al., 

1997; Lüthi et al., 1999) were delivered to the Schaffer-collateral pathway. 

EPSCs were further recorded for 40 minutes at the holding voltage of -70 mV. 

Only one cell per hippocampal slice was recorded due to the irreversible 

stimulations were applied, therefore, transfected cells and untransfected 

cells were recorded from separated slices. To increase the comparability 

between control vs transfected cells, always one cell from each group was 

recorded from same animal and same preparation. 

 

2.3.2.4. Firing activities 

For firing activity experiments, target cells were current clamped, then 500 

ms of square-wave current was injected to the cells from -50 to 450 pA in 50 

pA steps. Between each step, the interval was 15-20 seconds to avoid 

overstimulation. 

 

2.3.3. Data analysis and statistics 

For the EPSCs, those measured peak amplitude, Rm, Rs and DC were used 

for the analysis as acquired from WinLTP. For mEPSCs, single trace files 

were imported to Clampfit 10.7 (Molecular Devices) and EPSC events over 

15 pA from baseline were detected to exclude contamination from the 

baseline noise and then, peak amplitude, rise time 10% to 90% and decay 

time 90% to 10% were measured from each event. All the peaks were 

manually checked and false events were rejected. For firing activity 

experiments, single trace files were imported to Clampfit and number of firing 

events were counted with the threshold of 20 mV. And the frequency was 

calculated from inter-event interval. 
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For AMPA/NMDA experiments, the mean values of 10 AMPA EPSCs and 10 

NMDA EPSCs were used for the unpaired t-test comparison between 

transfected and untransfected cells.  

For LTP / LTD experiments, each time point was normalised with the average 

of the baseline (all the time points before LTP / LTD induction protocols) 

therefore, baseline was converted to 100 %. The change by LTP / LTD 

induction protocols was calculated by comparing the 5 time points prior to 

the induction protocol and 5 time points at the end of recording. Initially, to 

verify the magnitude of LTP / LTD from each neuron, a paired t-test was used 

to compare the pre- and post-induction protocols. An unpaired t-test was 

applied to analyse differences between groups. 

For mEPSC experiments, rise time and decay time were compared between 

transfected and untransfected cells via the Mann-Whitney test, due to a 

none-standard distribution. However, due to a standard distribution, the 

mEPSC event frequency of transfected and untransfected cells was 

compared using an unpaired t-test. 

For firing activity experiments, the frequency and the number of firing events 

were compared at each excitatory input point by using an unpaired t-test. 

The difference between groups were compared with a repeated measures 

analysis of variance (RM-ANOVA). 

The data sets were analysed with Sigmaplot 12 software (Systat Software) 

and displayed as the mean value ± standard error of the mean (SEM). 

Significant difference between groups indicates a p-value of less than 0.05 

(p < 0.05) for all the statistical tests. 

 

2.4. Multi-photon and confocal imaging 

2.4.1. Optic parameters 

Multi-photon imaging was performed in either the Wolfson Bioimaging 

Facility (WBFLM) of University of Bristol or Wohl Cellular Imaging Centre 
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(WCIC) of King’s College London. In WBFLM, Leica Application Suite X (LAS 

X) software with SP8 AOBS (Leica) confocal laser scanning microscope 

mounted on dm6000 (Leica) microscope was operated with 25X HC Fluotar 

water dipping objective (Working distance: 2.5 mm, Numeric aperture: 0.95). 

In WCIC, NIS-Elements software on A1R Multiphoton system (Nikon) was 

operated with 25X CFI75 Apochromat 25XC water dipping objective 

(Working distance: 2.0 mm, Numeric aperture: 1.10) was used. Additional 

digital magnification (0.75X-6X) was applied depending on the experiment. 

Spinning disk confocal imaging was performed from Prof. Kei Cho’s lab in 

King’s College London Dementia Research Institute (KCL-DRI). In KCL-DRI, 

NIS-Elements software on A1R Multiphoton system (Nikon) was operated 

with Plan 100X/1.10 W water dipping objective (Working distance: 2.5 mm, 

Numeric aperture: 1.10) was used. 

Transfected hippocampal slices were placed in a 35 ml petri dish, containing 

HEPES buffer (30 mM glucose, 25 mM HEPES, 5 mM KCl, 119 mM NaCl, 

500 nM picrotoxin, 1μM glycine, 2 mM MgCl2, 2 mM CaCl2). For the filters, I3 

(Excitation: 450-490 nm, Emission: 515 nm) (for Venus) and/or N21 

(Excitation: 515-560 nm, Emission: 590 nm) (for mCherry) filters were used 

for each target protein. Image were acquired as z-stacks with 1 µm intervals 

with 3 averages at each plane. 

 

2.4.2. Image process and assay parameters 

Taken images from section 2.4.3. were further processed and analysed with 

ImageJ software. Regions of interest (ROIs) are categorised into 3 groups 

(apical dendrites at 0-100 μm and 100-200 μm, basal dendrites at 0-100 μm) 

and some groups were not taken if it was not available to find any secondary, 

tertiary or more branched dendrites and/or bright ROIs in that area. Within 

the categories, 15 μm X 15 μm sized 3 ROIs were randomly picked and 

cropped among dendrites with spines. Since morphological analysis was part 

of broad screening of neuronal change by FUS rather than heavily focused 
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on morphology, 2D analysis was utilised over 3D analysis to make the 

analysis simple, quick and no requirement of specialised paid software, 

though, 2D slightly sacrifices accuracy. The cropped ROI images were z-

projected (Max brightness), converted to 8-bit and the contrast and 

brightness were optimised. Within the ROIs, spine densities were manually 

counted only when the spine has neck where spine head can be defined and 

the length of the whole spine was shorter than 5 µm to exclude filopodia. 

Since manual analysis can be easily biased without blinding and 

randomisation, those multiple data sets were crosschecked with other lab 

members to confirm that the tendency to be same. By drawing straight line 

with measuring function of ImageJ, spine head widths, spine head lengths, 

spine neck width and spine length were measured within ROIs and then, 

spine head / neck width ratio and spine head area were calculated from 

measured values. Based on the measured values, spines were categorised 

to 3 different shapes (stubby, thin, and mushroom) according to the length, 

head / neck width ratio. Stubby spines were defined as length < 1 µm and 

head width / neck width ratio < 1.5. Thin spines were defined as length 1 – 5 

µm and head width / neck width ratio < 1.5. Mushroom spines were defined 

as length < 5 µm and head width/neck width ratio > 1.5. If a spine length was 

longer than 5 µm, the spine was regarded as filopodium and not used for the 

analysis. The parameters and criteria for analysing dendritic spines are 

summarised in the Fig. 2-5. 
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2.4.3. Data analysis and statistics 

For all the morphology analyses, basal dendrites or apical dendrites were 

separately analysed, thus, they were not directly compared with any 

statistical analysis. 

For the spine density comparisons, measured values of different groups were 

compared by using unpaired t-test. 

For the shape of the dendritic spines, the ratio of spines in different shapes 

was calculated per each cell and then, those ratios of each shape type were 

pooled together. Within each shape type, the differences between groups 

were compared by using unpaired t-test. 

Those backup parameters (spine head width, spine head length, spine neck 

width, spine length, Spine head width / spine neck width, Spine head area) 

were plotted and compared by using unpaired t-test. 

The data sets were analysed with Sigmaplot 12 software (Systat Software) 

and displayed as the mean value ± SEM. Significant difference between 

 

Figure 2-5 Parameters of spine morphology classification. 

(a) Parameters of spine morphology were measured as displayed. (b) Based on the 
measured parameters, shapes of dendritic spines were categorised into filopodia, 
stubby, thin and mushroom shapes. 
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groups indicates a p-value of less than 0.05 (p < 0.05) for all the statistical 

tests. 

 

2.5. Pharmacological reagents 

See Table 2-3 for the details of the pharmacological reagents used for this 

study. 

  

Pharmacological 
reagents Description Company 

and Cat. No. Concentration Solvent 

2-
chloroadenosine 

Adenosine 
receptor 
agonist 

Abcam 
ab120037 10 μM ddH2O 

Bicuculline GABAAR 
antagonist 

Abcam 
ab120107 20 μM DMSO 

D-AP5 NMDAR 
antagonist 

Abcam 
ab120003 50 μM ddH2O 

IEM-1460 CP-AMPAR 
antagonist 

Abcam 
ab141507 50-100 μM DMSO 

Picrotoxin GABAAR 
antagonist 

Abcam 
ab120315 20 μM ddH2O 

TTX 

Voltage-
gated Na+ 
channel 
blocker 

Abcam 
ab120054 500 nM ddH2O 

 

Table 2-3 Pharmacological reagents used in the study.  

Information of the reagents and the usage of them were shown. 
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3.1. Introduction 

3.1.1. Imbalance of trafficking of FUS in neurodegenerative disease 

FUS is nuclear protein and dominantly localised in the nucleus about 90 % 

or more (Hock et al., 2018), however, many cases from ALS, FTLD and other 

neurodegenerative diseases found mutation of FUS caused an imbalance of 

FUS level between nucleus and cytosol (Deng et al., 2010; Neumann et al., 

2009; Svetoni et al., 2016). This imbalance of FUS trafficking was often 

suggested to be the cause of either/both the depletion of FUS in the nucleus 

and/or accumulation of cytosolic FUS (Ederle and Dormann, 2017; Ishigaki 

and Sobue, 2018). This different degree of the formation of FUS inclusions 

is suggested to be potentially due to the environmental differences between 

the nucleus and the cytosol such as different pool of DNA/RNAs (Chen, 2009; 

Yang et al., 2015) and proteins (Burke et al., 2015; Hofweber et al., 2018) 

that can interact with FUS either in the nucleus or in the cytosol. Those 

interaction may accelerate the formation of inclusions in the cytosol by 

recruiting FUS proteins into the aggregates (e.g. abnormally long mRNA can 

bind with multiple FUS proteins to accelerate cytosolic localisation of FUS 

(Tyzack et al., 2019)) or dissociate the FUS inclusions into individual FUS 

proteins by chaperoning the conformation of FUS to be less aggregative and 

import FUS into the nucleus (Guo et al., 2018). The depletion of FUS in the 

nucleus is often considered as loss-of-function because FUS is known to 

regulate the dynamics of DNA/RNA in the nucleus. Therefore, reduced 

expression or knockdown of FUS resulted in the decreased viability, impaired 

cellular proliferation and increased histone H3 phosphorylation (mitotic 

arrest), altered gene expression (either up or downregulation), loss of Gems 

(compact protein structure in the nucleus) that form complex with survival 

motor neuron (SMN) proteins and regulate small nuclear RNPs (snRNPs) for 

the splicing of RNAs, and so on (Kino et al., 2015; Ward et al., 2014; 

Yamazaki et al., 2012). While, the accumulation of FUS in the cytosol is 

frequently considered as gain-of-function because high level of cytosolic 

FUS can propagate from soma to dendrites, forms inclusions, which can 
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either accelerate or block the normal function of FUS (Kryndushkin et al., 

2011; Shelkovnikova et al., 2014) and induce neurodegeneration (Dormann 

and Haass, 2011; Naumann et al., 2018). Both depletion of FUS and 

cytosolic accumulation of FUS alter and interfere the normal roles of FUS, 

however, cytosolic accumulation of FUS is thought to be more deleterious to 

the neurons (Dormann, 2016; Scekic-Zahirovic et al., 2016) and cellular 

stress (e.g. hyperosmolar stress, irradiation and thermal stress) has been 

demonstrated to boost the effect (Higelin et al., 2016; Murakami et al., 2012). 

Then what can cause the imbalance of FUS trafficking? There are several 

possibilities but the well-characterised cause of the FUS mislocalisation is 

the mutation on the NLS domain. FUS mutations are mainly clustered in the 

NLS domain where nuclear-trafficking protein Transportin-1 (TRN-1) binds to 

(Dormann et al., 2012; Mackenzie et al., 2010b). Since FUS protein is initially 

translated in the cytoplasm, thus, once nuclear localisation mechanism is 

inhibited by NLS domain mutation, then, FUS accumulates in the cytosolic 

area and subject to form increased SG or non-SG inclusions. Therefore, 

patients with NLS mutations often show young-onset progressive clinical 

phenotypes (Shang and Huang, 2016) and NLS mutants of FUS have well-

characterised pathologic progression (e.g. mislocalisation) than the other 

mutants (Ederle and Dormann, 2017; Mackenzie et al., 2010b), therefore, 

frequently utilised as experimental models of FUS pathology. Simply, 

neuronal aging (Higelin et al., 2016) or overexpression of FUS (Mitchell et 

al., 2013) can also cause cytosolic FUS and FUS inclusions. Or, expression 

of RNAs with abnormally extended introns can also alter the normal nucleo-

cytosolic balance of FUS (Tyzack et al., 2019) as FUS can translocate from 

nucleus to the cytosol when bound with RNA (Zinszner et al., 1997). In that 

aspect, if the binding affinity between FUS and RNA is abnormally high or if 

RNA can be bound with multiple FUS proteins due to the expression of 

abnormal RNA species (e.g. mutation or abnormally increased expression), 

then FUS can be accumulated in the cytosol together with RNA. Overall, any 

mechanism that causes mislocalisation and cytosolic aggregation of FUS 

can have similar pathologic progression in the neurons. 
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3.1.2. Cytosolic FUS and morphologic changes of neurons 

Propagation and imbalanced level of cytosolic FUS will be problematic, in 

addition, FUS also has roles in the neuronal trajectories such as dendrites 

and axons. Therefore, the roles of FUS in both physiological and pathological 

situations need to be discussed. 

Even though FUS is predominantly nuclear protein, FUS is also located in 

the cytosolic space, mainly bound with mRNA, and propagate through 

dendrites and axons in the physiological conditions (Belly et al., 2005; 

Schoen et al., 2016; Yasuda et al., 2013). Therefore, FUS functions as cargo 

ship for mRNAs in the cytosolic area and through neurites (Fujii et al., 2005; 

Sahoo et al., 2018). In addition, FUS is involved in the stability of mRNAs 

(Colombrita et al., 2012) and the local translation of proteins in the axonal 

and dendritic region (López-Erauskin et al., 2018; Sahoo et al., 2018; 

Shiihashi et al., 2017). This local translation includes the essential structural 

and synaptic proteins (Fujii and Takumi, 2005; Udagawa et al., 2015; Yokoi 

et al., 2017), therefore, FUS is closely related to the neuronal morphology.  

Then, what happens to the neuronal morphology when FUS expression is 

altered? Overexpression of both wildtype and NLS mutant forms of FUS can 

cause dendritic morphologies to be less branches and spines and abnormal 

branching of axon. Overexpression of wildtype FUS and Caz (homolog of 

FUS in Drosophila), NLS mutants FUS-P525L and Caz-P398L  caused 

simplified dendritic branching and altered axonal and synaptic transport 

(Machamer et al., 2018). Mice model with FUS-R521C overexpression 

reduced dendritic spine number, maturity and dendritic length, which were 

also moderately impaired in wildtype FUS overexpression (Qiu et al., 2014). 

In other transgenic mice model with ΔNLS-FUS had phenotypes of reduced 

dendritic spines and synaptic marker proteins such as postsynaptic density 

95 (PSD95) and vesicular glutamate transporter 1 (VGLUT1) (Shiihashi et 

al., 2017). Expression of FUS-H517D and FUS-P525L mutants in human-

induced pluripotent stem cell (hiPSCs)-derived motor neurons showed 

abnormal axon branching (Akiyama et al., 2019) and reduced neurite length 
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(Ichiyanagi et al., 2016). In other study, overexpression of wildtype FUS 

doesn’t show morphological changes from transgenic mice while FUS-

R521G mice showed dendritic defects (Sephton et al., 2014), therefore, 

cytosolic FUS level is more important than total FUS regardless of FUS 

variants. In addition, depletion or knockout of FUS in the mice model also 

caused deleterious effects to the morphology such as the reduced number 

of total spines and mature spines in the dendrites (Yokoi et al., 2017), 

outlength of neurite was reduced (Ishigaki et al., 2017). Therefore, cytosolic 

level of FUS needs to be maintained to the optimal range to sustain the 

normal morphology of neurites. 

 

3.1.3. NLS mutant FUS-P525L as a tool to investigate cytosolic FUS 

FUS protein is composed of total 526 amino acids and FUS-P525L (Proline 

at 525 is substituted to Leucine) is a type of NLS mutant at C-terminus of 

FUS protein that impairs the internalisation of FUS proteins into the nucleus 

by interfering the binding between nuclear transport receptor Transportin-1 

(TRN-1) and FUS (Dormann et al., 2010). NLS mutants are dominant among 

FUS mutants that causes ALS and FUS-P525L mutation has been found and 

identified from ALS patients (Deng et al., 2014; Naumann et al., 2019). In a 

cohort study showed that among ALS cases, the percentage of FUS-P525L 

cases was 1.37 % but when it comes to the cases within FUS mutant group, 

FUS-P525L cases took about 8.44 %, therefore, it is one of the most common 

form of FUS-NLS mutants together with FUS-R521 mutants (Shang and 

Huang, 2016). The cases have been reported to express very progressive 

and early onset ALS phenotypes compared to the other FUS mutants 

(Lattante et al., 2012; Naumann et al., 2019), reported to be found more from 

female patients (Huang et al., 2010; Mochizuki et al., 2012). 

Because of this fast progression of pathology, FUS-P525L has been utilised 

and studied to investigate the mechanisms of abnormal trafficking / 

accumulation of FUS in the cytosolic compartment of neurons and 

consequential pathologies. For instance, FUS-P525L was demonstrated to 
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show abnormally reduced interaction with TRN-1 and mislocalisation of FUS 

(Neumann et al., 2012), association with stress granules (Lenzi et al., 2015), 

increased tendency to form aggregates and irreversible hydrogels (Marrone 

et al., 2020; Murakami et al., 2015), abnormal fission of mitochondria (Deng 

et al., 2015), impaired DNA damage response and repair (Wang et al., 2013) 

and altered synaptic calcium transients (Machamer et al., 2018). Like other 

FUS mutant forms, FUS-P525L doesn’t seem to be investigated intensively 

for synaptic physiology or morphology and most of studies were conducted 

with motor neurons since ALS is basically motor neurons disease. Therefore, 

it would be useful to combine FUS-P525L and hippocampal neurons to 

investigate how FUS can alter the synaptic physiology and dynamics. 

Considering previous studies, abnormal FUS translocation will alter the 

physiology of the neurons from the synapse level in the early stage before 

the neuron is progressed to cell death and this pathologic process does not 

necessarily require the alteration of FUS in the nucleus. Thus, by utilising 

NLS mutant FUS-P525L, morphology of dendritic spines was investigated to 

check the translocation pattern of cytosolic FUS through the dendrites and 

affects the morphology of dendritic spines. 

 

3.2. Results 

3.2.1. FUS-P525L mutant causes cytosolic inclusions 

As articulated previously, the NLS mutant FUS (FUS-P525L) has impaired 

trafficking ability and accumulates in the cytosolic area (Vance et al., 2013). 

To confirm that this mislocalisation of FUS occurs in our model, YFP-tagged 

wildtype FUS (FUS-WT) and FUS-P525L were overexpressed in the 

hippocampal CA1 neurons and imaged on the multiphoton microscope 

system (Fig. 3-1). FUS-WT was predominantly localised in the somatic area 

(thought to be locked in the nucleus) at 5 days after transfection (Fig. 3-1a), 

whereas FUS-P525L propagated through the dendrites and formed 

inclusions in the somatic cytosol and dendritic cytosols at 5 days after 
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transfection, which is the minimum stabilising time point after using biolistic 

transfection method (Fig. 3-1b). 

 

Propagation of FUS-P525L at different time points after transfection were 

also observed with FUS-P525L transfected CA1 neurons (Fig. 3-2). This was 

to investigate how quickly FUS-P525L can translocate from soma to the 

dendrites, therefore, electrophysiological changes can be compared and 

crosschecked in the later chapters. Two days after transfection (Fig. 3-2a), 

FUS-P525L already accumulated in somatic cytosol and formed inclusions. 

Comparing with the different cells at the same time point (Fig. 3-1b), dendritic 

propagation of FUS-P525L was variable at this stage. FUS-P525L inclusions 

(Fig. 3-2b) were formed in soma and widespread through the dendrites 

around three days after transfection, a trend that was at five (Fig. 3-2c) and 

six days (Fig. 3-2d) post transfection. In brief, cytosolic propagation of FUS-

P525L inclusions occurs at very early time point of transfection (2 days). In 

 

Figure 3-1 Confocal images of CA1 neurons with FUS-WT and FUS-P525L 
transfection. 

Each YFP-tagged FUS was imaged at DAT5 with red fluorescence structural marker, 
TdTomato on confocal spinning disk. (a) YFP-tagged FUS-WT was predominantly 
locked in the somatic region. (b) YFP-tagged FUS-P525L translocated through 
dendrites and multiple inclusions were found. The spinning disk confocal images 
were acquired from Prof. Kei Cho’s lab in King’s College London Dementia Research 
Institute (KCL-DRI). 
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contrast to FUS-P525L mutation, no FUS-WT was visible in the cytosol as it 

was still locked in the nucleus (Fig. 3-1a). 

 

Overall, within the time window for the optimal biolistic transfection method, 

FUS-WT was confined in the nucleus whereas FUS-P525L caused cytosolic 

inclusions. Due to the variability of cytosolic expression at early post 

transfection days, 5-7 days post transfection was selected further 

experiments. This post transfection time point will ensure that FUS-P525L 

propagation is consistent and saturated, while, FUS-WT is predominantly 

 

Figure 3-2 Translocation of FUS-P525L in different time points through 
dendrites. 

Multiphoton images of FUS-P525L were taken at (a) DAT2, (b) DAT3, (c) DAT5, (d) 
DAT6. From DAT2 to DAT6, YFP-tagged FUS-P525L proteins were all highly 
expressed in the cytosolic area and translocated through dendrites with significant 
FUS inclusions.  

a b

c d
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confined in the nucleus. Therefore, FUS-P525L and FUS-WT would show 

the maximised differential phenotypes of pathophysiology in terms of 

different FUS distribution. 

 

3.2.2. Dendritic spine density is reduced in FUS-P525L expressing neurons 

Since overexpression of cytosolic FUS was suggested to reduce the dendritic 

spines by trapping essential mRNAs needed for maintaining the structure of 

dendritic spines (Machamer et al., 2018; Shiihashi et al., 2017), it was 

needed to be investigated whether FUS inclusions affect the synapse 

morphology. Especially, spine density of neurons represents the connectivity 

between neurons and efficiency of synaptic transmission, therefore, spine 

density was thought to be decreased if cytosolic FUS weakens or destroys 

the synaptic connections. 

Hippocampal CA1 neurons were transfected with Venus (FUS negative), 

FUS-WT (wildtype overexpression) and FUS-P525L either with Venus or 

mCherry co-transfection, then dendritic spine density was measured from 

both basal or apical dendrites of CA1 neurons (Fig. 3-3 and Table 3-1). Due 

to the different circuitry between basal and apical dendrites as articulated in 

the section 1.3.2. (Masurkar, 2018), they were analysed separately. The data 

set was shown as Mean ± Standard Error of Mean (SEM). Hippocampal 

slices from 6 animals for Venus, 5 animals for FUS-WT and 7 animals for 

FUS-P525L were used for the results in Chapter 3 dendritic spine analysis. 

The spine density of the basal dendrites was not affected by either FUS-

P525L or FUS-WT expression (Fig. 3-3a). However, at apical dendritic 

regions, FUS-P525L induced a significant decrease in spine density (Fig. 3-

3b). 
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Figure 3-3 Spine density of apical dendrites was reduced in FUS-P525L 
expressing neurons. 

CA1 cells were transfected with Venus, FUS-WT and FUS-P525L and the dendritic 
spines were imaged at DAT5-7. Example ROI (15 μm x 15 μm) images were taken 
from each group. (a) In the basal dendritic region, spine densities did not show 
significant differences between groups. (b) Also in the apical dendritic region, spine 
density was not different. 
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Basal dendrites Venus (V) FUS-WT (W) FUS-P525L (P) 
n-number (Cell) 12 12 10 
Spine density 

(15 µm-1) 7.27 ± 0.95 5.80 ± 0.50 7.10 ± 0.61 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.3027 0.4487 

0.3251 0.9849 

    
Apical dendrites Venus (V) FUS-WT (W) FUS-P525L (P) 
n-number (Cell) 18 12 10 
Spine density 

(15 µm-1) 7.25 ± 0.62 6.51 ± 0.58 5.29 ± 0.83 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.1514 0.4976 

0.7039 0.1281 

 

Overall, FUS-P525L transfection specifically reduced the number of spines 

in the apical dendrites, not in the basal dendrites whereas FUS-WT did not 

alter significant dendritic spine numbers in either region. Therefore, this data 

suggests that cytosolic inclusion of FUS induces a synapse weakening 

process through the reduction of available synapses and this may be variable 

to the different regions of dendrites. 

 

3.2.3. Effects of FUS-P525L on dendritic spine morphology 

Neuronal morphology, in particular the shape of dendritic spine is highly 

coupled to function (Bourne and Harris, 2008). The morphology of a spine 

represents the maturation, health and strength of the spines, in a manner 

governed by neuronal activity, and therefore it indicates the fate of the 

synapse (Bourne and Harris, 2008; Tønnesen and Nägerl, 2016). The most 

popular and common categories of spine morphology are filopodia, stubby, 

thin and mushroom shapes (Hering and Sheng, 2001; Rochefort and 

 

Table 3-1 Statistical summary of spine density of basal and apical dendrites in 
Venus, FUS-WT and FUS-P525L expressing neurons. 

Statistics of Fig. 3-3 was summarised as tables. 
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Konnerth, 2012). With the idea, it was of interest that whether expression of 

mutant FUS can alter the morphology of the dendritic spines because FUS 

is required for the maturation of the spines (Yokoi et al., 2017).  

The standard morphological categorisation was used as the criteria for this 

study except for the filopodia because it is often considered as immature, 

non-functional spine and was therefore excluded from the analysis. The 

mushroom shaped spines are considered to be most mature, followed by thin 

shaped and then stubby shaped spines (Ebrahimi and Okabe, 2014; 

Rochefort and Konnerth, 2012). Representative ROIs (15 μm in length) were 

extracted from basal and apical dendrites and all the spines found were 

categorised into stubby, thin and mushroom based on the length and width 

ratio (see section 2.4.2. for the criteria), then, the percentage was calculated 

for each neuron (Fig. 3-4 and Table 3-2). And measured parameters for the 

spine shape categorisation (Spine head width, Spine head length, Spine 

neck width, Spine length, Spine head width / spine head length and Spine 

head area) were also displayed as the supplementary data for basal (Fig. 3-

5 and Table 3-3) and apical (Fig. 3-6 and Table 3-4) dendritic spines. The 

data set was shown as Mean ± SEM. 

In the basal dendrites (Fig 3-4a), the percentage of stubby spines were 

higher in FUS-WT, whereas thin spines and mushroom spines did not show 

any significant differences. In apical dendrites (Fig. 3-4b), stubby spines and 

thin spines did not show significant differences but in mushroom shape, FUS-

WT was lesser than the other groups. 

Overall, although FUS-P525L expressing neurons exhibit a general 

reduction in spine density (see section 3.2.2.), they did not exhibit a change 

in the distribution of spine morphology. Surprisingly, the FUS-WT expressing 

cells had an increased percentage of stubby basal dendritic spines and 

decreased mushroom apical dendritic spines. Therefore, overall maturation 

level of dendritic spines is reduced in FUS-WT expressing cells. 
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Figure 3-4 Dendritic spine shape was not altered in FUS expressing neurons. 

(a) In basal dendrites, the ratio of different shapes of spines was not altered by FUS 
transfected neurons compared to Venus transfected neurons. (b) In apical dendrites, 
the ratio of spine shapes was not altered in FUS neurons. 
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Basal dendrites Venus (V) FUS-WT (W) FUS-P525L (P) 
n-number (Cell) 12 12 10 

Stubby 
(% Spines) 35.29 ± 3.28 45.31 ± 3.55 32.37 ± 4.32 % 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.0464 (F = 3.396) 0.0530 

0.1347 0.8475 
Thin 

(% Spines) 20.82 ± 2.32 14.79 ± 3.26 23.40 ± 4.55 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.1973 (F = 1.711) 0.1945 

0.4041 0.8560 
Mushroom 
(% Spines) 43.88 ± 2.69 39.89 ± 4.59 44.22 ± 6.02 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.7461 (F = 0.296) 0.7817 

0.7939 0.9985 

  

Apical dendrites Venus (V) FUS-WT (W) FUS-P525L (P) 
n-number (Cell) 18 12 10 

Stubby 
(% Spines) 36.47 ± 2.67 42.18 ± 2.79 35.77 ± 3.30 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.2779 (F = 1.326) 0.3491 

0.3331 0.9847 
Thin 

(% Spines) 17.01 ± 1.80 20.81 ± 4.42 20.87 ± 1.88 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.5074 (F = 0.6910) 0.9999 

0.5844 0.6092 
Mushroom 
(% Spines) 46.51 ± 2.94 37.01 ± 4.19 43.36 ± 3.12 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.1408 (F = 2.068) 0.4731 

0.1194 0.8005 

 
 

 

Table 3-2 Statistical summary of dendritic spine shape of basal and apical 
dendrites in Venus, FUS-WT and FUS-P525L expressing neurons. 

Statistics of Fig. 3-4 was summarised as tables. 



 
 

Chapter 3  
Effect of FUS inclusions on dendritic spine morphology 

 

 
69 
 

 

 

Figure 3-5 Parameters of the spine shapes were measured in basal dendritic 
spines. 

(a) Spine head width was all similar between groups. (b) Spine head length was 
similar between groups. (c) Spine neck width was similar between groups. (d) Spine 
length was longer in FUS-P525L cells. (e) Spine head width / spine neck width ratio 
did not show any difference between groups. (f) Spine head area also did not show 
any difference between groups. 
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Basal dendrites Venus (V) FUS-WT (W) FUS-P525L (P) 
n-number (Cell) 12 12 10 

Spine head width 
(µm) 

0.6787  
± 0.0322 

0.7353  
± 0.0361 

0.7192  
± 0.0241 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.4297 (F = 0.8681) 0.9359 

0.4153 0.6592 
Spine head length 

(µm) 
0.6148  

± 0.0262 
0.6282  

± 0.0251 
0.6584  

± 0.0148 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.4360 (F = 0.8528) 0.6505 

0.9094 0.4132 
Spine neck width 

(µm) 
0.4738 

± 0.0256 
0.5524 

± 0.0351 
0.5086 

± 0.0217 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.1564 (F = 1.971) 0.5496 

0.1337 0.6838 
Spine length 

(µm) 
1.1589 

± 0.0370 
1.1049 

± 0.0460 
1.2847 

± 0.0532 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.0298 (F = 3.941) 0.0253 
0.6631 0.1467 

Spine head width / 
spine head length 

1.5475 
± 0.0341 

1.4942 
± 0.0613 

1.5317 
± 0.0652 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.7661 (F = 0.2688) 0.8811 

0.7560 0.9777 
Spine head area 

(µm2) 
0.3486 

± 0.0290 
0.3898 

± 0.0328 
0.3938  

± 0.0210 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.4745 (F = 0.7638) 0.9948 

0.5599 0.5298 

 

 

Table 3-3 Statistical summary of parameters measured for the differentiation 
of basal dendritic spine shapes in Venus, FUS-WT and FUS-P525L expressing 
neurons. 

Statistics of Fig. 3-5 was summarised as a table. 
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Figure 3-6 Parameters of the spine shapes were measured in apical dendritic 
spines. 

(a) Spine head width was wider in FUS-WT and FUS-P525L cells. (b) Spine head 
length was longer in FUS-P525L cells. (c) Spine neck width was wider in FUS-WT 
cells. (d) Spine length was all similar between groups. (e) Spine head width / spine 
neck width ratio did not show any difference between groups. (f) Spine head area 
was bigger in FUS-WT and FUS-P525L cells. 
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Apical dendrites Venus (V) FUS-WT (W) FUS-P525L (P) 
n-number (Cell) 18 12 10 

Spine head width 
(µm) 

0.6321 
± 0.0198 

0.7655 
± 0.0372 

0.7404  
± 0.0264 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.0017 (F = 7.611) 0.8267 

0.0026 0.0238 
Spine head length 

(µm) 
0.5867 

± 0.0174 
0.6513 

± 0.0250 
0.6757 

± 0.0276 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.0174 (F = 4.531) 0.7651 

0.0972 0.0229 
Spine neck width 

(µm) 
0.4480  

± 0.0159 
0.5929  

± 0.0492 
0.5380  

± 0.0178 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.0028 (F = 6.913) 0.4636 

0.0024 0.0976 
Spine length 

(µm) 
1.1309  

± 0.0499 
1.1748  

± 0.0492 
1.2619  

± 0.1002 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.3681 (F = 1.027) 0.6579 

0.8678 0.3349 
Spine head width / 
spine head length 

1.5379 
± 0.0442 

1.4643 
± 0.0665 

1.5146  
± 0.0300 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.5675 (F = 0.5753) 0.8013 

0.5391 0.9454 
Spine head area 

(µm2) 
0.3126 

± 0.0193 
0.4194 

± 0.0355 
0.4190 

± 0.0338 
p-value 

ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.0087 (F = 5.416) >0.9999 

0.0210 0.0311 

 
 

  

 

Table 3-4 Statistical summary of parameters measured for the differentiation 
of apical dendritic spine shapes in Venus, FUS-WT and FUS-P525L expressing 
neurons. 

Statistics of Fig. 3-6 was summarised as a table. 
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3.2.4. Local vulnerability of apical dendritic spines in FUS-P525L expressing 

neurons 

Overall spine density and shape of either basal or apical dendrites were not 

different between groups but FUS (FUS-WT and FUS-P525L) transfected 

neurons had bigger head width and area only in apical dendrites, therefore, 

still there is a possibility that spine dynamics has been locally altered in apical 

region. Due to the complex and branched structure of dendrites, they have 

difference (or gradient) of molecular and ionic dynamics between proximal 

vs distal dendrites from where dendritic branch starts (Weber et al., 2016). 

This difference may cause different degree of vulnerability caused by FUS 

expression, thus, it was of interest to further investigate whether proximal vs 

distal dendrites have different spine density upon FUS transfections. 

Raw images for spine density assay (Fig. 3-3, randomly selected ROIs) were 

re-cropped from proximal and distal part of same dendrites as pairs to 

investigate the possible local synaptic changes (Fig. 3-7 and Table 3-5). 

Counted spine density of proximal and distal dendrites were compared within 

group (Fig. 3-7a~c) and the ratio of either distal / proximal or proximal / distal 

dendritic spine density from all three groups were compared (Fig. 3-7d, e). 

The data set was shown as Mean ± SEM. 

The comparisons of proximal vs distal spines did not show any difference 

from Venus (Fig. 3-7a) and FUS-WT (Fig. 3-7b) transfected neurons, 

whereas, FUS-P525L neurons (Fig. 3-7c) showed the reduction of spine 

density in distal part. As FUS-P525L has difference between proximal vs 

distal spine density, the ratio of that also showed different trends compared 

to Venus and FUS-WT (Fig. 3-7d, e). Within ANOVA comparison (multiple 

comparison), only proximal / distal showed significance and it was not quite 

significant in distal / proximal ratio, however, T-test comparison between 

Venus vs FUS-P525L showed significance (p = 0.0407, Power: 0.552). This 

is possibly due to the relatively small size of n-number of each group. 
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Figure 3-7 Spine density and the ratio of proximal vs distal apical dendrites 
were altered in FUS-P525L expressing neurons. 

Dendritic spine images from Fig. 3-3 were re-cropped from proximal vs distal region. 
Example ROI (15 μm x 15 μm) images were taken from each group. (a) Venus 
neurons had similar number of proximal and distal dendritic spines. (b) FUS-WT 
neurons also had similar number of proximal and distal dendritic spines. (c) FUS-
P525L neurons had reduced distal dendritic spines than proximal dendrites. (d) 
Distal / Proximal ratio was slightly reduced in FUS-P525L neurons. (e) Proximal / 
Distal ratio was significantly increased in FUS-P525L neurons. 
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 Venus (V) FUS-WT (W) FUS-P525L (P) 
n-number (Cell) 11 11 7 
Proximal S.D.  

(15 µm-1) 9.43 ± 0.60 6.55 ± 0.68 8.35 ± 1.26 

Distal S.D.  
(15 µm-1) 8.60 ± 0.57 5.77 ± 0.79 5.00 ± 0.46 

p-value (T-test) 
(Proximal vs Distal) 0.330 0.466 0.0284  

(Power: 0.628) 
Distal / Proximal 

Ratio 0.93 ± 0.07 0.91 ± 0.09 0.66 ± 0.11 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.1045 (F = 2.466) 0.1564 

0.9828 0.1170 
Proximal / Distal 

Ratio 1.12 ± 0.07 1.23 ± 0.13 1.74 ± 0.24 

p-value 
ANOVA, (W vs P), 
(V vs W), (V vs P) 

0.0188 (F = 4.650) 0.0543 

0.8445 0.0182 

 
Overall, only FUS-P525L (not FUS-WT) transfection caused local reduction 

of spine density in distal part of dendrites rather than proximal dendritic 

spines. As discussed in the session 3.2.2., this reduction was not found when 

whole dendritic spine density was compared. Therefore, cytosolic 

accumulation of FUS inclusion may cause more deleterious results to the 

distal dendrites and make distal synapses more vulnerable. 

  

 

Table 3-5 Statistical summary of spine density of proximal and distal region of 
apical dendrites in Venus, FUS-WT and FUS-P525L expressing neurons. 

Statistics of Fig. 3-7 was summarised as a table. 
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3.3. Discussion 

3.3.1. FUS-P525L is a proper experimental tool to investigate progressive 

cytosolic FUS proteinopathy 

This chapter investigated the effect of FUS inclusions on the morphology of 

dendritic spines of CA1 neurons. As demonstrated, NLS mutant FUS formed 

inclusions in the cytosol and fully translocated from soma to the tip of the 

dendrites at the early stage of the transfection (2 days) and it did not show 

significant difference with the spreading patterns at 4, 5 days after 

transfection. DAT 2 (2 days after transfection) is earlier than the general use 

of transfected hippocampal neurons for the electrophysiology experiments, 

which usually requires more than 2 days of stabilisation of cells and 

expression of the target genes after biolistic transfection of organotypic 

hippocampal culture slices. This progressive feature of FUS-P525L is 

consistent with the early and progressive clinical phenotypes from familiar 

patients with the NLS FUS mutants (Shang and Huang, 2016). This massive 

cytosolic translocation was not observed from FUS-WT expressing CA1 

neurons. FUS pathology is mainly defined by FUS containing inclusions in 

the neurons and these inclusions are predominantly localised in the cytosol, 

in FUS mutations both with and without the NLS mutants. Therefore, utilising 

the NLS mutant FUS (FUS-P525L) is a good tool for investigating the 

downstream pathology of cytosolic FUS inclusions. 

 

3.3.2. Different vulnerability of dendritic spines against FUS-P525L 

expression in different compartment of dendrites of CA1 neurons 

Expression of FUS-P525L did not induce massive alterations of spines on 

both basal and apical dendrites, however, it did reduce the spine density at 

the distal part of the apical dendrites. In addition, overall apical dendritic 

spine density of FUS-P525L neurons were reduced if individual ROIs were 

not averaged (data not shown). Then, why and how do FUS inclusions cause 

a region dependent pathology even though FUS inclusions are present in all 
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the way through the dendrites? The difference between apical and basal 

dendrites in terms of changes in spine density may arise from physiological 

consequences. For instance, apical dendrites receive the major excitatory 

input to CA1 neurons via the Schaffer-collateral pathway (Jarsky et al., 2005), 

which is ipsilateral pathway from CA3 neurons, whereas basal dendrites 

mainly receive inputs from CA2 in this hippocampal slice model. In addition, 

majority of excitatory inputs to CA1 are delivered to apical dendrites, whereas 

inhibitory inputs to CA1 are mainly delivered to basal dendrites (Olypher et 

al., 2012). Therefore, more excitatory input can accelerate neural activity of 

apical dendrites (rather than basal dendrites) and may affect the pathology 

of dendritic FUS inclusions (Tischbein et al., 2019). Furthermore, FUS 

inclusion may interfere molecule trafficking (Soo et al., 2015; 

Sundaramoorthy et al., 2015), therefore, FUS can trap the essential 

molecular resources (e.g. structural mRNAs, proteins), required to sustain 

the spine structure and activity, not to be delivered to the dendritic spines 

and eventually destroy the spines by stopping the synaptic dynamics and 

depletion of resources. In addition, the reduction of spines is very distinct in 

the distal area compared to the proximal area of dendrites. This might be 

closely related to the translocation of FUS because translocation of RNP is 

thought to depend on the microtubule mediated (Fujii and Takumi, 2005). 

The direction of RNP movement via microtubule is either unipolar or bipolar 

and it is bipolar in proximal, unipolar in distal dendrites (Hirokawa and 

Takemura, 2005), therefore, this polarity might have contributed the 

accumulation of FUS in the distal dendrites rather than proximal dendrites. 

Due to the complex nature of neurons, it is likely that all the hypothesis 

described above may play a synergistic part in exacerbating the pathology, 

and thereby warrant further investigation of the mechanism and clarification 

of the cause of the spine reduction whether it is due to the inhibition of spine 

formation or elimination of formed spines. 
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3.3.3. Abnormal expression of FUS is involved in the morphological alteration 

of dendritic spines 

FUS-P525L expressing neurons did not exhibit any change in spine shape 

compared to Venus expressing cells. This means cytosolic FUS did not 

significantly altered the overall maturity of the spines. Although, the head size 

of apical dendritic spines was bigger in both FUS-WT and FUS-P525L, thus, 

overexpression of FUS in general seem to affect dynamics of dendritic spines 

in some way. And FUS-P525L transfected cells showed distal vulnerability, 

still there is marginal chance for cytosolic FUS-P525L to translocate to distal 

part of apical dendrites and accelerate the overall growth of the spine size. If 

this growth of spine size is a part of maturation, this might have caused the 

increase of postsynaptic excitatory receptors, resulted in excitotoxicity to be 

destroyed from distal dendrites eventually. However, the major changes in 

the dendritic spine would be much complicated than it actually looks like. 

FUS is basically RNA binding protein, therefore, NLS variants (or mutants) 

of FUS can cause the alteration of the dynamics of mRNAs related to the 

spine morphology. Expression of NLS-truncated FUS (ΔNLS-FUS) showed 

the decrease of spine density in cortical neurons and also had no change of 

the portion of mature spines (Shiihashi et al., 2017), the tendency is 

consistent with this thesis study. Further investigation in that study also 

demonstrated the expression of ΔNLS-FUS reduced the expression of 

AMPA receptor subunits, trapped other mRNAs and RNPs and reduced local 

translation in the dendrites. In addition, in other study with FUS-R521C 

mutant showed that expression of that NLS mutant FUS exhibited the 

interference of DNA damage repair and reduced expression of brain-derived 

neurotrophic factor (BDNF), which is related to the generation and 

maintenance of synapses and dendrites (Qiu et al., 2014). Therefore, this 

reduced spine density can be started with the interruption of the spinogenesis 

and then co-progression with the degeneration of existing spines without 

changing the ratio of mature spines. On the other hand, overall dendritic 

spine size of FUS-WT expressing cells was increased without changing the 

number of spines. Considering the normal function of cytosolic FUS that is 
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required for the maturation of dendritic spines (Fujii and Takumi, 2005; 

Udagawa et al., 2015; Yokoi et al., 2017), FUS-WT may have slightly boosted 

the function. However, overexpressed FUS-WT was predominantly locked in 

the nucleus, the pathologic mechanism is more likely started from the inside 

of the nucleus. In addition, endogenous FUS was not knocked out, therefore, 

it is possible that FUS-WT could have boosted the leakage of FUS into the 

cytosol and caused the moderate effect similar to FUS-P525L. However, 

there is a possibility that overexpression of FUS-WT can cause opposite  

effects like autoregulation of the mRNA level of FUS, reducing the total level 

of endogenous FUS (Zhou et al., 2013). Though, the morphology of dendritic 

spines are highly dynamic and transient (Hering and Sheng, 2001), it needs 

to be careful to tell the actual status of the spines and further study would be 

required. 

In summary, NLS mutant form FUS-P525L rapidly propagated to cytosol, 

formed dendritic FUS inclusions and cause synapse weakening in the distal 

part of the apical dendrites in CA1 neurons. To investigate the further 

pathophysiological alterations of cytosolic FUS, electrophysiological 

changes were also monitored in the further studies in the next chapter.  
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CHAPTER 4 

 

Consequences of dendritic FUS inclusions on 
hippocampal neurophysiology 

 

4.1. Introduction 

4.1.1. Physiological alteration in the neurons with cytosolic FUS 

4.1.2. Excitotoxicity in FUS pathology 

4.2. Results 

4.2.1. Expression of FUS-P525L mutant regulates the kinetics of 

mEPSCs  

4.2.2. Intrinsic excitability is increased in FUS-P525L expressing 

neurons 

4.2.3. Evoked basal synaptic transmission is reduced in FUS-P525L 

expressing neurons 

4.2.4. CP-AMPAR blocker IEM-1460 attenuated the increased 

excitability of FUS-P525L mutant neurons 

4.2.5. Induction of long-term synaptic plasticity was inhibited in FUS-

P525L expressing neurons 

4.3. Discussion 

4.3.1. FUS-P525L alters neurophysiology of CA1 neurons 

4.3.2 Increase of CP-AMPAR is part of FUS pathology 
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4.1. Introduction 

4.1.1. Physiological alteration in the neurons with cytosolic FUS 

By utilising NLS mutant FUS, Chapter 3 found that propagation of cytosolic 

FUS caused weakening of synapse structure in CA1 neurons. Therefore, it 

is of interest whether the aberrant inclusions of FUS result in functional 

modifications. As articulated in the Chapter 1, it is known that FUS plays a 

key role in neuronal homeostasis, synaptic regulation of dendritic spine 

(Higelin et al., 2016). Both gain- and loss-of-function are associated with 

FUS-mediated pathologies in terms of cellular and neurophysiological 

aspects, such as alteration of gene expression, alternative splicing that are 

critical for the viability of neurons (Ishigaki and Sobue, 2018; Scekic-

Zahirovic et al., 2016). In addition, NLS mutants of FUS are also involved in 

the dysregulation of intracellular transport of essential molecules (e.g. mRNA) 

through dendrites, organelle interaction (e.g. endoplasmic reticulum (ER)-

mitochondria interaction) and maintenance of dendritic spines of the cell 

(Farg et al., 2013; Shiihashi et al., 2017; Zinszner et al., 1997). The NLS 

mutant also results in a disruption of ER-mitochondria tethering and Ca2+ 

exchange between them (Stoica et al., 2016) to perturb ATP production and 

activate GSK-3β. The activation of GSK-3β is involved in neurodegenerative 

pathologies such as Tau phosphorylation in AD pathology (Regan et al., 

2017) and the activity of GSK-3β is also increased by mutant TDP-43 

(Ambegaokar and Jackson, 2011), therefore, it suggests that FUS pathology 

shares common pathway with the other neurodegenerative pathologies 

(Stoica et al., 2016). Collectively, suggesting that cytoplasmic FUS 

aberrantly regulate cellular homeostasis, Ca2+ signalling, axonal trafficking, 

neurophysiological function. It is notable that the link between Ca2+ and 

neurodegenerative diseases has been suggested because Ca2+ is one of the 

most versatile and universal secondary messenger that participate in very 

basic functions of cells, such as growth, survival, apoptosis and regulation of 

excitability of cells (Mattson, 2007). Therefore, it is important to know how 
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dysregulation of Ca2+ kills the neurons as a significant risk factor in the 

neurodegenerative diseases (Pchitskaya et al., 2018). 

 

4.1.2. Excitotoxicity in FUS pathology  

Some evidences suggest that alteration of neuronal excitability could be the 

part of the pathophysiology during neurodegeneration (e.g. increased 

excitability can induce excitotoxicity). Specifically, dysregulation of calcium 

ion (Ca2+) in both ALS and FTLD was found to exhibit abnormal increase of 

Ca2+ permeability or decreased buffering ability of Ca2+ (Imamura et al., 2016; 

Leal and Gomes, 2015). It has been suggested that Ca2+ permeability profile 

of AMPARs can be altered in the ALS cases by the altered mRNA expression 

(Hideyama and Kwak, 2011). For instance, the NLS mutant FUS was shown 

to downregulate Gria2 (gene of GluA2) in the rodent stem cell model 

(Capauto et al., 2018), therefore, it was assumed that the overall composition 

of the AMPAR will be altered (e.g. less GluA2). The GluA2 subunit of AMPAR 

is important because it regulates the Ca2+-permeability of AMPARs (Geiger 

et al., 1995; Jonas and Burnashev, 1995; Washburn et al., 1997). The GluA2 

subunit is Ca2+-impermeable (Pachernegg et al., 2015) and included in the 

most of AMPARs (about 95% in CA1 neurons) (Lu et al., 2009). However, 

absence of the GluA2 subunit leads AMPARs which are Ca2+-permeable 

AMPARs (CP-AMPARs). In addition to the GluA2-lacking AMPARs, 

reduction of post-transcription modification of GluA2 (Q/R editing site) also 

causes the increase of CP-AMPARs (Isaac et al., 2007). Therefore, changed 

AMPAR subtypes by FUS NLS mutation could alter the intrinsic excitability 

of the neuron and induced excitotoxicity, ultimately leading to cell death. 

As articulated above, NLS mutant FUS has been reported to induce the 

excitotoxicity and neuronal death. Then, we also need to know how synapses 

are changed by NLS FUS in the cytosol before the neuron undergoes 

degeneration. The reason to investigate the electrophysiology is that these 

tools are sensitive enough to measure the electric responses from synapses, 

therefore, small alteration of the ion channel profile (e.g. ratio of subtypes or 
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number of AMPARs) on the neuronal membranes can be detected. In 

addition, the functionality of dendritic spines (e.g. local translation or 

trafficking of neurotransmitter receptors) can be tested by induction of 

synaptic plasticity (e.g. LTP and LTD). Thus, it was of interest that the 

electrophysiological patterns of synaptic changes caused by cytosolic NLS 

mutant FUS (FUS-P525L). 

 

4.2. Results 

4.2.1. Expression of FUS-P525L mutant regulates the kinetics of mEPSCs  

mEPSC represent a type of spontaneous responses caused by the release 

of a neurotransmitter vesicles from the presynaptic region (in the absence of 

action potential) and responses by receiving the neurotransmitters at the 

post-synaptic neurotransmitter receptors. Assays of mEPSC can determine 

modification of pre- and/or postsynaptic function. 

In this section, mEPSCs from FUS-P525L and FUS-WT were compared with 

those from untransfected cells to investigate whether presynaptic release of 

neurotransmitter vesicles and the profile of postsynaptic receptors was 

changed by overexpression of wildtype and/or cytosolic FUS. To monitor the 

presynaptic profile, number of mEPSC event (inter-event interval) was 

counted and to monitor the postsynaptic profile, peak amplitude, rise time 

(10% to 90% of the maximum amplitude) and decay time (90% to 10% of the 

maximum amplitude) so amount and kinetics of postsynaptic receptors can 

be calculated. Peak amplitude is strongly correlate with the number of 

synaptic neurotransmitter receptors, meanwhile, rise and decay times are 

likely to be changed by the traits or kinetic alteration of each receptor. 

Therefore, comparing peak amplitude of mEPSC with rise and decay time 

would be a good start to look at how number of receptors and kinetics are 

altered and have any correlation for those alterations. To do so, first, 

mEPSCs from each group were plotted for the comparison of peak amplitude 

vs rise time (Fig. 4-1) and peak amplitude vs decay time (Fig. 4-2) to get the 
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brief idea of the correlation between peak amplitude and the kinetics of 

mEPSC events. Hippocampal slices from 9 animals for Control, 3 animals for 

FUS-WT and 4 animals for FUS-P525L were used during the mEPSC 

experiments. 

The distribution of amplitude overlapped entire ranges of mEPSCs between 

untransfected control and FUS-P525L transfected neurons. However, FUS-

P525L expressing neurons were more widely distributed in terms of the rise 

time of mEPSCs (Fig. 4-1c) compared to untransfected (Fig. 4-1a) and FUS-

WT (Fig. 4-1b) groups. The trend was similar in the decay time of FUS-P525L 

(Fig. 4-2c) when compared to untransfected (Fig. 4-2a) and FUS-WT (Fig. 4-

2b) groups. These graphs did not show any no significant correlation 

between peak amplitude and kinetics of mEPSC events. 
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Figure 4-1 mEPSC comparison of peak amplitude vs rise time (10% to 90%) 

Peak amplitude vs rise time of mEPSC from (a) untransfected, (b) FUS-WT, (c) FUS-
P525L cells were plotted to check the difference of populated tendency. FUS-P525L 
showed notable decrease of rise time compared to the other groups.
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Figure 4-2 mEPSC comparison of peak amplitude vs decay time (90% to 10%) 

Peak amplitude vs decay time of mEPSC from (a) untransfected, (b) FUS-WT, (c) 
FUS-P525L cells were plotted to check the difference of populated tendency. FUS-
P525L showed notable decrease of decay time compared to the other groups.
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Next, those mEPSC events from Fig. 4-1 and Fig. 4-2 were statistically 

analysed for each parameter to investigate any alterations by FUS-P525L or 

FUS-WT expressions (Fig. 4-3, 4) (Untransfected: n = 1147 events, 20 cells, 

FUS-WT: n = 498 events, 12 cells, FUS-P525L: n = 651 events, 11 cells). 

Events from each cell were averaged for the comparison between groups. 

The data set was shown as Mean ± Standard Error of Mean (SEM). The 

amplitude of events from each group (Fig. 4-3b) did not show any statistic 

differences and distributions were similar in cumulative curves 

(Untransfected: 27.663 ± 1.217 -pA, FUS-WT: 26.612 ± 1.645 -pA, FUS-

P525L: 31.613 ± 2.327 -pA) (One-way ANOVA: p = 0.130, F = 2.148). The 

frequency of mEPSC (Fig. 4-3c) also had no statistical differences between 

groups (Untransfected: 1.1651 ± 0.2867 Hz, FUS-WT: 1.1836 ± 0.3248 Hz, 

FUS-P525L: 1.1304 ± 0.2897 Hz) (One-way ANOVA: p = 0.994, F = 0.00616). 

The rise time of mEPSC events (Fig. 4-4a) did not show any significant 

differences between groups (Untransfected: 1.337 ± 0.071 Hz, FUS-WT: 

1.315 ± 0.105 Hz, FUS-P525L: 1.269 ± 0.162 Hz) (One-way ANOVA: p = 

0.901, F = 0.104). The mEPSC event decay time (Fig. 4-4b), was also did 

not show statistical differences (Untransfected: 8.116 ± 0.307 ms, FUS-WT: 

8.275 ± 0.447 ms, FUS-P525L: 8.515 ± 0.752 ms) (One-way ANOVA: p = 

0.835, F = 0.181). Although there were no statistical differences in rise and 

decay time of mEPSC between groups, the cumulative curves with individual 

events showed shifted rise and decay time in FUS-P525L neurons that 

indicates the marginal chance of alteration by overexpression. Overall, FUS-

P525L overexpression did not show any alteration of the properties of 

mEPSC. This suggests that FUS-P525L expression did not alter the 

conductance of mEPSC events significantly in CA1 neurons. 
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Figure 4-3 Peak amplitude and frequency of mEPSC did not show statistical 
difference between untransfected and FUS-WT and FUS-P525L expressing 
neurons. 

mEPSC events from Fig. 4-1 and Fig. 4-2 were statistically compared. (a) Example 
recordings from untransfected (black), FUS-WT (blue) and FUS-P525L (red). 
Averaged mEPSC single traces were taken and the peak scale was fitted from each 
group’s one example cell. (b) Peak amplitude of mEPSC events did not show any 
statistic difference between groups. (c) Frequency of mEPSC events was not 
significantly different between groups. 
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4.2.2. Intrinsic excitability is increased in FUS-P525L expressing neurons 

The intrinsic excitability indicates how neurons are depolarised to fire action 

potentials. This property depends on the resting membrane potential and ion 

exchange through ion channels and receptor profile of the neuron. Therefore, 

 

Figure 4-4 Kinetics of mEPSC was faster in FUS-P525L expressing neurons. 

mEPSC events from Fig. 4-1 and Fig. 4-2 were statistically compared. (a) Cumulative 
comparison of the rise time (10% to 90%) was reduced in FUS-WT and the reduction 
was bigger in FUS-P525L cells, however, averaged values from each cell did not 
show any difference between groups. (b) Cumulative comparison of the decay time 
(90% to 10%) was significantly decreased in FUS-P525L cells, not in FUS-WT cells, 
however, averaged values from each cell did not show any difference between 
groups. Overall, FUS-P525L had events with decreased rise and decay time 
compared to untransfected and FUS-WT cells but it was not great enough to show 
difference in averaged comparison between groups.  
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intrinsic excitability is related to the input-output of the neuron (Nelson and 

Turrigiano, 2008; Zhang and Linden, 2003). Since excitotoxicity has been 

reported in various ALS studies (Van Damme et al., 2005; King et al., 2016), 

it is important to investigate whether inclusions of FUS affect intrinsic 

excitability of the neuron. 

Firing activity experiments were conducted with CA1 neurons in the presence 

or absence of FUS-P525L or FUS-WT transfection. Transfected and 

adjacent untransfected neurons were recorded and analysed by a pair-wise 

assay within the same hippocampal slices. The main comparison parameters 

were frequency (calculated from inter-event interval) and number of firing 

activity events. The resting membrane potentials and threshold of action 

potentials were also measured for the additional profiles of cells. The data 

set was shown as Mean ± SEM for each X-axis point. Hippocampal slices 

from 7 animals for FUS-P525L, 9 animals for FUS-WT were used during the 

firing activity experiments. 

First, the intrinsic excitability of FUS-P525L expressing cells were compared 

with paired untransfected neurons (Fig. 4-5). FUS-P525L cells required a 

smaller current input (about 100 pA) to be fired when compared to the 

untransfected counterparts (about 200 pA) (Fig. 4-5a). In addition, FUS-

P525L cells had increased firing frequency overall (degree of freedom (DF) 

= 1, F = 6.141, p = 0.022, n = 22 cells each) (Fig. 4-5b) when compared with 

untransfected cells. The number of events increased until an input of 200 pA 

(DF = 1, F = 7.749, p = 0.011, n = 22 cells each) (Fig. 4-5c), when the input 

goes over 250 pA and higher, the number of events of FUS-P525L was 

saturated due to the desensitisation of the neurons and overtaken by that of 

untransfected cells, thus, overall comparison from -50 to 450 pA did not show 

the significant differences (DF = 1, F = 0.0101, p = 0.921, n = 22 cells each).  
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Next, the intrinsic excitability of FUS-WT cells was compared with 

untransfected neurons (Fig. 4-6). FUS-WT cells showed very similar firing 

pattern when compared to untransfected cells (Fig. 4-6a). Also, firing 

frequency (DF = 1, F = 2.457, p = 0.135, n = 18 cells each) (Fig. 4-6b) of 

FUS-WT showed no statistical differences from untransfected cells but the 

number of events were decreased (DF = 1, F = 5.642, p = 0.030, n = 18 cells 

each) (Fig. 4-6c). 

 

Figure 4-5 Intrinsic excitability was increased in FUS-P525L expressing 
neurons. 

(a) Example firing activity patterns by current injection of 100-450 pA in control 
neuron (black) and FUS-P525L neuron (red). (b) Frequency of firing activity in FUS-
P525L was higher at 50, 100, 150, 300, 350 pA injection and overall comparison with 
untransfected group also showed the increase of the frequency. (c) Number of firing 
event of firing activity was increased in FUS-P525L until the input of 200 pA, however, 
the number of the events was saturated from 250 pA injection, therefore, overall 
comparison between groups did not show the significant difference.
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Overall, FUS-P525L showed an increased intrinsic excitability however, 

FUS-WT did show no statistical differences in firing frequency when 

compared with untransfected counterpart but decrease in the number of 

events. This suggests that FUS can cause hyper-excitability and it leads the 

neuron to be more susceptible to the excitotoxicity in synapse. In addition, 

overexpression of wildtype FUS altered the intrinsic excitability but in the 

opposite direction and a milder manner when compared to the FUS-P525L 

cells. 

 

  

 

Figure 4-6 Intrinsic excitability was slightly decreased in FUS-WT expressing 
neurons. 

(a) Example firing activity patterns by current injection of 100-450 pA in control 
neuron (black) and FUS-WT neuron (blue). (b) Frequency of firing activity in FUS-
WT did not show any significant differences from untransfected group. (c) Number 
of firing event of firing activity was decreased at the current injection of 450 pA in 
FUS-WT cells and overall comparison with untransfected group reveals slight 
decrease in FUS-WT cells.
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4.2.3. Evoked basal synaptic transmission is reduced in FUS-P525L 

expressing neurons 

Evoked basal synaptic transmission to CA1 through Schaffer-collateral 

synapses are involved in cellular mechanism of learning and memory in the 

hippocampus. Since Chapter 3 showed a selective decrease of apical 

dendritic spines in FUS-P525L expressing neurons, it is of interest whether 

evoked basal synaptic transmission is affected by inclusions of FUS in CA1. 

Electrically evoked AMPAR and NMDAR-induced synaptic currents through 

Schaffer-collateral pathway were analysed to determine any alteration in the 

basal synaptic transmission of the pathway. This is essential as the AMPARs 

and NMDARs are the main synaptic components of the excitatory neurons 

in the pathway (SC to CA1). The data set was shown as Mean ± SEM. 

Hippocampal slices from 10 animals for FUS-P525L, 5 animals for FUS-WT 

were used for the basal synaptic transmission experiments. 

Both EPSCAMPA and EPSCNMDA of FUS-P525L and FUS-WT cells were paired 

and compared with adjacent untransfected cells (Fig 4-7). In the comparison 

of FUS-P525L vs untransfected cells (Fig. 4-7b, c), both EPSCAMPA (FUS-

P525L: -158.8 ± 13.0 pA, untransfected: -214.9 ± 13.5 pA, p = 0.004 (power: 

0.836), n = 25) and EPSCNMDA (FUS-P525L: 136.5 ± 16.8 pA, untransfected: 

254.8 ± 29.7 pA, p = 0.001 (power: 0.920), n = 18) were significantly reduced 

in FUS-P525L cells compared with control untransfected cells. However, in 

the FUS-WT vs untransfected cells (Fig. 4-7e, f), there were no statistical 

differences in terms of EPSCAMPA (FUS-WT: -151.0 ± 9.7 pA, untransfected: 

-187.8 ± 28.7 pA, p = 0.236, n = 13) and EPSCNMDA (FUS-WT: 128.5 ± 22.4 

pA, untransfected: 167.5 ± 31.8 pA, p = 0.327, n = 13).  

Overall, basal synaptic transmission was altered in FUS-P525L cells but not 

in FUS-WT cells. This means the postsynaptic profile of the main two 

excitatory glutamatergic receptors were altered, which may represent a 

change in the number and/or conductance of glutamate receptors.  
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Figure 4-7 Amplitudes of AMPAR and NMDAR mediated currents were smaller 
in FUS-P525L expressing neurons, not in FUS-WT expressing neurons. 

(a) Example single traces of AMPAR and NMDAR mediated currents from FUS-
P525L cell and a paired untransfected cell was displayed. (b) Average amplitudes of 
AMPAR mediated currents were smaller in FUS-P525L cells. (c) Average amplitudes 
of NMDAR mediated currents were smaller in FUS-P525L cells.  (d) Example single 
traces of AMPAR and NMDAR mediated currents from FUS-WT cell and a paired 
untransfected cell was displayed. (e) Average amplitudes of AMPAR mediated 
currents did not show any significant differences between FUS-WT cells and paired 
untransfected cells. (f) Average amplitudes of NMDAR mediated currents did not 
show any significant differences between FUS-WT cells and paired untransfected 
cells.
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4.2.4. CP-AMPAR blocker IEM-1460 attenuated the increased excitability of 

FUS-P525L mutant neurons 

The FUS-P525L induced alteration to the mEPSCs kinetics and firing activity 

suggested changes in postsynaptic function. Therefore, this chapter also 

investigates whether FUS-P525L expression dysregulates the postsynaptic 

receptor profile, specifically glutamate receptor. Since AMPAR are involved 

in generating the fast component of EPSC, a conductance change of AMPAR 

may regulate kinetics of mEPSC and increased intrinsic excitability. AMPAR 

conductance changes are mainly due to the Ca2+ permeability profile dictated 

by the GluA2 subunit (Swanson et al., 1997) (also see section 1.1.4). 

Furthermore, an increase in CP-AMPARs can directly cause increased 

neuronal excitability (Li et al., 2012). Therefore, this chapter investigated 

whether inclusion of FUS regulates CP-AMPAR and affect the intrinsic 

excitability of the neuron. The competitive, voltage-dependent open channel 

CP-AMPAR blocker IEM-1460, which blocks both GluA2-lacking and 

unedited GluA2 containing AMPARs (Schlesinger et al., 2005), was tested 

on firing activity experiments with FUS-P525L and FUS-WT transfected CA1 

cells (Fig. 4-8, 9). The data set was shown as Mean ± SEM for each X-axis 

point. Hippocampal slices from 7 animals for FUS-P525L, 5 animals for FUS-

WT were used for the firing activity experiments with IEM-1460. 

FUS-P525L cells with IEM treatment did not show the increased firing 

frequency (F = 3.296, p = 0.091, n = 15) (Fig. 4-8b) and number of events (F 

= 3.604, p = 0.078, n = 15) (Fig. 4-8c) when compared with IEM-treated 

untransfected cells. Crosschecking with FUS-WT with IEM treatment also did 

not show any alterations of firing frequency (F = 0.0216, p = 0.886, n = 12) 

(Fig. 4-9b) and number of events (F = 0.164, p = 0.694, n = 12) (Fig. 4-9c). 

Therefore, the increased intrinsic excitability caused by cytosolic FUS (FUS-

P525L) (Fig. 4-5) may have occurred due to the CP-AMPARs and this is 

consistent with the increased conductance of mEPSC (Fig. 4-1~4). However, 

it is not clear if the CP-AMPARs consist of GluA2-lacking AMPARs and/or 
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unedited GluA2-containing AMPARs, therefore, this requires further studies 

in the future. 

 

 

 

Figure 4-8 Increased intrinsic excitability in FUS-P525L expressing neurons 
was attenuated by CP-AMPAR blocker, IEM-1460. 

(a) Example firing activity patterns by current injection of 100-450 pA in control 
neuron (black) and FUS-P525L neuron (red). (b) Frequency of firing activity with 
IEM-1460 in FUS-P525L cells did not show any differences with untransfected 
counterparts. (c) Number of firing event of firing activity with IEM-1460 in FUS-P525L 
cells showed decrease at 400 pA current injection but overall comparison with 
untransfected cells did not show statistical differences. 
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4.2.5. Induction of long-term synaptic plasticity was inhibited in FUS-P525L 

expressing neurons 

As articulated in the general introduction chapter 1, LTP and LTD are 

fundamental types of synaptic plasticity that regulate the efficacy of synaptic 

plasticity. For this process, neuronal input from the presynaptic neuron to the 

postsynaptic neuron needs to be delivered in the specific patterns, such as 

HFS for LTP and LFS for LTD. They are accompanied by the trafficking of 

postsynaptic surface AMPARs (Malenka and Bear, 2004). 

The experiments were performed 3-4 days after FUS-P525L transfection. 

The data set was shown as Mean ± SEM for the comparison of the post-

 

Figure 4-9 Intrinsic excitability did not show any difference between FUS-WT 
expressing neurons and untransfected neurons in the presence of CP-AMPAR 
blocker, IEM-1460. 

(a) Example firing activity patterns by current injection of 100-450 pA in control 
neuron (black) and FUS-WT neuron (blue). (b) Frequency of firing activity in FUS-
WT cells did not show any difference with untransfected counterparts. (c) Number of 
firing event of firing activity also did not show any significant difference between FUS-
WT and untransfected cells.
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LTP/LTD induction EPSC. Hippocampal slices from 7 animals for LTP, 11 

animals for LTD experiments were used. Induction of LTP (2 Hz, 200 pulses 

at 0 mV) (Conducted by Dr. Jee Hyun Yi) was inhibited in FUS-P525L 

transfected hippocampal CA1 cells (100.9 ± 9.4 %, n = 12) and it was 

significantly different (p = 0.00564 (power = 0.894)) from control CA1 cells 

(166.2 ± 17.5 %, n = 11) (Fig. 4-10). Induction of LTD (1 Hz, 200 pulses at -

40 mV) was inhibited in FUS-P525L transfected hippocampal CA1 cells 

(90.37 ± 7.46 %, n = 13) and it was significantly different (p = 0.00201 (power 

= 0.910)) from control CA1 cells (58.00 ± 5.93 %, n = 15) (Fig. 4-11). 

 

 

Figure 4-10 LTP induction was inhibited in FUS-P525L neurons. 

LTP was induced by 200 pulses of 2 Hz stimulation at the holding voltage of 0 mV. 
In FUS-P525L cells, LTP induction was inhibited, whereas untransfected cells 
exhibited induction of LTP.
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Overall, both LTP and LTD were inhibited by dendritic inclusions of FUS in 

CA1 neurons. This implies that pathology of cytosolic FUS is not biased to 

one direction of synaptic plasticity and it impairs the whole mechanism of 

synaptic plasticity possibly by interrupting local translation of proteins or 

mRNA trafficking into the dendrites or binding with machinery signalling 

proteins near dendritic spines, which will require further studies. This may 

explain how FUS affects learning and memory by inclusions of FUS in 

neurodegenerative disease. 

 

  

 

Figure 4-11 LTD induction was inhibited in FUS-P525L neurons. 

LTD was induced by 200 pulses of 1 Hz stimulation at the holding voltage of -40 mV. 
In FUS-P525L cells, LTD induction was inhibited, whereas untransfected cells 
exhibited induction of LTD.  
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4.3. Discussion 

4.3.1. FUS-P525L alters neurophysiology of CA1 neurons  

In this chapter, physiological alterations of hippocampal neurons by NLS 

mutant form of FUS (FUS-P525L) were investigated in the comparison with 

FUS-WT. FUS-P525L expression did not alter the amplitude and frequency 

of mEPSC because single AMPAR current is about -7.2 pA (Amin et al., 2017) 

and the difference of averaged peak mEPSC amplitude from each synapse 

was only 1-2 pA, which is not enough to represent the altered number of 

AMPARs in each synapse. Rise time and decay time kinetics of mEPSC 

correlate with synaptic conductance and they were massively changed in the 

comparison of mEPSC events, however, when it comes to the averaged 

value of each cell, difference was not significant. Taking together, this would 

be more likely postsynaptic alteration of the composition of the 

neurotransmitter receptors than the total amount change of those receptors 

and these changes would be occurred only in the certain local population of 

the dendritic spines. This would be the reason why the reduction of dendritic 

spines did not correlate with the peak amplitude, frequency nor averaged 

values of synaptic kinetics. In addition, FUS-P525L expressing neurons had 

increased intrinsic excitability whereas FUS-WT neurons had decreased 

intrinsic excitability, which suggests the regulatory roles of FUS that cytosolic 

FUS boosts the excitability and nuclear FUS reduces the excitability. This 

can be multiple mechanisms but one possible scenario is the interaction 

between FUS-P525L and mitochondria that induces mitochondrial damage 

and ROS production (Deng et al., 2015) that causes the increased excitability 

of cells (Zsurka and Kunz, 2015). It is not clear how FUS-WT reduced the 

excitability but ALS mutant FUS can be related to the hypoexcitability by the 

imbalance of ion balance, specifically reduction of Na+/K+ ratio by increased 

expression of potassium channel subtypes and decreased expression of 

sodium channel subtypes (Naujock et al., 2016). It is because sodium 

channels are responsible for depolarisation to let neuron exhibit action 

potentials and then potassium channels are responsible for repolarisation to 
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let neurons to terminate the action potential and be ready for the next action 

potentials. However, further mechanism needs to be studied for more 

accurate explanations. Evoked basal synaptic transmission was decreased 

in FUS-P525L neurons and this represents the reduction of the total amount 

of AMPARs and NMDARs in the apical dendrites. Since apical dendrites of 

CA1 neuron are the main receiver of the input via Schaffer-collateral (Jarsky 

et al., 2005), these synaptic alterations by FUS-P525L expression would be 

site specific. The spine densities of overall basal or apical dendrites were not 

significantly different between FUS-P525L and other groups (Venus and 

FUS-WT), however, within apical dendrites of FUS-P525L neurons, there 

were lesser spines at the distal than proximal dendritic region. Distal 

components of dendrites are known to be more sensitive to synaptic Ca2+ 

signalling and synaptic plasticity compared to proximal dendrites (Weber et 

al., 2016), therefore, lesser spines in specific populations could be consistent 

with the reduced AMPAR- and NMDAR-mediated EPSC and it may not 

correlate with mEPSC, since mEPSC is coming from all different kinds of 

dendritic spines from proximal to distal, basal to apical dendrites. Then, 

collected data suggested the change of postsynaptic profile by cytosolic FUS 

and the relationship between FUS pathology and excitotoxicity has been 

reported in other studies (Aizawa et al., 2016; King et al., 2016; Tischbein et 

al., 2019), thus, the intrinsic excitability was examined again with CP-AMPAR 

blocker IEM-1460. As demonstrated, the increased excitability of FUS-P525L 

expressing neurons was attenuated by IEM-1460, indicating that this 

response originated from CP-AMPAR. Thus, FUS-P525L altered the 

receptor composition increasing the CP-AMPARs. And then, synaptic 

plasticity induction was tested and FUS-P525L neurons showed the inhibited 

LTP and LTD induction. As synaptic plasticity requires the local translation 

of new proteins (Costa-Mattioli et al., 2009), there would be possibilities that 

FUS-P525L may have interrupted the machinery. Or, FUS-P525L already 

could have boosted the maturation of dendritic spines by massively 

accelerating local translation of synaptic proteins such as GluA1 subunits, 

therefore, further induction of synaptic plasticity was not available. Still there 
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is a caveat that the transfection itself had slightly interfered those mechanism, 

thus, there is a room to further cross-confirm LTP and LTD results with FUS-

WT or Venus transfected neurons. 

Overall, the neurophysiology of CA1 cells, from the basal synaptic 

transmission to the intrinsic excitability and synaptic plasticity, were all 

altered by FUS-P525L expression. 

 

4.3.2. Increase of CP-AMPAR is part of FUS pathology 

It has previously been demonstrated that ALS related FUS mutation caused 

a decreased expression of Gria2 (Capauto et al., 2018). Thereby, implying a 

reduction of GluA2 subunit in total AMPARs, which would increase the 

proportion of AMPARs permeable to Ca2+. In addition, from sporadic ALS 

patients, mRNA of ADAR2 was downregulated and this caused decrease of 

GluA2 Q/R editing (target of ADAR2 activity) to increase the proportion of 

Ca2+-permeable GluA2-containing AMPARs (Yamashita and Kwak, 2014). 

The ADAR2 downregulation has been co-occurred with the fragmentation 

and aggregation of TDP-43 in TDP-43 pathology, thus, one of them could be 

considered as the upstream of the counterpart (Aizawa et al., 2010). Then, 

increase of Ca2+ by increased CP-AMPAR and the activation of a protease 

calpain were suggested as the upstream of TDP-43 cleavage and 

aggregation (Yamashita et al., 2012). Furthermore, an ALS patient with FUS 

mutant (P525L, in NLS region) showed deficiency of ADAR2 and GluA2 Q/R 

editing (Aizawa et al., 2016), therefore, FUS pathology can be closely linked 

to the increase of CP-AMPAR and Ca2+ dysregulation in the neurons. As 

articulated above, abnormal expression of FUS is responsible for the altered 

AMPAR profile by altering gene expression and/or modification of GluA2. 

This altered GluA2 expression in ALS has been suggested as one of the 

underlain mechanisms of motor neuron vulnerability, hyperexcitability and 

excitotoxicity of ALS neurons (King et al., 2016; Vandenberghe et al., 2000), 

therefore, altered ratio of AMPAR subtypes by FUS NLS mutation might have 

changed intrinsic excitability and induced excitotoxicity to cell death. 
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In addition to the roles in excitability, CP-AMPAR also has roles in other 

essential functions of neurons and possibly altered CP-AMPAR may cause 

the change of those functions during pathology. CP-AMPAR is known to 

participate in synaptic plasticity, which is different from conventional 

NMDAR-dependent LTP (Jia et al., 1996; Park et al., 2019). It has been 

shown to be involved in two steps, 1. activation of protein kinase A (PKA) for 

the phosphorylation of GluA1 at S845 to induce CP-AMPAR exocytosis and 

2. recruit peripheral CP-AMPARs into the synaptic region (Park et al., 2018). 

Step 2 is thought to be NMDAR-independent LTP and does not necessarily 

need to be consecutive to step 1 (Jia et al., 1996; Whitehead et al., 2013). 

These have been mainly demonstrated by GluA2 KO, antagonising GluA2 or 

inhibition of GluA2 editing (Okada et al., 2001). In addition, high calcium 

permeability of neuron is required for synaptogenesis and that mechanism is 

crucial during developmental period of immature brain, therefore, the 

composition of CP-AMPAR (mainly by regulating expression of GluA1:2 ratio) 

is increased during that period (Kumar et al., 2002). CP-AMPAR-mediated 

synaptic plasticity also has roles during rapid response to the neuronal 

condition such as acute stress and oligomeric Aβ treatment (Whitcomb et al., 

2015; Whitehead et al., 2013). 

Considering the roles of CP-AMPAR in the synaptic region, it would be 

plausible to think that the altered expression of CP-AMPAR by abnormal FUS 

expression would interfere synaptic plasticity. Still, this aspect requires 

further investigations and evidences to prove the direct mechanism between 

the expression of NLS mutant FUS and increased level of CP-AMPARs by 

increasing GluA2-lacking AMPARs, Q/R-unedited GluA2-containing 

AMPARs or other unidentified mechanisms. 
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5.1. Introduction 

5.1.1. FUS-FUS protein interaction 

FUS and other RBPs are prone to be assembled into either heterogeneous 

SGs or non-SG aggregates that consist of predominantly FUS 

(Shelkovnikova et al., 2014). The molecular interactions of FUS are mediated 

by LC domain (Murakami et al., 2015; Murthy et al., 2019) and RGG-rich 

domains (Burke et al., 2015) and these interactions include very basic 

molecular interactions such as hydrogen bonding and hydrophobic 

interactions (Murthy et al., 2019) and also, cation-π interaction that 

modulated by arginine methylations (Fig. 5-1), which can affect the FUS-FUS 

protein interactions (Dormann et al., 2012; Rappsilber et al., 2003). This 

attractive interaction induces aggregation of FUS proteins to form liquid-

liquid phase separation (LLPS) that can constitute membrane-free 

organelles to participate in the cellular functions such as local translation or 

transport of RNA (Sephton and Yu, 2015; Weber and Brangwynne, 2012). 

Though LLPS is involved in the cellular functions, it can be an initiative 

process of FUS proteinopathy in the neurons (Murthy et al., 2019). LLPS 

state of FUS can be progressed to irreversible fibrils under certain conditions, 

such as low concentration of salt, low level of methylation (hypomethylation) 

on arginine residues (Qamar et al., 2018) or disease specific mutations on 

FUS (Murakami et al., 2015; Patel et al., 2015). And LLPS can be dissociated 

by interaction with TRN-1, ATP and single-stranded DNA (ssDNA) (Hofweber 

et al., 2018; Kang et al., 2019). Therefore, formation and dynamics of LLPS 

have been regarded as an important mechanism of FUS proteinopathy. 
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5.1.2. Pathology of hypomethylated FUS 

Aberrant aggregation of FUS, especially homogeneous self-aggregation 

caused by environmental stress or mutation on FUS itself is implicated in 

ALS, FTLD and other neurodegenerative diseases (Deng et al., 2014; Ling 

et al., 2013; Sun et al., 2011). There are similarities of FUS aggregation 

between different neurodegenerative diseases, the mechanism of 

 

Figure 5-1 Different arginine methylation species have different strength of 
cation-π interaction with tyrosine residues. 

The schematics was adapted from (Qamar et al., 2018). Cation-Α interaction 
between tyrosine and arginine residues is weak when it comes to (a) asymmetric 
dimethylated arginine (ADMA). Cation-Α interaction has intermediate interaction 

when it is (b) monomethylated arginine (MMA). Cation-Α interaction is strong when 
it is (c) unmethylated arginine (UMA). Therefore, increased number of arginine 
residues and hypomethylation of arginine residues cause stronger cation-Α 
interaction between molecules. 
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aggregation can be variable and excusive for the specific disease type. For 

instance, the hypomethethylation of arginine residues was found in FTLD-

FUS, which resulted in enhanced cation-π interaction, formation of LLPS and 

aggregation of FUS protein (Dormann et al., 2012; Neumann et al., 2012). 

This was further demonstrated by using the variant FUS proteins that have 

additional 6 to 21 arginine residues under the condition of hypomethylation 

(e.g. usage of arginine methyltransferase inhibitor), showing strengthened 

cation-π interaction between FUS proteins to enhanced the formation of 

hydrogel or fibrillary gel, which in turn, impaired the known functions of SGs 

(Qamar et al., 2018). Thus, it is of interest whether hypomethylated FUS 

without any mutation on NLS region results in synaptic dysfunction. 

This chapter investigated the effect of a FUS mutant (FUS-16R) with 

enhanced cation-π interaction (mimicking hypomethylating condition of FUS) 

on neuronal function and structure. With additional 16 arginine residues, 

FUS-16R may exhibit different pathological traits from FUS-P525L because 

FUS-P525L is predominantly localised in the cytosol and propagates through 

the neurites very quickly with the intact molecular interactions, on the other 

hand, FUS-16R can easily form inclusions and shows LLPS than FUS-P525L 

in both inside and outside of the nucleus (Qamar et al., 2018) and exhibits a 

slower nucleus-to-cytosol propagation speed than FUS-P525L, yet still much 

faster than FUS-WT. Therefore, FUS-16R will show the different aspects of 

FUS pathology especially focused on the LLPS nature of FUS. 

 

5.2. Results 

5.2.1. FUS-16R exhibits slow cytosolic translocation 

The translocation speed of FUS-16R was investigated to compare that with 

FUS-WT and/or FUS-P525L expression (Fig. 5-2). As FUS-16R has intact 

NLS region, FUS-16R at DAT5 still showed the predominant localisation in 

the somatic area (thought to be inside the nucleus), massively formed 

granules there with leakage into the cytosolic region through the dendrites. 
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Therefore, the granule size and the translocation speed of FUS-16R is 

possibly different from those of FUS-P525L. 

 

5.2.2. Dendritic spine density is reduced at dendrites of FUS-16R mutant 

neurons 

As articulated in the section 3.2.2., cytosolic FUS was suggested to reduce 

the dendritic spines by trapping essential mRNAs needed for maintaining the 

structure of dendritic spines (Machamer et al., 2018; Shiihashi et al., 2017). 

Since FUS-16R variant is more aggregative form compared to FUS-P525L, 

this trapping effect can be more deleterious. 

To investigate any alteration of synaptic connectivity between neurons, the 

number of dendritic spines was observed in FUS-16R expressing CA1 

neurons and compared with Venus and FUS-WT expressing neurons (Fig. 

5-3 and Table 5-1). FUS-16R cells showed lower spine density at basal 

dendrites when compared to Venus and FUS-WT cells (Fig. 5-3a). In addition, 

spine density in apical dendrites (Fig. 5-3b) also showed lower spine density 

 

Figure 5-2 Confocal images of CA1 neurons with FUS-WT and FUS-16R 
transfection. 

Each YFP-tagged FUS was imaged at DAT5 with red fluorescence structural marker, 
TdTomato on confocal spinning disk. (a) YFP-tagged FUS-WT was predominantly 
locked in the somatic region. (b) YFP-tagged FUS-16R formed granules in the 
somatic area and translocated through dendrites. The spinning disk confocal images 
were acquired from Prof. Kei Cho’s lab in King’s College London Dementia Research 
Institute (KCL-DRI). 

10 μm 10 μm

a b
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in FUS-16R cells. The data set was shown as Mean ± Standard Error of 

Mean (SEM). Hippocampal slices from 6 animals for Venus, 5 animals for 

FUS-WT and 4 animals for FUS-16R were used for the results in Chapter 5 

dendritic spine analysis. 

 

  

 

Figure 5-3 Spine density of both basal and apical dendrites were reduced in 
FUS-16R expressing neurons. 

In addition to Venus and FUS-WT in Fig. 3-3, CA1 cells were also transfected with 
FUS-16R and the dendritic spines were imaged at DAT5-7. Example ROI (15 μm x 
15 μm) images were taken from each group. FUS-16R expressing neurons showed 
the reduced spine density both (a) in the basal dendritic region and (b) in the apical 
dendritic region. 
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Basal dendrites Venus (V) FUS-WT (W) FUS-16R (R) 
n-number (Cell) 12 12 13 
Spine density 

(15 µm-1) 7.27 ± 0.95 5.80 ± 0.50 3.260 ± 0.68 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0014 (F = 7.913) 0.0478 
0.3750 0.0012 

    
Apical dendrites Venus (V) FUS-WT (W) FUS-16R (R) 
n-number (Cell) 18 12 15 
Spine density 

(15 µm-1) 7.25 ± 0.62 6.51 ± 0.58 4.46 ± 0.38 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0058 (F = 5.844) 0.0719 

0.7162 0.0049 

 

Overall, spine density was reduced at both basal and apical dendrites of 

FUS-16R cells. This suggests that expression of FUS with enhanced cation-

π interaction (FUS-16R) induces synapse weakening process possibly by 

trapping essential mRNA molecules for the dendritic spine structure. 

 

5.2.3. Effects of FUS-16R mutant on dendritic spine morphology 

The shape of dendritic spine is related to the functionality and maturation 

status of the synapse as articulated in the section 3.2.3. To find out whether 

FUS with enhanced cation-π interaction would alter or inhibit the maturation 

of the spines or not, the shape of dendritic spine was compared among FUS-

16R, Venus and FUS-WT expressing neurons. As same as the previous 

chapters, the ROIs were separated into basal and apical dendrites and the 

spines were categorised into stubby, thin and mushroom then percentage 

was calculated for each neuron (Fig. 5-4 and Table 5-2) with the same 

method as used in the chapter 3. And measured parameters for the spine 

 

Table 5-1 Statistical summary of spine density of basal and apical dendrites in 
Venus, FUS-WT and FUS-16R expressing neurons. 

Statistics of Fig. 5-3 was summarised as tables. 
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shape categorisation (Spine head width, Spine head length, Spine neck 

width, Spine length, Spine head width / spine head length and Spine head 

area)  were also displayed as the supplementary data for basal (Fig. 5-5 and 

Table 5-3) and apical (Fig. 5-6 and Table 5-4) dendritic spines. The data set 

was shown as Mean ± SEM. 

 

In the basal dendrites (Fig 5-4a), the percentage of stubby spines were 

statistically similar in all the cell types and it was same for thin spines and 

mushroom spines that all did not show any significant differences between 

groups. 

In apical dendrites (Fig. 5-4b), stubby spines did not show significant 

differences but there were more thin shape spines in FUS-16R cells. And 

mushroom-shaped spines were lesser in FUS-WT and FUS-16R when 

compared to Venus cells. 

Overall, FUS-16R cells did not change the shape of the dendritic spines in 

basal dendrites but in apical dendrites, there were more thin spines and less 

mushroom spines. This data suggests that FUS with enhanced cation-π 

interaction (FUS-16R) interfered the maturation of spines possibly by 

 

Figure 5-4 Apical dendritic spine shape was altered in FUS-16R and FUS-WT 
expressing neurons. 

(a) In basal dendrites, the ratio of spine shapes did not show any alterations. (b) In 
apical dendrites, the ratio of thin spines was increased in FUS-16R expressing 
neurons. 
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trapping mRNAs required for the expression of proteins for the spine 

structure. 

Basal dendrites Venus (V) FUS-WT (W) FUS-16R (R) 
n-number (Cell) 12 12 13 

Stubby 
(% Spines) 35.29 ± 3.28 45.31 ± 3.55 34.14 ± 6.66 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.2244 (F = 1.562) 0.2497 

0.3377 0.9849 
Thin 

(% Spines) 20.82 ± 2.32 14.79 ± 3.26 21.30 ± 4.58 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.3745 (F = 1.011) 0.4101 

0.4778 0.9950 
Mushroom 
(% Spines) 43.88 ± 2.69 39.89 ± 4.59 44.54 ± 6.79 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.7874 (F = 0.2407) 0.7950 

0.8499 0.9953 

  

Apical dendrites Venus (V) FUS-WT (W) FUS-16R (R) 
n-number (Cell) 18 12 15 

Stubby 
(% Spines) 36.47 ± 2.67 42.18 ± 2.79 37.13 ± 3.32 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.3808 (F = 0.9880) 0.4988 

0.3852 0.9852 
Thin 

(% Spines) 17.01 ± 1.80 20.81 ± 4.42 26.47 ± 2.77 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0617 (F = 2.979) 0.3940 

0.6320 0.0491 
Mushroom 
(% Spines) 46.51 ± 2.94 37.01 ± 4.19 36.38 ± 3.47 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0636 (F = 2.943) 0.9919 

0.1488 0.0885 

 

 

Table 5-2 Statistical summary of dendritic spine shape of basal and apical 
dendrites in Venus, FUS-WT and FUS-16R expressing neurons. 

Statistics of Fig. 5-4 was summarised as tables. 
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Figure 5-5 Parameters of the spine shapes were measured in basal dendritic 
spines. 

 (a) Spine head width was wider in FUS-16R cells. (b) Spine head length was longer 
in FUS-16R cells. (c) Spine neck width was wider in FUS-WT cells, the widest in 
FUS-16R cells. (d) Spine length did not show any difference between groups. (e) 
Spine head width / spine neck width ratio was not different between groups. (f) Spine 
head area was bigger in FUS-16R cells. 
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Basal dendrites Venus (V) FUS-WT (W) FUS-16R (R) 
n-number (Cell) 12 12 13 

Spine head width 
(µm) 

0.6787  
± 0.0322 

0.7353  
± 0.0361 

0.8382  
± 0.0308 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0055 (F = 6.094) 0.0834 

0.4643 0.0044 
Spine head length 

(µm) 
0.6148  

± 0.0262 
0.6282  

± 0.0251 
0.7156  

± 0.0272 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0194 (F = 4.438) 0.0607 

0.9323 0.0265 
Spine neck width 

(µm) 
0.4738 

± 0.0256 
0.5524 

± 0.0351 
0.6113 

± 0.0235 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0059 (F = 5.987) 0.3127 

0.1443 0.0042 
Spine length 

(µm) 
1.1589 

± 0.0370 
1.1049 

± 0.0460 
1.1985  

± 0.0558 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.3835 (F = 0.9860) 0.3515 

0.7102 0.8247 
Spine head width / 
spine head length 

1.5475 
± 0.0341 

1.4942 
± 0.0613 

1.4459  
± 0.0571 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.3983 (F = 0.9460) 0.7917 

0.7604 0.3647 
Spine head area 

(µm2) 
0.3486 

± 0.0290 
0.3898 

± 0.0328 
0.5032 

± 0.0345 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0049 (F = 6.251) 0.0456 
0.6521 0.0049 

 

 

Table 5-3 Statistical summary of parameters measured for the differentiation 
of basal dendritic spine shapes in Venus, FUS-WT and FUS-16R expressing 
neurons. 

Statistics of Fig. 5-5 was summarised as a table. 
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Figure 5-6 Parameters of the spine shapes were measured in apical dendritic 
spines. 

(a) Spine head width was wider in FUS-WT and FUS-16R cells. (b) Spine head 
length was longer in FUS-16R cells. (c) Spine neck width was wider in FUS-WT and 
FUS-16R cells. (d) Spine length was similar in all the 3 groups. (e) Spine head width 
/ spine neck width ratio was not different between groups. (f) Spine head area was 
significantly bigger in FUS-16R cells. 
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Apical dendrites Venus (V) FUS-WT (W) FUS-16R (R) 
n-number (Cell) 18 12 15 

Spine head width 
(µm) 

0.6321 
± 0.0198 

0.7655 
± 0.0372 

0.7966  
± 0.0367 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0006 (F = 9.015) 0.7764 

0.0114 0.0008 
Spine head length 

(µm) 
0.5867 

± 0.0174 
0.6513 

± 0.0250 
0.7037 

± 0.0284 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0026 (F = 6.876) 0.3052 

0.1481 0.0018 
Spine neck width 

(µm) 
0.4480  

± 0.0159 
0.5929  

± 0.0492 
0.5885  

± 0.0214 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0004 (F = 9.354) 0.9941 

0.0024 0.0017 
Spine length 

(µm) 
1.1309  

± 0.0499 
1.1748  

± 0.0492 
1.2009 

± 0.0373 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.5375 (F = 0.6301) 0.9270 

0.7930 0.5164 
Spine head width / 
spine head length 

1.5379 
± 0.0442 

1.4643 
± 0.0665 

1.4842  
± 0.0417 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.5484 (F = 0.6095) 0.9613 

0.5629 0.7048 
Spine head area 

(µm2) 
0.3126 

± 0.0193 
0.4194 

± 0.0355 
0.4736  

± 0.0401 
p-value 

ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.0016 (F = 7.523) 0.4873 

0.0587 0.0013 

 

  

 

Table 5-4 Statistical summary of parameters measured for the differentiation 
of apical dendritic spine shapes in Venus, FUS-WT and FUS-16R expressing 
neurons. 

Statistics of Fig. 5-6 was summarised as a table. 
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5.2.4. Apical dendritic spines in FUS-16R expressing neurons does not 

exhibit local vulnerability 

FUS-16R transfected neurons showed the reduction of spine density both in 

basal and apical dendrites and also showed bigger head area compared to 

other groups. Therefore, FUS-16R transfected neurons may exhibit much 

deleterious phenotypes compared to FUS-WT or even FUS-P525L. As 

cytosolic accumulation of FUS-P525L in the neurons showed local reduction 

of spine densities at the distal region, it could be worth to check whether 

stronger FUS-FUS interaction would exhibit similar patterns or not. With the 

same criteria, spines of proximal vs distal dendrites were investigated for 

FUS-16R transfected neurons. 

Raw images for spine density assay (Fig. 5-3, randomly selected ROIs) were 

re-cropped from proximal and distal part of same dendrites as pairs to 

investigate the possible local synaptic changes (Fig. 5-7 and Table 5-5). 

Counted spine density of proximal and distal dendrites were compared within 

group (Fig. 5-7a~c) and the ratio of either distal / proximal or proximal / distal 

dendritic spine density from all three groups were compared (Fig. 5-7d, e). 

The data set was shown as Mean ± SEM. 

The proximal vs distal spine density of FUS-16R expressing neurons (Fig. 5-

7c) did not show any difference but the distribution of data points were quite 

scattered to exhibit bigger error bars compared to Venus (Fig. 5-7a) and 

FUS-WT (Fig. 5-7b) neurons. The ratio of proximal vs distal spine density 

from FUS-16R also did not show any difference when compared to Venus 

and FUS-WT (Fig. 5-7d, e) by ANOVA tests. Those data points of FUS-16R 

were again more variable than the other groups and caused bigger error bars. 
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Figure 5-7 Spine density and the ratio of proximal vs distal dendrites were not 
altered in FUS-16R expressing neurons. 

Dendritic spine images from Fig. 5-3 were re-cropped from proximal vs distal region. 
Example ROI (15 μm x 15 μm) images were taken from each group. (a) Venus 
neurons had similar number of proximal and distal dendritic spines. (b) FUS-WT 
neurons also had similar number of proximal and distal dendritic spines. (c) FUS-
16R neurons also had similar number of proximal and distal dendritic spines. (d) 
Distal / Proximal ratio was all similar in all the groups. (e) Proximal / Distal ratio was 
also all similar in all the groups. 
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 Venus (V) FUS-WT (W) FUS-16R (R) 
n-number (Cell) 11 11 14 
Proximal S.D.  

(15 µm-1) 9.43 ± 0.60 6.55 ± 0.68 7.02 ± 1.19 

Distal S.D.  
(15 µm-1) 8.60 ± 0.57 5.77 ± 0.79 5.76 ± 1.19 

p-value (T-test) 
(Proximal vs Distal) 0.330 0.466 0.447 

Distal / Proximal 
Ratio 0.93 ± 0.07 0.91 ± 0.09 0.85 ± 0.11 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.8235 (F = 0.1954) 0.8996 

0.9884 0.8249 
Proximal / Distal 

Ratio 1.12 ± 0.07 1.23 ± 0.13 1.71 ± 0.40 

p-value 
ANOVA, (W vs R), 
(V vs W), (V vs R) 

0.2804 (F = 1.322) 0.4420 

0.9674 0.3069 

 

Overall, FUS-16R expression did not induce local reduction of spine density, 

rather caused global reduction throughout the dendrites. The trend was 

relatively variable in FUS-16R, which indicates the effects might be acute 

than gradual pattern once deleterious mechanism is triggered by inclusions. 

Since FUS-FUS interaction is much stronger with FUS-16R than FUS-P525L, 

the nature of FUS-16R inclusions may cause more global dysfunction of 

neurons rather than infiltrate to the very local part of the dendrites. 

  

 

Table 5-5 Statistical summary of spine density of proximal and distal region of 
apical dendrites in Venus, FUS-WT and FUS-16R expressing neurons. 

Statistics of Fig. 5-7 was summarised as a table. 
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5.2.5. Intrinsic excitability is decreased in FUS-16R mutant neurons  

Intrinsic excitability was investigated by testing the input-output efficiency of 

neuron that is triggered by current injection and exhibited as action potentials 

as articulated in the section 4.2.2. To compare the intrinsic excitability of 

FUS-16R CA1 cells with untransfected control cells, firing activity 

experiments were conducted (Fig. 5-8). The data set was shown as Mean ± 

SEM for each X-axis point. Hippocampal slices from 7 animals for FUS-16R 

were used for the firing activity experiments. Firing pattern of FUS-16R cells 

generally required a similar current input to fire when compared to the 

untransfected counterpart but tend to fire slightly less with the higher current 

inputs (Fig. 5-8a). Firing frequency of FUS-16R cells were similar to 

untransfected cells (DF = 1, F = 2.975, p = 0.110, n = 13 cells each) (Fig. 5-

8b) but the number of events was fewer with the higher current input over 

250 pA (Fig. 5-8c) and there was significant differences in overall group 

comparison (DF = 1, F = 10.927, p = 0.006, n = 13 cells each) when 

compared with untransfected cells. 
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Overall, intrinsic excitability of FUS-16R cells was decreased in FUS-16R 

cells in the comparison with untransfected control cells. This suggests that 

the pathologic mechanism of FUS-16R would be more likely related to the 

hypoexcitability than excitotoxicity. 

 

  

 

Figure 5-8 Intrinsic excitability was decreased in FUS-16R expressing neurons. 

(a) Example firing activity patterns by current injection of 100-450 pA in control 
neuron (black) and FUS-16R neuron (orange). (b) Frequency of firing activity in FUS-
16R was slightly smaller at 300 pA injection but had no difference as a whole 
comparison. (c) Number of firing event of firing activity was decreased in FUS-16R. 
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5.2.6. Evoked basal synaptic transmission is reduced in FUS-16R 

expressing neurons 

Evoked basal synaptic transmission via AMPA/NMDA receptors is a 

parameter of synaptic efficacy through Schaffer-collateral pathway as 

articulated in the section 4.2.3. Therefore, to check the potential synaptic 

efficiency changes by FUS with enhanced cation-π interaction, AMPA and 

NMDA receptor mediated EPSCs were analysed in FUS-16R expressing 

neurons and compares with untransfected control neurons. The data set was 

shown as Mean ± SEM. Hippocampal slices from 9 animals for FUS-16R 

were used for the basal synaptic transmission experiments. Both EPSCAMPA 

and EPSCNMDA of FUS-16R cells were compared with paired untransfected 

cells (Fig. 5-9). When FUS-16R transfected cells and untransfected cells 

were compared in terms of EPSCAMPA (FUS-16R: - 164.5 ± 10.3 pA, 

untransfected: - 278.0 ± 37.6 pA, p = 0.006 (power: 0.807), n = 20) and 

EPSCNMDA (FUS-16R: 113.1 ± 12.8 pA, untransfected: 226.0 ± 42.0 pA, p = 

0.01 (power: 0.705), n = 20), both EPSCAMPA and EPSCNMDA were reduced 

in FUS-16R transfected cells. 

Overall, basal synaptic transmission was decreased in FUS-16R cells when 

compared to untransfected cells. This suggests that expression of FUS-16R 

weakened the synaptic strength of Schaffer-collateral pathway, which is 

consistent with the reduced spine density of apical dendrites as shown in the 

section 5.2.2. 
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Figure 5-9 Amplitudes of AMPAR and NMDAR mediated currents were smaller 
in FUS-16R expressing neurons. 

(a) Example single traces of AMPAR and NMDAR mediated currents from FUS-16R 
cell and a paired untransfected cell was displayed. (b) Average amplitudes of 
AMPAR mediated currents were smaller in FUS-16R cells. (c) Average amplitudes 
of NMDAR mediated currents were smaller in FUS-16R cells. 
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5.3. Discussion 

5.3.1. Enhanced cation-π interaction of FUS weakens the overall synaptic 

strength of CA1 neurons 

The FUS with enhanced cation-π interaction, FUS-16R, represents the 

enhanced cation-π interaction of FUS proteins by adding additional arginine 

residues to boost LLPS process as shown in the neurodegenerative diseases 

(Qamar et al., 2018). In terms of the expression of the FUS protein variant, 

FUS-16R did not show massive translocation through the dendrites as shown 

for the FUS-P525L in the section 3.2.1. This would be mainly due to the intact 

NLS region of FUS-16R. But still, FUS-16R shows more cytosolic diffusion 

compared to FUS-WT, which could be due to the milder impairment of 

nuclear localisation by interfering the interaction between FUS protein and 

TRN-1 with the hypomethylation (Hofweber et al., 2018). In terms of dendritic 

spine morphology and dynamics, FUS-16R CA1 cells showed a reduced 

spine density in both basal and apical dendrites and consistent with that, the 

glutamatergic receptor mediated basal synaptic transmission was reduced. 

As observed in the experiments, global reduction of spine density in FUS-

16R cells was different tendency from FUS-P525L cells that showed the local 

reduction of spines at the distal part of apical dendrites. Considering the 

aggregative nature of hypomethylated arginine residues, it is plausible that 

FUS-16R forms inclusions much quicker than FUS-P525L, therefore, 

average size of FUS-16R inclusions would be bigger than FUS-P525L 

inclusions that would slow down the speed of diffusion in the cytosol. In 

addition, NLS domain is intact in FUS-16R, therefore, it may start to form 

inclusions from the inside of the nucleus, disrupt the homeostasis of the 

neuron and affect the whole dendrites, rather than translocate to the 

dendrites, form the inclusions, then, alter the RNA/DNA and/or protein 

dynamics on-site as FUS-P525L would do. With the accordance to that, FUS-

16R may autoregulate the expression of endogenous FUS to reduce the total 

level of endogenous FUS and also aggregative nature of FUS-16R is more 

likely to trap other FUS proteins or essential mRNAs required for the spine 



 
 

Chapter 5  
Enhanced cation-π interaction of FUS and synaptic changes 

 

 
125 

 

maturation. Thus, FUS-16R may have similar pathologic mechanism with the 

overexpression of FUS-WT but FUS-WT may exhibit much milder 

phenotypes than that of progressive FUS-16R proteins. 

 

5.3.2. FUS-16R alters neurophysiology of CA1 neurons 

In addition to the significant molecular dynamics and the alteration of the 

dendritic spine morphology, FUS-16R expressing neurons exhibited the 

altered neurophysiology of CA1 neurons. First, the glutamatergic receptor 

mediated basal synaptic transmission was reduced. Similar to FUS-P525L 

results (Fig. 4-7b, c), postsynaptic profile of main two excitatory 

glutamatergic receptors were altered and it was also consistent with the 

reduction of dendritic spine density of CA1 cells (Fig. 5-2). Those changes 

on the synapses are rely more on the FUS species with enhanced cation-π 

interaction than total level of FUS expression as FUS-WT did not alter the 

basal synaptic transmission (Fig. 4-7e, f). Therefore, NLS mutant FUS and 

FUS with enhanced cation-π interaction both has deleterious effects to the 

synapse. In addition, intrinsic excitability was rather decreased than 

increased. This could be the altered expression of sodium and potassium 

channels therefore Na+/K+ ratio was reduced and caused hypoexcitability as 

once mentioned in section 4.3.1. for the results of FUS-WT. 

Overall, these data suggest that both FUS-P525L, FUS-16R are deleterious 

to synaptic structure and function, however, the pathophysiological effects of 

the two FUS mutations likely occur via different a mechanism(s).  FUS-16R 

is mainly locked in the nucleus like FUS-WT at the early stage of transfection 

but FUS-16R forms inclusions in the nucleus and then comes out of the 

nucleus and starts to diffuse and form inclusions in the cytosols. Therefore, 

it can be suggested that FUS-16R may interrupt the normal transcription, 

alternative splicing, trafficking of mRNAs in and out of the nucleus, translation 

in the cytosol and potentially weaken both basal and apical dendrites and 

also morphological maturation of apical dendritic spines, as well. However, 
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this needs further fine investigation to know the molecular mechanism of 

neuronal FUS-16R in the future. 
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CHAPTER 6 

 

General discussion 

 

6.1. The roles of FUS on synapse during the pathophysiology (Further 
discussion on findings) 

6.2. Caveats and limitations of the study 

6.3. Comparing with the other FUS mutant models and future 
possibilities 

6.4. Linking FUS pathology models to neurodegenerative diseases  



 
 

Chapter 6  
General discussion 

 

 
128 

 

6.1. The roles of FUS on synapse during the pathophysiology 

FUS was first identified as a novel RNA-binding protein in cancer pathology 

(Crozat et al., 1993; Rabbitts et al., 1993) and shown to be involved in the 

abnormal transcription. Furthermore, FUS is involved in the DNA repair 

(Hicks et al., 2000; Kuroda et al., 2000; Wang et al., 2013) and the gene 

expression by the association with diverse transcription factors (Riggi et al., 

2007) and related proteins such as RNA polymerase II (Bertolotti et al., 1996, 

1998). Arginine residues of FUS were reported to be dimethylated 

(Rappsilber et al., 2003) during post-translation modification and it has been 

implied to have regulatory function for FUS. 

Recent studies found that FUS emerged as an aberrantly regulated protein 

in neurodegenerative disease, especially ALS and FTLD (Kwiatkowski et al., 

2009; Lagier-Tourenne and Cleveland, 2009; Vance et al., 2009). The 

proceeding decade since its emergence, many roles of FUS in both 

physiological and pathological conditions have been found and articulated. 

Especially, FUS has been known to be recruited to the SG formation in the 

response to the diverse cellular stress such as hyperosmolar stress, heat 

shock stress, oxidative stress (Li et al., 2013; Wolozin, 2012). Since SGs are 

formed in the cytosol, NLS mutations of FUS were shown to accelerate the 

formation of cytosolic inclusions under stress conditions and disrupt normal 

functions of FUS as a DNA/RNA modulator and induce cellular toxicity. The 

NLS mutants were also demonstrated to impair fast axonal transport by 

phosphorylating and inhibiting kinesin-1 via activation of p38 mitogen-

activated protein kinases (p38 MAPK) (Sama et al., 2017). Therefore, this 

would be a part of morphological alterations by NLS mutant FUS. 

Furthermore, another RNA metabolism regulator ataxin-2 was shown to be 

co-localised with FUS in the intracellular organelles (e.g. ER-Golgi) to induce 

fragmentation of Golgi and trigger apoptosis (Farg et al., 2013). This 

apoptosis was reported from ALS patients and demonstrated to be boosted 

by NLS mutant FUS, therefore, interaction with ataxin-2 can be another 

background mechanism of the physiological alterations by NLS mutant FUS 
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(Farg et al., 2013). Even though there are many interesting ideas have been 

reported, still it is difficult to draw a whole picture of the pathophysiology of 

NLS mutant FUS.  

In this PhD study, the nature and consequence of abnormal FUS variants 

were investigated in terms of the potential pathology that would be involved 

in ALS, FTLD and other possible neurodegenerative diseases. As articulated 

above, the main pathogenic factors of FUS (NLS mutation and 

hypomethylation) were utilised to investigate both morphological and 

physiological alterations by abnormal expression, propagation and 

aggregation of FUS in the neuronal cytosols. 

The key findings from the expression of NLS mutant cytosolic FUS (FUS-

P525L) can be summarised into few points. First, the translocation through 

the dendrites and the formation of inclusions were highly accelerated in the 

FUS-P525L expressing neurons. Therefore, FUS-P525L expression can 

more directly alter the dynamics of dendritic spines, locally. This will be 

involved in the alteration of the local translation in the spines to inhibit the 

induction of synaptic plasticity. Second, dendritic spine loss was exclusively 

shown in the distal part of apical dendrites rather than global loss. This 

suggests that FUS-mediated alterations make synapses vulnerable from 

distal end of the dendrites, which is possibly due to the translocation of FUS 

inclusions towards distal dendrites and accumulation at the end. In addition, 

AMPA/NMDA mediated EPSCs were decreased to be consistent with the 

reduced spines at distal part of the apical dendrites. This synapse weakening 

process can be linked to the faster conductance of synapse and increased 

intrinsic excitability in FUS-P525L neurons. Therefore, this shows the 

potential link to the excitotoxicity and increased proportion of CP-AMPAR as 

they are implied in the FUS pathology (King et al., 2016). Still the mechanism 

is not quite clear whether it is destruction of existing spines or inhibition of 

spinogenesis in the combination of excitotoxicity. However, there is a 

potential clue that synaptic plasticity in distal compartment is prone to form 

clustered spines with GluA1 subunits of AMPARs upon sensory experience 
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while homeostatic enhancement (or scaling) by sensory deprivation is more 

likely global phenotype throughout the neuronal dendrites with GluA2 

subunits in layer 2/3 pyramidal neurons (Makino and Malinow, 2011). 

Therefore, it would be worthwhile to check the local alteration of the 

composition and subtypes of AMPAR than the change of the whole cell in 

the future. 

To further confirm the role(s) of dendritic inclusions of FUS on neuronal 

function, this study alternatively utilised abnormal expression of additional 

arginine mutant form FUS (FUS-16R). FUS-16R exhibited a similar but 

different pathological outcomes compared to FUS-P525L. FUS-16R was 

designed to investigate the effects of enhanced cation-π interaction and 

mimicked hypomethylation, therefore, it was mainly locked in the nucleus in 

the early stage of expression, and exhibits slower cytosolic translocation than 

that of FUS-P525L. However, FUS-16R formed inclusions quicker than FUS-

WT due to the enhanced cation-π interaction. Thus, FUS-16R likely formed 

inclusions in the nucleus before getting accumulated in the cytosol. Thus, 

FUS-16R inclusion in the nucleus might have trapped essential transcription 

factors required for the survival of the neuron to alter the profile of gene 

expression. Furthermore, this nuclear aggregation will be less likely to 

release free FUS into the dendritic region even though the inclusions can 

translocate through the dendrites. Dendritic FUS is important for the local 

translation of structural proteins (Fujii and Takumi, 2005; Yokoi et al., 2017) 

and stability of GluA1 subunits of AMPARs (Udagawa et al., 2015), thus, 

trapping free FUS may have caused the reduction of synaptic AMPARs, 

reductions of spines in both apical and basal dendrites. 

Overall, this study showed that both FUS-P525L and FUS-16R caused 

synaptic loss with the different alterations on the neuronal physiology. Still 

there would be molecular mechanisms to be discovered further to explain the 

pathology, this study demonstrated FUS can trigger either gain-of-toxicity or 

loss-of-function and both of them altered neuronal excitability and were able 

to cause the synapse weakening at the end. 
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6.2. Caveats and limitations of the study 

The current PhD study found pathophysiological roles of FUS, but it also 

remains limitations to be address in the future. 

The main target FUS construct in this study, FUS-P525L, is one of the most 

popular mutant forms to investigate the pathology of ALS, FTLD and FUS 

related pathologies and it does exist in the real familiar patients. However, 

FUS-P525L represents a very rare (1.37 % of 947 cases) (Shang and Huang, 

2016) and progressive form of the disease, therefore, there would be 

possibilities that the pathologies won’t directly fit into the general forms of 

neurodegenerative diseases. However, the inclusion of FUS without NLS 

mutation has been associated with certain pathological progress in the brain 

(Aoki et al., 2012; Armstrong et al., 2011; Deng et al., 2010). This raises the 

question that FUS could be modified to be aggregated without any NLS or 

disease related mutations and subsequently affected synaptic function. 

Therefore, FUS-16R form represents an alternative experimental model. 

Overall, those FUS mutant forms are good for investigating the nature of FUS 

pathology in some aspects, but it may need further conceptual justification 

and translation into the disease model.  

Since FUS has various fundamental biological roles, I utilised an 

experimental approach to ‘overexpress the FUS mutants’ with endogenous 

FUS. Therefore, the main focus was the effects of cytosolic inclusions of FUS 

in CA1 neurons. The constructs in this study would be appropriate for 

investigating the effects of cytosolic FUS (FUS-P525L), FUS overexpression 

(FUS-WT) and enhanced FUS-FUS interactions (FUS-16R), as intended. 

Unfortunately, due to this design they won’t directly show the loss-of-function 

by nuclear depletion of FUS by NLS mutation because endogenous FUS will 

be localised in the nucleus and exhibit the normal functions. But still, there is 

a possibility of nuclear depletion even with endogenous FUS because NLS 

mutant FUS can trap those endogenous FUS by co-aggregation in the 

cytosolic area (Vance et al., 2013). 
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The rodent hippocampal organotypic slice culture model is a well-established 

neuronal circuit model to investigate the physiology of neurons, however, the 

pathology of FUS is mainly exhibited in the motor neurons even though FUS 

pathology is also found in the hippocampal CA1 neurons (Armstrong et al., 

2011; MacKenzie et al., 2011). Therefore, it is good to investigate the general 

neuronal pathology of FUS in the presence of input via natural synaptic 

connections and neuronal activities and ALS/FTLD cases with cognitive 

impairments (Ishigaki and Sobue, 2018) but there can be some differences 

from the pathophysiology of motor neuronal aspects. 

 

6.3 Comparing with the other FUS mutant models and future 
possibilities 

Cytosolic mislocalisation and aggregation are the most prominent features 

of FUS-mediated pathology. Therefore, experimental models of FUS have 

focused on many NLS mutant forms (R521C, P525L or truncation of NLS, 

etc) or FUS knockout models to investigate the loss-of-function. 

Hypomethylation of arginine was also mimicked and examined to simulate 

more aggregative forms of FUS mediated pathology by reducing protein 

arginine methyltransferase 1 (PRMT1) (Hofweber et al., 2018; Tradewell et 

al., 2012) or adding additional arginine residues (Qamar et al., 2018), as 

utilised in this thesis study. 

Since expressing the FUS mutant leads to dendritic spine loss, it is of interest 

how this can be caused. To extend the study further and strengthen the direct 

connection to the pathology, it would be a good idea to utilise neuronal 

activity-dependent experimental models in the future. One of the most 

adaptable approach is utilisation of optogenetics such as channelrhodopsin-

2 (ChR2) and cryptochrome 2 (CRY2). ChR2 is a light sensitive ion channel 

that is opened by blue wavelength light, causing the influx of Na+, therefore, 

inducing action potentials. This approach may prove that additional neuronal 

activity can boost the FUS-mediated pathophysiology in CA1 neurons. Since 

hyperactivation of glutamate receptors causes neuronal excitotoxicity and 
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was mediated by Ca2+ (Tischbein et al., 2019), fine tuning of the neuronal 

activity can be tested by using ChR2. In terms of CRY2, it is activated by blue 

light to be clustered to quickly form SG-like inclusions. Therefore, tagging 

FUS with CRY2 and blue light activation can simulate the LLPS of FUS (Shin 

et al., 2017) to be utilised to investigate the toxic physiology of FUS 

inclusions under spatiotemporal control of FUS-FUS interaction. 

Since a diverse range of animal models were utilised for the pathology of 

FUS from the past, it is hard to say which animal model is the best above all. 

In that sense, many different kinds of FUS models, such as yeast, fruit fly, 

nematode, zebra fish and rodent models were used to uncover the roles of 

FUS either by overexpressing or knocking out FUS-WT and/or mutant FUS 

(Lanson and Pandey, 2012). As utilised in this thesis study, rodent models 

are reliable and versatile tools to investigate the neurodegenerative diseases 

and have genetic similarities to human. It is also, there are many difficulties 

and ethical issues with using human tissues, however, it is always good to 

crosscheck with the neuronal models from human origin because there 

would be always unpredicted and possible differences between species that 

can result in misleading perspectives. One effort to challenge that difficulties 

is using induced pluripotent stem cells (iPSCs). One big advantage of iPSC 

is the source cells containing actual genes from diseased patients can be 

directly harvested and also, it is relatively free of the ethical issues. In 

addition, iPSCs can be differentiated into diverse range of cell types such as 

brain neurons and motor neurons (Rowe and Daley, 2019). However, those 

iPSC models have conceptual limitation since it does not form clustered and 

unidirectional circuits that delivers excitatory and inhibitory inputs and 

outputs, therefore, the rodent hippocampal circuit model approach is still 

valid and both iPSC and rodent models can be complimentary models for 

each other.  
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6.4. Extending the study in the future 

There would be great opportunities to extend the study by utilising those 

ideas and experimental tools mentioned in section 6.3. in the future. Cry2 

domain has been conjugated to neurodegenerative disease-related proteins 

(e.g. Aβ, TDP-43 and FUS) to investigate the aggregating nature of the 

proteins (Hsien et al., 2019; Shin et al., 2017; Zhang et al., 2018). Cry2 

domain has been identified and utilised for decades, however, it is relatively 

recent for the optogenetic tool to be used for recruiting aggregative proteins 

to form inclusions. Therefore, the conjugated form of Cry2 and FUS, so-

called OptoFUS, has a lot of potential for studying physiological changes 

during aging and FUS-mediated neurodegenerations. In this thesis, NLS 

mutant FUS and enhanced cation-π form of FUS have been utilised to 

simulate cytosolic accumulation of FUS and formation of inclusions but it was 

not available to control their aggregation in a spatiotemporal manner even 

though the main purpose of the study was to investigate the dendritic 

accumulation of FUS inclusions and measure the synaptic changes. With a 

fine local photostimulation of OptoFUS to either soma or dendrites near 

spines, it would be possible to know the direct effects of FUS inclusions in 

the local area and which compartment has more toxic phenotypes. This can 

be applied together with electrophysiology and morphological changes. 

In addition to Cry2 domain, ChR2 or similar optogenetic domains would be 

utilised for the local induction of neuronal activity by photo-stimulation. The 

relationship between neuronal activity and translocation of FUS inclusions 

has been studies in some occasions, however, those studies mostly aimed 

to induce global excitotoxicity rather than local and physiological activation 

of neurons (Tischbein et al., 2019). Therefore, with ChR2, it would be 

available to investigate how physiological activity of neurons can cause 

translocation and accumulation of FUS through dendrites to result in 

excitotoxicity and/or neurodegeneration. 

Overall, simulating physiological condition would give us better insights of 

the early pathophysiology of the neurodegenerative disease.  
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6.5. Linking FUS pathology models to neurodegenerative diseases 

As mentioned before, FUS is implicated in the subtypes of ALS and FTLD. 

Since TDP-43 is also pathogenic inclusion factor in ALS and FTLD, they are 

overlapped in many ways with FUS-type ALS and FTLD in the clinical 

phenotypes. Both TDP-43 and FUS form the inclusions frequently reported 

with ubiquitination (Farrawell et al., 2015; Neumann et al., 2006; Seelaar et 

al., 2010), however, the progression and pathogenic features of neuronal 

pathology between FUS and TDP-43 are quite distinct (Nolan et al., 2016). 

For instance, FUS pathology is involved in the interaction with FET protein 

(MacKenzie et al., 2011), TRN-1 (Suárez-Calvet et al., 2016) and arginine 

methylation (Guerrero et al., 2016) whereas TDP-43 pathology is involved in 

the cleavage of TDP-43 itself (Ito and Suzuki, 2011; Neumann et al., 2006). 

Furthermore, FUS inclusions from ALS-FUS and FTLD-FUS have different 

features, such as FET and TRN-1 are only found from FUS inclusions of 

FTLD-FUS (MacKenzie et al., 2011; Suárez-Calvet et al., 2016). Also in 

terms of arginine methylations, ALS-FUS inclusions are dimethylated 

(ADMA), while FTLD-FUS is either unmethylated (UMA) or monomethylated 

(MMA) (Suárez-Calvet et al., 2016). FUS mutations, especially NLS forms 

are only obvious in ALS-FUS, not in FTLD-FUS (Nolan et al., 2016), therefore, 

it is plausible to say FUS-P525L model represents more likely the pathology 

of ALS-FUS, on the other hand, FUS-16R model represents more likely the 

pathology of FTLD-FUS. 

With those distinguished pathologies in mind, fast accumulation of cytosolic 

FUS inclusions are more likely linked to ALS-FUS, therefore, most findings 

from NLS mutant form FUS-P525L might be categorised into this pathology. 

In addition, arginine methylation is mostly ADMA and NLS mutation inhibits 

TRN-1 binding, therefore, increased expression of cytosolic FUS protein 

itself is the core factor for the toxic alterations of local translations than what 

formation of irreversible inclusions do (Shiihashi et al., 2016) but still, those 

inclusions will trap the RNAs and translation related factors to accelerate the 

toxicity (Kamelgarn et al., 2018; Reber et al., 2016). Another point to be noted 
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here is that excitotoxicity has been reported in a greater number of ALS than 

FTLD cases (Starr and Sattler, 2018). These previous findings are closely 

related to the increased excitability in FUS-P525L expressing neurons, which 

was not shown in FUS-16R expressing neurons in this PhD study. 

Furthermore, this excitability change is thought to be related to the increased 

composition of CP-AMPARs and altered conductance, which ended up with 

the decreased apical dendritic spines that implies it is neuronal activity-

dependent. Collecting the thoughts and data from previous studies and the 

current PhD study, high expression of cytosolic FUS (mainly FUS-P525L and 

other NLS mutant FUS) increased the synaptic component of CP-AMAPRs 

and this CP-AMPAR mediated excitotoxicity causes synaptic weakening and 

it is neuronal activity-dependent. 

On the other hand, hypomethylated (UMA and MMA) FUS inclusions are 

more likely linked to FTLD-FUS, therefore, findings from arginine mutant form 

FUS-16R might be categorised into this pathology. Hypomethylation of FUS 

causes the formation of inclusions by LLPS (Hofweber et al., 2018) both in 

and out of the nucleus even without the mutations (Snowden et al., 2011) 

and also recruits other FET proteins and TRN-1 into the inclusions (Neumann 

et al., 2011, 2012; Suárez-Calvet et al., 2016). Collectively, therefore, it can 

interrupt the homeostasis of RNAs more severely both in the nucleus and 

cytosol.  

Although distinction between ALS/FTLD-FUS pathologies, the main purpose 

of this study was to find how those dysfunctions of FUS affect the synapses 

and neuronal circuits, therefore, the aspects can be applied to any other 

types of neurons or circuits. Furthermore, the ALS/FTLD-FUS pathologies 

can show a comorbidity, and can co-exist in multiple neuron types in one 

diseased individual (Mochizuki et al., 2012) and also, other pathology-related 

proteins (e.g. TDP-43) can interact with FUS (Honda et al., 2014; Ishigaki et 

al., 2017; Ling et al., 2010). This coexpression results in numerous 

pathophysiological scenarios and eventually, it would be important to draw 

possible connections between neurodegenerative diseases in the future.  
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