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Abstract 

Katrina Cowan 

Early hippocampal dysfunction in a mouse model of dementia with Lewy bodies: 

mechanisms of cellular dysfunction caused by alpha-synuclein accumulation. 

 

Dementia with Lewy bodies (DLB) is a devastating neurodegenerative disease, 

accounting for 5% of all dementia cases, for which there is no cure. Whilst there are 

currently many different animal models currently available for researchers studying 

PD, there are comparatively fewer DLB-specific mouse models. The limited amount of 

effective DLB mouse models presents a significant issue in the pursuit for DLB 

treatment. 

In my project, I aim to determine the accuracy of a novel DLB-specific mouse model, 

focusing on changes in mitochondrial function. Additionally, I explore the role of the 

wild-type and a DLB-related mutation of the protein beta-synuclein on mitochondrial 

function. The novel mouse model, known as CamS120, expresses a truncated form 

of the human alpha-synuclein promoter, expressed under the CamKIIa promoter, 

which drives the expression of the transgene to the forebrain region, including the 

hippocampus. The CamS120 mouse model was examined for behavioural changes, 

and then further examined for changes in mitochondrial number, dynamics, 

mitochondrial membrane potential and reactive oxygen species (ROS) production. 

The CamS120 mouse model was complemented with an alpha-synuclein 

overexpressing cell line (aFL), which was used to examine further changes in 

mitochondrial function, including changes in mitochondrial membrane potential, ROS 

production and mitophagy. The CamS120 mouse model was also examined for 

changes in beta-synuclein protein levels and distribution. In addition, wild-type beta-
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synuclein and DLB-related mutated beta-synuclein (V70M) overexpressing cells were 

also examined for changes in mitochondrial function. 

From my experiments I discovered that the CamS120 mice did not show any 

accompanying changes in mitochondrial function. The aFL cells on the other hand 

showed impairment in mitochondrial dynamics, disruption in mitochondrial membrane 

potential and an increase in ROS production. Examining beta-synuclein protein levels 

in CamS120 mice found that beta-synuclein protein levels were decreased in 12 

months CamS120 mice. Wild-type and V70M mutated beta-synuclein overexpressing 

cells seemed to have a weak effect on mitochondrial dynamics, but only mutant beta-

synuclein showed a disruption of the mitochondrial membrane potential and increased 

generation of ROS.  

I concluded that while CamS120 mice showed symptoms of recognition memory 

impairment, changes in mitochondrial function could not be conclusively associated 

with this memory impairment. However, results did show a potentially interesting 

difference between wildtype and mutated beta-synuclein, where mutations in beta-

synuclein appeared to exert a toxic effect onto the relatively innocuous wildtype 

protein, which if confirmed, could be a future point of scientific interest.  
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Chapter One: Introduction  

 

1.1. Dementia with Lewy Bodies 

1.1.1. The prevalence and aetiology of dementia with Lewy bodies 

1.1.1.1. Prevalence of dementia with Lewy bodies   

Dementia with Lewy bodies (DLB), a devastating neurodegenerative disease, is widely 

regarded as the second most common form of neurodegenerative dementia after 

Alzheimer’s disease (AD) [1]. It accounts for around 40-60% of all dementia cases and 

is most prevalent in elderly patients [2-4]. Overall, DLB accounts for roughly 5% of all 

neurodegenerative dementia types, while other forms of neurodegenerative disease 

with cognitive impairment include vascular dementia, frontal-temporal dementia 

(FTD), progression supranuclear palsy (PSP) and Huntington disease (HD) [5-9]. 

1.1.1.2. Symptoms in DLB patients 

DLB patients have reported a wide range of symptoms, including visual hallucinations, 

impairment in attention, overall cognitive fluctuations, visual-spatial memory 

impairments and Parkinson-like symptoms [10, 11]. Other symptoms sometimes 

reported by DLB patients include disturbances in REM sleep behaviour (RBD) and 

increased narcoleptic sensitivity. Less common symptoms sometimes seen include 

autonomic dysfunction (including urinary incontinence), depression and systematised 

delusions [12, 13].  

While patients of AD also display alterations in attention, concentration and executive 

function, these cognitive functions however were seen to be more significantly affected 

in DLB patients [14]. In addition, both motor dysfunction and visual hallucinations are 

thought to be more severely affected in DLB compared to AD, whereas in AD memory 

impairments are a more prominent feature [15, 16]. These differences between clinical 
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symptoms can be used to differentiate DLB from AD or other neurodegenerative 

dementias.  

DLB has similar symptoms with Parkinson’s disease (PD) as well, where many DLB 

patients show symptoms such as bradykinesia, postural instability and tremor [17]. 

The reverse can sometimes also be true, where certain PD patients shows signs of 

dementia. This particular subgroup of PD is separate from pure PD, and patients 

showing cognitive impairment are diagnosed with PD with dementia (PDD) [18]. The 

strong similarities between DLB and PDD can often make it more difficult to properly 

differentiate the two diseases and so has been a great source of debate amongst 

clinicians [19-21]. The defining feature to separate the two diseases is the time of 

onset, with regard to the Parkinsonism symptoms. With PDD, the parkinsonism 

symptoms, which are the more prominent symptoms, present at least one year earlier 

than the cognitive deficits, unlike DLB where the cognitive deficits occur earlier and 

are more prominent [22].  

1.1.1.3. Risk Factors for DLB 

As with other neurodegenerative diseases such as AD,PD or HD, the majority of 

studies have shown that the major risk factor for DLB is old age [23]. Aside from old 

age, environmental factors may also cause DLB neuropathology. Whilst there are not 

many studies which have examined the risk factors for DLB, there have been 

extensive research into risk factors for both AD and PD; for example studies which 

looked at environmental factors for PD in European countries found that exposure to 

pesticides, hypnotics, anti-depressant drugs and tobacco were found to be strong risk 

factors for PD [24-26]. Meta-analysis into environmental risk factors in Parkinson’s 

disease shows that the strongest risk factors for PD include anxiety, beta-blockers 

drugs and smoking[27]. In addition, connections between the absence of smoking 
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history and PD have also been made, with some studies showing an inverse 

relationship between smoking and PD symptoms [27, 28] Studies into the risk factors 

for AD have found similar risk factors, including an increased risk of AD when smoking 

or with alcohol consumption [29]. A complete list of the risk factors for DLB has not yet 

been discovered, however one study which showed an association between anxiety, 

depression and DLB [26]. In addition to environmental risk factors, there have been 

certain genes identified as a risk factor for DLB pathology. One important allele 

identified in DLB patients is APOE (apolipoprotein E) ε4. The APOE gene is commonly 

found in humans in three different forms (APOE2, APOE3 and APOE4). Elevated 

levels of APOE ε4 has been previously seen in cases of AD, but a similar increased 

level of the gene was also seen in studies of DLB  [26, 30]. Whilst studies differ on the 

effects of the APOE isoforms, the general consensus is that, as with AD, the increased 

presence of the APOE gene increases the risk of DLB.   

1.1.2. Lewy body pathology in DLB  

DLB is classified as a form of synucleinopathy, which a group of disease which 

includes PD and Multiple System Atrophy (MSA) [31]; these diseases are all classified 

as such due to the presence of abnormal alpha-synuclein protein within neuronal cell 

bodies and neurites, forming aggregates known as Lewy bodies and Lewy neurites. 

The progression of Lewy body neuropathology which occurs specifically in DLB has 

not been extensively examined, however research into Lewy body pathology in PD 

has previously been examined by Braak and colleagues, who proposed the 

development of a grading system to classify stages of Lewy body pathology [32]. 

Braak proposed six stages of PD-related pathology, which indicated that Lewy body 

pathology appeared to spread upwards through the brainstem, including the medulla 

oblongata, through to the mid- and forebrain regions such as the hippocampus and 
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hypothalamus, and then further through onto the neocortex (Figure 1). Whilst these 

stages were proposed using data from PD patients, this progression may also be 

relevant in DLB neuropathology where Lewy body formation might potentially follow a 

similar progression.  

 

Figure 1. General overview of the spread of Lewy body pathology in PD, as 
suggested by Braak.  Braak [32] proposes the progression of Lewy body pathology 
up towards the brain via the brain stem (1), affecting the medulla oblongata and 
pontine tegmentum, which can spread further into the basal mid- and forebrain, 
affecting the hypothalamus (2). In later Braak stages, neuropathology may affect the 
meso cortex -neocortex (3).This illustration was taken form Visanji et al. [33], which is 
available under the common creative licence, no changes were made to the original.  

 

1.1.2.1. Brain regions affected by Lewy body pathology 

Using post-mortem brain samples from diagnosed DLB patients, mild Lewy bodies and 

neurites pathology was found within the neocortex in DLB patients [34, 35]. The alpha-

synuclein containing granular component of Lewy bodies detected in the superior 

frontal cortex of DLB patients was found in pyramidal neurons within cortical layers V-

VI [36]. The presence of Lewy neurites in the superior frontal cortex however was not 

detected. Functional studies, using functional magnetic resonance imaging (fMRI), 

has shown that reduced activity in the white matter tracts within frontal cortex, as well 
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as in the corpus callosum, suggesting that abnormalities in the connecting white matter 

tracts contributes to neurodegeneration seen in DLB [37, 38].  

DLB patients have additionally shown a noticeable disruption in the visual cortex and 

vision-associated brain regions, such as in the occipito-parietal regions, accounting 

for visual-related symptoms in DLB [39]. Using SPECT (single-photon emission 

computerized tomography) imaging and fMRI scans show that activity is significantly 

reduced in occipito-parietal brain regions [40], which may potentially be responsible 

for the changes in vision or visual hallucination which has been reported by patients 

with DLB.   

Alpha-synuclein immunoreactivity was also found in the substantia nigra (SN) of DLB 

brain tissue. Studies on DLB patients have shown the strong alpha-synuclein 

immunoreactivity, confirming the presence of ubiquitinated, intracytoplasmic Lewy 

bodies and Lewy neurites within neuronal perikarya of nigral cells in the SN [41, 42]. 

Nigrostriatal cell loss and dopaminergic transporter degradation have also been seen 

in DLB patients [43]. The SN is known to be closely involved in motor function. In PD, 

where patients shows motor symptoms such as bradykinesia and tremors, the SN is 

the most affected brain region. The neuronal loss in the SN seen in DLB patients is 

therefore thought to be closely related to the Parkinsonism symptoms reported.  

 Lewy bodies have also been found in DLB post-mortem tissue within the paralimbic 

regions of the brain. The entorhinal cortex and insula cortices have both been shown 

to be affected in DLB [41], with mild Lewy body and Lewy neurite pathology in layers 

V-VI, as well as the presences of Lewy bodies in layer III [36]. These structures have 

important roles in sensory processing, memory and cognitive function, and Lewy body 
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neuropathy within these regions has been shown to contribute to the abnormalities in 

mood and memory seen in DLB patients [44, 45].  

Alpha-synuclein immunoreactivity can also be seen in the cingulate gyrus, with 

ubiquitinated Lewy bodies and Lewy neurites detected in the cingulate gyrus of DLB 

post-mortem tissues [42]. The cingulate gyrus from part of the limbic system and is 

involved in mood, sensory and behavioural processing [46]. This is consistent with 

symptoms seen in DLB, where patient reports impaired autonomic function, as well 

mood and cognitive function. The cingulate gyrus is also affected in AD, which seemed 

to have a greater extent of impairment than in DLB patients. It was therefore proposed 

as a potential marker to distinguish between AD and DLB during diagnosis [47].  

The presence of Lewy neurites within the hippocampus region has also been identified 

in DLB brain tissue [48]. The hippocampus is the main focus in the examination of the 

mouse models using in my research project and so I shall discuss the structure and 

function of the hippocampus as well as the extent of Lewy body pathology that can be 

seen within the hippocampus in DLB in more depth in the following subsection.  

1.1.2.1.1. Hippocampus structure, function and involvement in DLB.  

The hippocampus is a structure located in the medial temporal lobe of the brain 

(Figure 2). The term hippocampus typically refers collectively to two main regions: 

the dentate gyrus and the hippocampus proper, the latter of which is further 

compartmentalised into four additional sub-regions, CA3, CA2 and CA1.  
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Figure 2. An outline of the mouse hippocampus structure. The hippocampal area, 
highlighted by the red box, is shown as an enlarged image. Connections between the 
hippocampal regions (including dentate gyrus, CA3, CA2 and CA1) and the entorhinal 
cortex (EC, layer 1-VI)  are shown.  

 

The hippocampus receives multiple inputs from the surrounding regions. A particularly 

important input comes from the entorhinal cortex (EC). The EC, which consists of six 

layers (I-VI), is the major input into the hippocampus formation and neuronal afferents 

from the layer II of the EC project to the dentate gyrus and the CA subregions, via a 

pathway known as the perforant pathway (Figure 3) [49]. This pathway is 

unidirectional, which means that the dentate gyrus receives input from the EC, but the 

dentate gyrus does not project neurons back to the EC [50]. In addition to this 

connectivity to the dentate gyrus and CA3 region, EC also sends afferent projections 

to the CA1 and subiculum regions, originating from layer III of the EC.  

The dentate gyrus contains three different cell types: granule cells, hilar mossy cells  

(both of which are glutamatergic, excitatory neurons) and interneurons [51]. The 
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dentate gyrus is separated into three layers, with the majority of mature granule cell 

bodies located in granule cell layer. These mature granule cells contain a network of 

dendrites which reach into the molecular layer of the dentate gyrus. EC afferents are 

projected towards these dendrites within the molecular layer. Granule cells have long 

axonal processes which extend down into both polymorphic layer of the dentate gyrus, 

sometimes referred to as the hilus, as well as the CA3 [52]. Axons originating from 

granule cells are referred to as mossy fibres, due to the presence of large boutons on 

the axons, referring to these axons as mossy fibres; these mossy fibres then project 

to the CA3 subregion as the major output of the dentate gyrus. While the cell bodies 

of mature granule cells are typically be found in the granular cell layer, other forms of 

granule cells can be found in the surrounding cell layers, such as semilunar granular 

cell in the inner molecular layer, ectopic granule cells in the hilus region and adult -

born granule cells found in the subgranular layer [53]. 

Hilar mossy cells are a different cell type, named as such due to the appearance of 

thorny excrescences on the soma and are found in the hilus where they act as 

modulatory neurons [53]. These mossy cells project back into the molecular layer of 

dentate gyrus. The dentate gyrus contains multiple GABAergic inhibitory interneurons, 

such as MOPP  (molecular layer perforant path associated) cells, axo-axonic cells, 

basket cells, HICAP (hilar-commissural associational path) and calretinin-expressing 

hilar cells (CR)1 cells many of which are found within the molecular layer of the dentate 

gyrus, which are thought to have a regulatory effect on granule cell activity and are 

important for memory function [54]. Many of these interneurons are found within the 

hilus of the dentate gyrus, although basket cells and axo-axonic cells originate in the 

granular cell layer, and MOPP cells originate in the outer molecular layer [53].  
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Unlike the dentate gyrus, all three CA regions contain only one excitatory cell type: the 

glutamatergic pyramidal cells . The soma of these neurons are tightly packed to a form 

the pyramidal cell layer [55, 56]. In the CA3 region, apical dendrites are projected away 

from the soma and through the stratum radiatum, stratum lucidum and the stratum 

lacunosum molecular layer. The pyramidal cells receive three means of input within 

these layers not only from the dentate gyrus, but also from the entorhinal cortex and 

from lateral axon collaterals of other pyramidal cells within the CA3 region [52]. 

Pyramidal neurons also contain basal dendrites within the stratum oriens layers 

protruding from the soma [57]. Axons from CA3 pyramidal neurons pass through the 

stratum oriens, where they form the Schaffer collateral (Figure 3), a direct pathway 

from the CA3 to the CA1 subregion [58]. The afferent axons from pyramidal neurons 

in the CA1 region then project out of the hippocampus proper, through the stratum 

oriens and alveus layers away from the hippocampus into the subiculum, the major 

output for the hippocampus proper [59]. The subiculum, which also consists of 

pyramidal cells, send out projections to the surrounding limbic structure, with some 

cells projecting back to the entorhinal cortex as well [60]. 
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Figure 3. The connections between the subregions in the hippocampal 
formation. This image is taken and adapted from the original created by Llorens-
Martín et al., 2014 ([61]) which is available under the creative commons licence. The 
connections between the entorhinal cortex (EC) and the DG and CA3 (red) and CA1 
and subiculum (blue) via the perforant pathway is shown.  

 

The hippocampus is an especially important region for long-term and spatial memory 

[62], which can be seen in patients with dysfunctional hippocampi who show severe 

memory impairment. Lesions to the CA1 subregion resulted in severe memory 

impairment, suggesting that CA1 subregion is particularly important for long-term 

memory [63]. Although the hippocampus has been shown to not as strongly affected 

in DLB as it is in AD, analysis in left, right and total hippocampal volume shows a 

significant decrease in patients suspected with DLB compared to control groups [45]. 

This was also seen when examining DLB patients using brain imaging, which found 

that atrophy of the hippocampus was seen in DLB [64]. Using post-mortem tissue from 

DLB patients has also shown that the hippocampus is affected to a certain extent by 

Lewy body pathology. Whilst studies have shown that there is low Lewy body 

presence, Lewy neurites can be seen most prominently within the CA2/3 regions [41, 

48]. Alpha-synuclein immunoreactivity has also been detected within the EC in DLB 
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patients, which were determined to represent classic Lewy bodies [41, 48, 65]. These 

finding show that Lewy body pathology occurs within the hippocampal region, which 

when accompanied by atrophy in total hippocampal volume, may be responsible for 

the memory and cognitive deficits seen in DLB patients. Neuropathology within the EC 

may contribute to the clinical symptoms seen in DLB patients as well, due to the 

region’s key role in spatial memory and sensory information processing [66]. 

1.1.3. Treatment of DLB 

As with many other neurodegenerative diseases. The search for a treatment which is 

able to target the neuropathology and cure DLB disease has so far proved largely 

unsuccessful. DLB patients are treated for their symptoms, but due to contra-indication 

and side-effects of the drugs, the availability of treatment can be limited. DLB patients 

have severe sensitivity to antipsychotic drugs (such as haloperidol) including severe, 

sometimes irreversible parkinsonism and impaired consciousness, which should 

therefore be avoided. Guidelines have listed different treatments to treat the various 

symptoms seen in DLB [17]. Cholinesterase inhibitors for example, such as donepezil, 

have been administered to patients showing memory and attentional problems, and 

SSRI drugs [67] are used to treat symptoms such as depression. Whilst these might 

treat the symptom, finding a treatment for DLB would be beneficial for actually 

targeting the neurophysiological processes that cause DLB, and therefore detailed 

research into the disease is important.  

1.2. Role of alpha-synuclein in DLB 

1.2.1 Aggregation of alpha-synuclein and Lewy body formation 

The protein alpha-synuclein, which is a major component of Lewy bodies, has been 

identified as a member of the synuclein family. In addition to alpha-synuclein, the 



32 
 

synuclein family also includes beta-synuclein and gamma-synuclein. The alpha-

synuclein gene (SNCA) has been localised to chromosome 4q31, while the beta-

synuclein gene (SNCB) to chromosome 5q35 [68] and gamma-synuclein (SNCG) to 

chromosome 10q23.2- q23.3 [69]. The synuclein family share a high homology with 

each other, with an approximately 61% homology between alpha-synuclein and beta-

synuclein [70], and the synuclein proteins each contain between 127 and 140 amino 

acids [70]. The synuclein family proteins are intrinsically unstructured and contain 

between five to seven imperfect 11 amino acid repeats with the consensus sequence 

KTKEGV [71]. Each member of the synuclein family consists of a lipid-binding N-

terminus and an acidic C-terminus. The alpha-synuclein protein also contains a 

particular segment within the N-terminus, identified as the non-amyloidogenic 

component (NAC) of amyloid protein, which is prone to aggregate [72, 73]. The NAC 

region consists of 35 amino acids and forms a central hydrophobic region of the alpha-

synuclein protein, and is a fragment that has also been found in amyloid plaques 

typically associated with AD 

 

Both alpha-synuclein and beta-synuclein are predominantly found in the CNS. Whilst 

gamma-synuclein can be found within the brain, gamma-synuclein is predominantly in 

the peripheral nervous system. Additionally, the SNCG gene overexpression 

(otherwise known as the BCSG1) was identified as a possible marker of breast cancer 

[74], suggesting a wider role of the protein outside the brain.  

Research has shown that alpha-synuclein has an important role in many different 

functions, including the  regulation of the vesicular pool in presynaptic nerve terminals 

[75]. These particular functions are closely related to its localisation, as alpha-
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synuclein is normally found predominately within the presynaptic membranes in most 

neurons in the CNS [76]. Alpha-synuclein has been shown to be involved in other 

neuronal functions, including for example lipid binding [77]. Alpha-synuclein is an  

intrinsically unstructured protein and so can be found freely within the presynaptic 

terminal, but also may also be lipid-bound [78]. Alpha-synuclein protein is able to bind 

to lipid membranes through its N-terminus section. This amino-terminal section, which 

contains multiple lysine residues, binds to negatively charged proteins.  

Beta-synuclein protein is also found within the presynaptic nerve terminals, similarly 

to alpha-synuclein [79]. Coupled with the high homology to alpha-synuclein, this has 

led researchers to suggest that beta-synuclein plays a similar cellular role as alpha-

synuclein. As part of my project focuses on beta-synuclein, this particular protein will 

be discussed in more depth later. 

The current understanding of Lewy bodies formation and neuropathological process 

has mostly been inferred from information collected from PD studies, with there being 

relatively little information on DLB pathology itself.  Whilst it is unknown whether the 

process is exactly the same in both DLB and PD, the presence of Lewy bodies in both 

diseases, as well as several alpha-synuclein aggregates intermediates, might suggest 

that Lewy body formation may develop in a similar fashion to PD. Efforts to examine 

Lewy body pathology progression in DLB specifically has suggested that within the 

cerebrum pathology is initially seen in the amygdala, and then seen later in the limbic 

cortex and then the neocortex, however the progression of pathology within other 

subcortical regions have not been examined [36].  

PD research has shown that there are three major ways which can increase the 

probability for the aggregation process; multiplication (either duplication of triplication) 
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of the SNCA gene, a mutation of the SNCA gene or post-translational modification of 

the protein. During the aggregation process alpha-synuclein’s secondary structure is 

altered to produce aggregation prone proteins (Figure ).  

 

Figure 4. Progression of alpha-synuclein fibrillisation, Lewy bodies formation 
and cellular dysfunction. When alpha-synuclein receives post-translational 
modifications (PTMs) or become mutated, its secondary structure is altered into an 
alpha-helical formation. These altered alpha-synuclein proteins can form dimers and 
densely packed fibrils, which can cause cellular dysfunction. Alpha-synuclein also 
forms a large part of the Lewy body aggregate. Lewy bodies also contain other proteins 
including ubiquitin (darker, small circles) and tau protein (lighter, large circles).   

 

Aggregation of these proteins cause the generation of beta-sheet rich insoluble 

oligomers and fibrils, which bind with other oligomers form a large component of Lewy 

bodies and Lewy neurites [80]. Lewy bodies are typically between 5-25µm in diameter, 

with an eosinophilic core and an outer zone containing alpha-synuclein filaments, 

roughly 5-10nm in diameter  surrounding the core [42, 81]. Whilst alpha-synuclein is a 

key component, Lewy bodies are comprised of other proteins as well, including 

ubiquitin [82], Parkin [83] and in some cases tau [84].  

The identification of the toxic form of alpha-synuclein has been in dispute, however 

common consensus, as reviewed in [85] has suggested that the Lewy bodies found in 
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PD or DLB patients are not primarily responsible for cellular dysfunction, and that in 

fact it is the insoluble oligomeric aggregates which precedes Lewy body formation, 

that are responsible for the toxic effect on the cells. 

  

1.2.1.1. Post-translation modification of alpha-synuclein 

After translation, alpha-synuclein undergoes post-translation modification which 

involves the addition of several different molecules such as phosphate or ubiquitin, or 

the removal of a fragment of the protein through truncation.  

Phosphorylation of alpha-synuclein in particular has been widely researched after the 

identification of phosphorylated alpha-synuclein at serine-129 (pS129) in cingulate 

and temporal cortex of DLB patients [86]. Studies have shown that phosphorylation at 

the site S129 can alter alpha-synuclein interaction with other proteins and is able to 

directly affect alpha-synuclein turnover. A significant accumulation of pS129 alpha-

synuclein has been found in DLB brain tissue, highlighting a possible connection 

between increased pS129 and DLB pathology, although whether this significant 

increase in pS129 within Lewy bodies indicates a direct association between alpha-

synuclein and neuropathology seen in DLB is not fully understood [87]. A similar 

relationship between alpha-synuclein phosphorylated at S129 and alpha-synuclein 

fibrillisation was seen in mice models as well [88]. It was discovered that 

phosphorylation of alpha-synuclein is caused predominantly by the enzyme Polo-like 

kinase 2 (PLK2) and an increase in PLK2 has been seen in DLB patients [89], thus 

highlighting further the increased phosphorylation of alpha-synuclein in DLB 

pathology. 
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Alpha-synuclein protein is also susceptible to nitration. When mitochondrial release 

the reactive oxygen species (ROS) peroxynitrile (ONOO-) into dopaminergic cells, this 

highly reactive nitrate reacts with alpha-synuclein protein, causing alpha-synuclein to 

fibrillise and form aggregates. Oligomeric alpha-synuclein isolated from DLB patients 

have identified the presence of nitrated alpha-synuclein, which may be associated with 

mitochondrial damage [90]. This has been supported by a cell model expressing 

nitrated alpha-synuclein, which was shown to cause cytotoxicity [91].  

Ubiquitination of alpha-synuclein is another common modification of alpha-synuclein 

protein which is able to affect alpha-synuclein function. It has been shown that alpha-

synuclein inclusion found in DLB patients contain ubiquitinated alpha-synuclein, which 

was not seen in control groups [92].  There have been  several regulatory proteins 

implicated in the degradation of alpha-synuclein aggregates, which includes the major E3 

ligases Nedd4 and CHIP (C-terminus of U-box domain of co-chaperone Hsp70-interacting 

protein). Whilst Nedd4 initiates the alpha-synuclein ubiquitination through lysine-63 [93, 94], 

CHIP mediates alpha-synuclein ubiquitination through its U-box domain to bind to alpha-

synuclein protein [95]. Whilst these two E3 ligase have been shown to recognise and bind to 

specific sequence within the  alpha-synuclein gene, promoting the addition of polyubiquitin 

chain and its degradation through the lysosomal pathway, a different E3 ligase, SIAH-1 (seven 

in absentia homolog) [96], has been shown to ubiquitinate alpha-synuclein but does not target 

it for degradation. Instead SIAH-1, which is thought to ubiquitinate alpha-synuclein at four 

possible lysine residues (K21, K23, K32 and K42) was shown to promote alpha-synuclein 

aggregation and increased cell toxicity by increasing alpha-synuclein insolubility [96]. Although 

the exact mechanism by which this occurs is not known, this does suggest that the various 

regulatory proteins have different effects on alpha-synuclein degradation. 

 C-terminally truncating alpha-synuclein has been shown to alter alpha-synuclein 

structure, leading to increased fibrillation of alpha-synuclein and accelerated 
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aggregation of the protein. There are a few candidates for proteins which proteolyse 

alpha-synuclein to form this truncated protein, such as neurosin, Matrix 

metalloprotease 3 and calpain I [97-100] When cleavage occur within the N-terminus, 

near the NAC region, this may have a more beneficial role and reduce aggregation, 

however if cleavage occurs within the C-terminus, roughly after 97 amino acids, this 

may increase aggregation [101]. Lewy bodies isolated from DLB patients have 

determine the presence of truncated alpha-synuclein protein, further highlighting its 

role in DLB pathology [48, 101]. 

1.2.1.2. Alpha-synuclein genetic mutations in DLB 

In addition to the post-translational modification of alpha-synuclein, mutations in the 

alpha-synuclein protein has also been shown to be involved in DLB pathology. Not 

surprisingly, the majority of these mutations occur within the alpha-synuclein gene. 

Typically these mutations of alpha-synuclein occur near the NAC region of the protein, 

which has been shown to be an important region for the binding to other alpha-

synuclein proteins and may initiate the aggregating process [102, 103]. Whilst the 

alpha-synuclein mutation A53T has been identified in PD patients who have reported 

dementia as a symptom, whether it is also seen in DLB patients is still not completely 

clear. The alpha-synuclein mutant E46K is another possible DLB specific mutation. 

The E46K mutated SNCA gene in a probable case of DLB was detected in a family 

from the Basques Country. The family in question showed Lewy bodies and Lewy 

neurites present in the substantial nigra, locus coeruleus and the hippocampus, and 

shows symptoms of visual hallucination and impairment in attention, which are signs 

of DLB pathology [104].  
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1.2.2. Cellular dysfunction in DLB 

Whilst the process of neurodegeneration can be complex, there are several key 

processes which are consistently compromised. Whether these are caused by 

aggregating proteins directly is still largely uncertain. Disruption in synaptic function, 

decreased autophagy processes and mitochondrial dysfunction are three such cellular 

processes affected in multiple neurodegenerative diseases [105-108]. The exact 

biological pathological underlying the DLB in particular is not so generally well-known, 

and as such the literature behind DLB is not very extensive. However, the available 

literature examining tissue taken from DLB patients have highlighted specific cellular 

dysfunctions in DLB.  

Synaptic function is a fundamental process which underpins neuronal transmission. 

Neurons communicate by sending neurotransmitters from a presynaptic nerve 

terminal, across the synaptic cleft, which then binds to receptors, continuing the action 

potential propagating down the post-synaptic neuron. This process has been found to 

be severely affected in DLB cases, which can be accompanied by a reduction in the 

dendritic spines, resulting in fewer connections between neurons, and an impairment 

in the neurotransmitter pool [109].  

Autophagy is the process of segregating and degradation of damaged protein, 

organelles and debris. When autophagy is initiated, a double-membrane structure, a 

phagosome, is recruited to the area, where it encircles the target. The autophagosome 

fuses to form a continuous double membrane around the debris. Once completed, 

lysosomes are then recruited, where they bind to the autophagosome. Lysosomes 

contain a plethora of enzymes, such as several cathepsin proteins. These enzymes 

are released into the autophagosome, which degrade the substrates within. Certain 

papers examining the autophagosome-lysosomal pathways in synuclein-related 
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pathology has provided some evidence of reduced lysosomal function, includes 

reduced lysosomal enzyme production and reduced clearance of autophagosomes 

[110, 111]. As cell death occurs, lysosomes are recruited to enhance degrade debris 

within the cells. In addition to lysosomal disruption, autophagosome function is often 

affected in DLB as well, through the impairment of autophagosome clearance, which 

overloads the autophagy system and prevents proper cell debris and protein 

degradation [112].    

As mentioned earlier, mitochondrial dysfunction is another example of cellular 

dysfunction which occurs during neurodegenerative diseases. Mitochondria have a 

diverse range of functions within the cell, including ATP production, calcium signalling 

and ROS production [113-115]. Mitochondria and alpha-synuclein in particular has 

been shown to be closely linked [116], which is further supported by the relationship 

between mitochondrial function and DLB, where for example DLB patients were shown 

to have significantly reduced mitochondrial complexes I-IV compared to control groups 

[116, 117]. Such changes in mitochondrial function will be discussed in the following 

section.  
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1.3. Mitochondrial function in Synucleinopathies 

1.3.1. Mitochondrial structure and function 

 The generation of energy as ATP is a necessity for all cellular function and is achieved 

mostly via organelles called mitochondria, which are found abundantly within neurons 

throughout the nervous system. Mitochondria have a diverse number of functions in 

addition to energy production, such as its important role in calcium storage and 

neuronal survival [118, 119]. Mitochondria are unique organelles as they contain their 

own DNA, which is distinct from the chromosomal genome [120]. This mitochondrial 

DNA encodes for certain proteins, which are directly related to mitochondrial function 

and structure, however the majority of proteins required for mitochondrial function are 

imported through complex processes [120]. 

Mitochondria themselves are often varied in shape, but they contain in the centre a 

fluid matrix. This matrix is encased by the inner mitochondrial membrane (IMM), which 

is itself encased by a second membrane, known as the outer mitochondrial membrane 

(OMM) [121]. Both membranes contain many different proteins and channels which 

allow the passage of certain proteins through the double membranes into the matrix. 

Due to the fact that the majority of mitochondrial structural proteins are transcribed in 

the cell nucleus and not from mtDNA, the mitochondrial structural proteins need to be 

translocated through the mitochondrial membranes, the process of which has been 

reviewed before [122]. One of the key machineries in the transport of proteins into the 

mitochondria is the Tom and Tim complex proteins (Figure 5). The Tom proteins are 

situated on the outer mitochondrial membrane, with the Tim proteins on the inner 

mitochondrial membrane. The complexes are comprised of multiple subunits, with 

Tom40 and Tim23 forming the central pore proteins of the Tom and Tim complexes 

respectively [123]. The surrounding subunits play a role in guiding the traversing 
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proteins towards and through the complexes and across the mitochondrial membrane 

in towards the mitochondrial matrix.  

 

Figure 5. Tim and Tom machinery structure. Tom40 and Tim23 form the major pore 
within the OMM and IMM respectively. The Tom and Tim complex contains several 
different subunits (numbered) which help to direct the import of protein from the cytosol 
into the IMS and matrix respectively.  

 

 In addition to these transport proteins, there are multiple proteins required for the 

biochemical processes which occur within the mitochondria during respiration. The 

predominant location for the production of ATP takes place within the IMM. The 

electron transfer transport chain (ETC) is the major site of respiration and is comprised 

of multiple complexes (complexes I- IV) [124]. Electrons on complex IV, transferred 
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via a series of redox reactions along the ETC, are used to convert ADP to ATP, which 

is utilised by the cell as a form of energy.  

Both NADH (nicotinamide adenine dinucleotide) and FADH2 (flavin adenine 

dinucleotide) are cofactors released from the tricarboxylic acid cycle (TCA) and have 

a prominent role in metabolism [125]. During the TCA cycle, three NADH molecules 

are produced from NAD+, as a result of the dehydrogenation of isocitrate, alpha-

ketoglutarate and malate as seen in the review by [125]. FADH2 on the other hand is 

produced from FAD, as a result from the oxidation of succinate into fumarate, 

catalysed by succinate dehydrogenase, an enzyme found on the inner mitochondrial 

membrane and which also participates in the electron transport chain as well as the 

TCA [126]. NADH and FADH2 become oxidised by complex I and complex II of the 

ETC, which subsequently releases protons into the mitochondrial matrix [127]. These 

protons are used to fuel the proton motive force across the mitochondria and is 

ultimately linked with the membrane potential across IMM. Protons are pumped out 

into the inter membrane space, via complex I – IV, which then drives the flow of protons 

back into the mitochondrial matrix through the enzyme F1F0 -ATPase, which comprises 

of two major subunits, the F1 and F0 subunits [128]. F1F0-ATPase catalyses the 

phosphorylation of an ADP molecule that binds to the F1-stalk to form ATP [129]. 

Whilst ATP is produced during the Kreb’s cycle, in the matrix, as well as during 

glycolysis, which is an oxygen–independent process, the majority of ATP produced 

(34 ATP) is from the ETC. Dysregulation in F1F0- ATPase has been previously shown 

to be involved in  neurodegenerative diseases such as AD, which leads to a decrease 

in oxidative phosphorylation [130].  

The mitochondrial membrane potential is generated by the net flow of proton pumped 

from the ETC within the IMM into the IMS down a proton gradient, leading to an overall 
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negative charge across the mitochondrial membrane [131]. It is a crucial aspect of 

mitochondrial function, as not only does it drive the generation of ATP through 

oxidative phosphorylation by the F1F0-ATPase complex, it is also necessary for the 

import of charged proteins into or out of the mitochondria, with cations preferentially 

moving into negatively-charged mitochondria, and anions moving outwards. This 

import process is important as the majority of mitochondrial structural proteins are 

translated in the cell nucleus. Many of these nuclear-encoded mitochondrial proteins 

often contain a mitochondrial targeting sequence (MTS) within its N-terminus, which 

guides them towards the correct mitochondrial compartment [132]. The mitochondrial 

membrane potential and ATP in mitochondria function are therefore important in 

mitochondrial stability and function and so are maintained at a stable level.  

The mitochondrial membrane potential also has a direct effect on the permeability of 

the mitochondrial membrane, which is controlled mostly by the mitochondrial 

permeability transition pore (mPTP). The mPTP is a transport protein complex found 

throughout both the OMM and IMM that will in the case of Ca2+ ions overload open, 

which therefore rapidly increases the permeability of the membrane, and allows the 

influx of large proteins with a size of up to 1.5kDa [133, 134]. This process was first 

explored in 1979 by the scientists Haworth and Hunter [135]. Aside from Ca2+ 

overload, the opening of the mPTP pore can also be affected by certain metal ions 

(such as Mg2+), metabolic environment, pH or ROS levels [136]. When the mPTP 

opens and ions diffuse across the membrane, this causes rapid depolarisation in the 

mitochondrial membrane potential, leading to further mitochondrial function 

impairment, including ATP depletion through mitochondrial uncoupling and inhibition 

of oxidative phosphorylation, and ultimately mitochondrial swelling [137]. The mPTP 

has been found to contain two major complexes; these include the proteins VDAC 
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(voltage dependent anion channel) and ANT (adenine nucleotide translocator). VDAC, 

which is dependent on the mitochondrial membrane potential to open, is found 

embedded within the OMM, and forms a large part of the pore leading into the IMS 

from the cytoplasm. When the mitochondrial membrane potential is altered this has a 

direct effect on the probability of mPTP opening. ANT contains a dimer forming a pore 

through the IMM. ANT in particular was determined to be an essential component of 

the mPTP, which is responsible for the transfer for ADP into the matrix, which has 

been converted from ATP [138]. As well as these two major proteins, there are other 

smaller regulatory protein which are also part of the mPTP complex. For example, the 

cyclophilin D protein has been found to bind to the ANT protein; in particular found 

within the matrix section of the ANT protein. The function or importance of the mPTP 

has been explored since the emergence of various drugs and compounds which have 

been found to alter mPTP activity, including the drug cyclosporin A. Cyclosporin A 

(CsA) has been used clinically, typically used to suppress the immune response during 

organ transplantation. Further research into its method of action, discovered that it is 

able to prevent the mPTP from opening. In particular, the drug is thought to act by 

binding to the protein cyclophilin D (CypD). The CypD/CsA complex has been proven 

to inhibit the production of the enzyme calcineurin which is able to stimulate an 

inflammatory response [139].   

1.3.2. Mitochondrial alterations in synucleinopathies 

Mitochondrial dysfunction is one the core features in PD and DLB pathology (an 

overview is seen in Figure 6 below). Post-mortem brain tissues taken from PD and 

DLB patients have shown alteration in mitochondrial function. For example frontal 

cortex tissues taken from DLB patients have reduced mRNA and protein expression 

of mitochondrial ETC subunits and is associated with a reduced activity in four 
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mitochondrial complexes (complex I - IV) [117]. The examination of post-mortem brain 

tissues from PD patients have also shown an impairment in energy production, as 

seen as a reduction in ATP synthase within the SN [140]. Inhibition of complex I was 

found to be severely reduced in PD patients [141, 142]. 

 

Figure 6. Overview of mitochondrial disruption in response to alpha-synuclein 
aggregates. Alpha-synuclein aggregates have been found to cause mitochondrial 
dysfunction. In particular, alpha-synuclein aggregates can prevent mitochondrial 
import into the mitochondria, cause disruption in Drp1 and Opa1 expression, cause 
disruption in mitochondrial membrane potential, increase OMM-bound Pink1 protein 
and increase  mitophagy and apoptosis. mPTP = mitochondrial permeability transition 
pore. ΔΨm = mitochondrial membrane potential.  

Due to its major role within synucleinopathies, the effect of alpha-synuclein on 

mitochondrial function has often been explored in models of PD. Alpha-synuclein 

protein, which has been discovered to be able to bind to mitochondria directly [116], 

is able to aggregate and cause mitochondrial disruption.  As was seen with the 

examination of post-mortem brain tissue from PD patients, certain mouse models of 

PD have showed impairments in mitochondrial respiration. Mice overexpressing the 

A53T mutant form of alpha-synuclein presented abnormal activity of complex IV of the 

ETC within the spinal cord [143].  In addition, mice injected with the neurotoxin MPTP, 
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which is commonly to generate PD mouse models, caused impairment in motor 

function as well as reduced ATP levels and increased cell death [144]. Alpha-synuclein 

oligomers within cells are also to disrupt mitochondrial membrane permeability by 

inducing the MPT pore to open, causing the mitochondria to swell,  produce enhanced 

levels of ROS, which was accompanied by increased cell death [145]. Certain cell 

models which overexpress aggregated alpha-synuclein have also showed strong 

mitochondrial impairment, showing inhibition of complex I of the ETC in the 

mitochondria [146].  

Studies on changes in mitochondrial function have also identified abnormalities in 

mitochondrial quality control. Mitochondrial within cell lines containing high levels of 

alpha-synuclein appear fragmented, which is thought to be a result of increased 

mitochondrial fission, indicating a disruption in mitochondrial dynamics, and was able 

to be reversed when mitochondrial fusion was promoted  [147].  

Whilst sporadic causes of neurodegenerative diseases are more common, 10% of 

most neurodegenerative disease are familial in form. In patients with PD, the more 

common genetic mutations occur within proteins involved in the mitophagy process: 

the Pink1 and Parkin mitophagy genes. Mutations in the serine/threonine kinase Pink1 

for example have been shown to cause early-onset recessive hereditary PD. Multiple 

Pink1 mutations have been identified, including Q129X, G440E, Q456X and many 

others, which have been shown to occur throughout the entire Pink1 protein [148]. 

Some of the Pink1 mutations, the Q129X and mutation G440E in particular, was found 

to occur in a homozygous state and were shown to be the most pathogenic mutations. 

Using mouse models expressing mutations in Pink1, a deficiency in complex I of the 

ETC was seen, showing that it can cause a disruption in the normal function of the 

mitochondria by affecting ATP generation [149].  
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Aside from Pink1, mutation in the protein Parkin, an E3 ubiquitin ligase coded by the 

gene PARK2, has been discovered in PD patients. Mutations in Parkin has in particular 

been associated with autosomal recessive PD in adults over 45 years of age, 

presenting as an early-onset form of the disease [150]. Research also found that 

Parkin was localised to Lewy bodies in both PD and DLB patients, supporting the 

importance of Parkin in synucleinopathies. Parkin, which can be found in the 

cytoplasm, facilitates the covalent addition of ubiquitin onto OMM surface proteins and 

so works together with Pink1 to target damaged mitochondria for uptake into the 

autophagosomes [151]. It has been shown that Parkin deficiency can promote 

mitochondrial dysfunction and an increased susceptibility to oxidative stress [152]. A 

common form of Parkin mutation was found as single-nucleotide substitution within 

exon 7, where a cysteine in position 924 (C924T) is converted to a threonine amino 

acid, identified in the SN from a PD patient  [83]. Several other mutants of Parkin have 

been identified, including R42P, R275W, A240R, and T415N  [153]. These mutations 

listed all occur within the ubiquitin-like domains in the N-terminus of Parkin (RING-1 

and -2 domains) which are zinc-associated and provides stability to the protein 

structure. The Parkin mutations were shown to have reduced ubiquitination, affecting 

mitophagy activity [153]. Using another Parkin mutant, Q311X, researchers have 

developed a Parkin-related mouse model, where the mutant Parkin protein is 

expressed under a dopamine transporter promoter [154]. These mice showed 

increased alpha-synuclein accumulation, oxidative damage, dopaminergic neuronal 

loss, as well as exhibiting motor impairment.  

1.3.3. Mitochondrial quality control  

Due to their complexity as an organelle and their important role in production energy 

for the cells, they are at high risk of dysfunction, which can be devastating when it 
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occurs. Mitochondria have therefore developed certain regulatory systems by which 

they can ensure mitochondrial population quality is upheld. These processes involved 

both mitochondrial dynamics and mitophagy processes.  

Mitochondria are able to directly affect the general mitochondrial population by 

interacting directly with other mitochondria. The total number of mitochondria within 

the cells is not constant, with the numbers either slightly increasing or decreasing 

constantly. Mitochondria are able to undergo either mitochondrial fusion or fission, 

which causes mitochondria to either fuse together or divide into two mitochondria, 

respectively. During mitochondrial fusion, the receptor proteins Mitofusin 1 and 

Mitofusin 2 embedded on the OMM fuse with the same protein on the OMM of a 

second mitochondria. During mitochondrial fusion, the receptor proteins Mitofusin 1 

and Mitofusin 2 localised on the OMM fuse with the same protein on the OMM of a 

second mitochondria. Once they bind together, the OMM is broken down, exposing 

the IMM of both mitochondria. Opa1 proteins on the inner membranes of both 

mitochondria, then bind together in a similar manner, which then allows the IMM to 

lyse. The IMM and OMM binds again with the second mitochondria, which then forms 

a continuous membrane across the combined matrices, forming a new elongated 

mitochondrion [155]. During mitochondrial fission, a single mitochondrion is split into 

two smaller individual mitochondria. Here, it is thought that the mitochondrion 

undergoing the mitochondrial fission is encircled by a multimeric ring of the 

mitochondrial fission protein Drp1. The Drp1 ring encircles the mitochondrion, causing 

the mitochondrial membranes to lyse, and then split to form two completely new 

mitochondria. Whilst Drp1 is regarded as the major protein in mitochondrial fission, 

additional mitochondrial fission proteins Fis1 and Mff can also be found on the OMM 

and are involved in the mitochondrial fission process [156].  
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These two processes are finely balanced, and under normal conditions, they work 

together to ensure the mitochondrial population is functional. This system works to 

help prevent the unhealthy mitochondria from also fusing with healthy mitochondria, 

[157].  

The process by which mitochondria is removed from the cells is also very important 

and so mitochondria need to have close connection with autophagy proteins. 

Autophagy is the process by which damaged organelles are engulfed by 

autophagosomes, broken down by enzymes secreted by lysosomes which fuse with 

the autophagosomes [158]. Mitochondria have a specific link with the autophagy 

process, leading to the process known as mitophagy [159]. Here, mitochondria single 

themselves out for the mitophagy process, where autophagosomes are recruited to 

the mitochondria and are then lysed by enzymes within the lysosomes. Damaged 

mitochondria are able to attract autophagosomes through the expression of the 

proteins Pink1 (PTEN-induced putative kinase 1) and Parkin [160]. Pink1 is a 

mitochondrial serine/threonine kinase, normally localised in the IMM. Pink1 is a 

nuclear-encoded protein, and therefore translocates to the mitochondria from the 

nucleus. Pink1 proteins contain an MTS which is responsible for the transport into the 

mitochondrial matrix, via the Tom and Tim complexes. Upon reaching the 

mitochondrial matrix, Pink1 is cleaved by the mitochondrial enzyme Presenilin 

Associated Rhomboid Like protease (PARL) at position Ala-63 and Phe-104; reducing 

the originally 63kDa protein to a roughly 53kDa protein [161]. This causes the protein 

to be further sorted into the IMM. When mitochondria undergo damage, Pink1 protein 

migrates to the OMM, causing Pink1 protein to accumulates on the OMM and are then 

auto-phosphorylated. The activated Pink1 proteins then phosphorylate the OMM 

protein ubiquitin at serine 65. Additionally Pink1 proteins also phosphorylate the 
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ubiquitin-like domain on Parkin, activating Parkin and stimulating the degradation of 

the mitochondria [162]. Additionally, when mitochondrial damage occurs, the import of 

the Pink1 protein through Tom20 is blocked, which prevents uptake of Pink1 into the 

mitochondria through the OMM, further increasing the accumulation of Pink1 on the 

OMM. 

Aside from ATP generation, one of the roles of the mitochondria involves the release 

of ROS and the initiation of pathways involved in cell death, where notably the 

apoptotic protein cytochrome C is released. Once the mitochondria undergo severe 

damage, the OMM is lysed, allowing the release of proteins situated in the 

mitochondrial IMS out into the cytoplasm [163]. Cytochrome C normally has an 

important role within the ETC [164], where it acts to transfer electrons from complex 

III and complex IV. Cytochrome C itself has been proposed to stimulate ROS 

production. ROS molecules include hydrogen peroxide (H2O2), superoxide anions 

(O2
-), hydroxyl radical (OH●), and the free radical nitric oxide (NO) [165]. These 

molecules are normally released as by-products and are produced by the mitochondria 

as a result of mitochondrial metabolism. ROS molecules are therefore generated from 

the ETC, which is the site of oxidative phosphorylation in mitochondria. The generation 

of ROS under normal metabolic conditions is thought to play a role in various cellular 

signalling pathways including the cell cycle [166]. For example H2O2 is constantly 

released into the cytoplasm and is thought to be involved in signal transduction, 

oxidative stress response and cell apoptosis [167]. However, when mitochondria are 

damaged, the generation of cytosolic oxidants are increased to a significant amount, 

which go on to cause further harm to the cell by damaging DNA, RNA and proteins in 

the cell. H2O2 may be generated through several different ways; for example H2O2 can 

be generated through the enzyme mono-amino oxidase, which is found on the OMM 
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and converts O2 to H2O2 [168]. Studies have also showed that the H2O2 originates from 

the free radical superoxide (O2
●-) generated from mitochondrial respiration [169].  

A major mitochondrial sub-compartment for ROS production was shown to be complex 

III of the ETC, where O2 is converted to superoxide, O2
●- [165]. The O2

●- molecules 

are generated from the part of complex III known as ubiquinone (Q), through the 

reduction of O2 molecules. The Q complexes are found on two sites on the IMM; with 

one facing the matrix (Q1) and the other facing the IMS (Q0). At both sites, the Q 

complex catalyses the conversion from O2 to O2
●-, which is then released into the 

matrix (Q1) and the IMS (Q0). The O2
●- molecules are then further converted to H2O2 

by the enzyme Mn-superoxide dismutase (Mn-SOD), a form of SOD which has been 

found in the mitochondrial matrix and the IMM [170, 171], the chemical process of 

which is discussed in detail in the review [172].  

When hydroxyl radicals are excessively produced, they can have a lethal effect on the 

cell, causing intense damage to even lipids and carbohydrates. Hydroxyl radicals are 

produced by the interaction between H2O2 and O2
●- [173]. Research into this 

interaction have suggested that hydroxyl radicals are produced through the Fenton 

reaction. This reaction involves the reduction of iron ions (Fe2+), which acts as ligands 

for both H2O2 and O2
●-. Under the Fenton reaction, Fe2+ reacts with H2O2 to form the 

OH● radical, Fe3+ ion, and hydroxyl ion (OH-) [174]. The Fe3+ ion then reacts with O2
●

- to form O2 and another Fe2+ ion. These iron ligands are known to be abundant within 

the mitochondria, and so this reaction readily occurs during oxidative stress conditions, 

leading to significantly increased OH
● 

and severe cell damage.  

The free radical NO has also been identified as an important ROS molecule. This free 

radical is produced by the enzyme nitric oxide synthase (NOS), which converts L-
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arginine and O2 to NO [175]. There have been reports of NOS expression in all 

mammalian cells, including the endothelial and neuronal NOS isoforms. Certain 

papers have debated the presence of NOS found in mitochondria specifically, with 

some studies showing that NOS can be found specifically in the IMM; this is discussed 

in the review [176]. This NO is also then thought to have an effect on the mitochondria 

itself. NO is known as a vasodilator, which affect blood flow and oxygen release, which 

can indirectly affect blood supply to mitochondria, which disrupts respiration. In 

addition, NO can directly and reversibly bind to cytochrome C oxidase in the ETC and 

by doing so compete with O2 which usually binds to cytochrome C [177].  

1.3.4. Final comments 

As mitochondrial dysfunction is one of the defining features of any neurodegenerative 

diseases, including PD and DLB, there is an increasing need to further our knowledge 

about the precise mechanisms that underlie the mitochondrial dysfunction seen in 

these diseases. Further information about how mitochondrial dysfunction which occurs 

within DLB patients specifically might provide possible targets for treating DLB.  
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1.4. Beta-synuclein  

1.4.1. Beta-synuclein structure and function 

The protein beta-synuclein, then known as the protein phosphoneuropeptide-14 (PNP-

14), was first isolated from the bovine brain and was shown to have a molecular mass 

of  16kDa and consisted of 134 amino acids [178]. PNP-14, isolated from the human 

brain, was then found to show to be highly homologous to the 140 amino acid peptide 

discovered in the Torpedo Californica, known as alpha-synuclein [70]. It was then 

discovered that human beta-synuclein was ∼61% homologous to alpha-synuclein, 

showing that the structure of beta-synuclein is very similar to that of alpha-synuclein. 

Furthermore, the molecular weight of beta-synuclein, at 16kDa, has also been 

discovered to be comparable to that of alpha-synuclein (14kDa) [179]. As with alpha-

synuclein, beta-synuclein is an intrinsically unstructured protein, and contains six 

imperfect 11 amino acid repeats with the consensus sequence KTKEGV. Beta-

synuclein contains a positively charged N-terminus and a hydrophobic C-terminus 

[178, 180]. Research into the structure of beta-synuclein has however shown that the 

major difference between alpha-synuclein and beta-synuclein is the presence of the  

NAC region within the N-terminus. This region, found in the central hydrophobic region 

in alpha-synuclein, has been shown to be important for causing the aggregation of 

synuclein [72]. This NAC region is however not present in beta-synuclein and so this 

has been correlated to its limited fibrillogenic properties. Additionally, unlike alpha-

synuclein, post-mortem analysis has determined there is a lack of the beta-synuclein 

protein within aggregates seen in DLB/PD patients [181, 182]. Currently, little is known 

about the protein beta-synuclein in comparison to alpha-synuclein. However, studies 

have shown that beta-synuclein is expressed, like alpha-synuclein, throughout the 

CNS, and that expression of the beta-synuclein is, as with alpha-synuclein, 
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predominantly found in the presynaptic nerve terminals. Previous studies have shown 

that beta-synuclein can be found in several regions throughout the rat brain, such as 

the olfactory bulb, thalamus, pons, cerebellum, SN and hippocampus, showing a 

similar, although not entirely identical distribution pattern to alpha-synuclein [183, 184]. 

The precise function of beta-synuclein is largely unknown, however due to its proximity 

to alpha-synuclein, it is theorised that it may have similar functions to alpha-synuclein 

and so may have a role in synaptic transmission and vesicular pooling. In support of 

this, analysis into synaptic vesicle content has shown that both alpha-synuclein and 

beta-synuclein can be present within synaptic vesicles [185]. Some studies have also 

shown a possible role of beta-synuclein  as a molecular chaperone, which can prevent 

aggregation of various proteins [186].  

1.4.2. Interaction with toxic proteins 

There have now been a few studies aiming to understand the interaction between 

beta-synuclein and its homolog alpha-synuclein [187-189]. The two proteins are 

thought to be localised in presynaptic terminals, throughout the CNS. The close 

proximity to each other suggests that interaction between the two proteins is at least 

possible. Research has found that when beta-synuclein is added to aggregation-prone 

alpha-synuclein the rate of alpha-synuclein aggregation was reduced and alpha-

synuclein-related cellular dysfunction was alleviated [187-189]. Several different 

studies which have examined the effect of the addition of the beta-synuclein in vitro to 

alpha-synuclein expressing cells have previously been done. One research study used 

HEK293 cells transfected with wildtype human alpha-synuclein, which was then 

subsequently transfected with beta-synuclein [190]. They showed, using co-

immunoprecipitation, that beta-synuclein and alpha-synuclein bind to each other, and 

that while alpha-synuclein accumulation was only seen in the cells expressing human 
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alpha-synuclein alone, cells transfected with beta-synuclein showed significantly 

reduced alpha-synuclein accumulation. In the same study, doubly transgenic mice 

which expressed both alpha- and beta-synuclein were developed. Behavioural 

analysis into these doubly transgenic mice showed an improvement in the motor 

dysfunction normally seen in alpha-synuclein only transgenic mice. In addition, these 

mice did not show the accumulation of alpha-synuclein seen in the alpha-synuclein 

only transgenic mice. These results were also subsequently seen by another research 

group [191]. 

The exact method by which beta-synuclein interacts with alpha-synuclein is not 

completely understood. However, one study has shown that the N-terminus region of 

beta-synuclein protein is particularly important [192]. The study tested different 

truncated versions of beta-synuclein to determine which section of the beta-synuclein 

protein is responsible for the interaction with alpha-synuclein. The study tested the co-

immunoprecipitation between alpha-synuclein and five different beta-synuclein 

peptide fragments from within the N-terminus; 1-15aa (amino acids 1-15), 16-27aa, 

28-38aa, 39-50aa and 51-61aa. They found that the 1-15aa peptide fragment was the 

only one to bind to alpha-synuclein, suggesting it is the first fifteen amino acids that 

are the most important for its binding to alpha-synuclein. The results from these 

studies show that alpha-synuclein and beta-synuclein do interact with each other and 

that beta-synuclein can bind to alpha-synuclein directly, however they did not 

determine at what stage of alpha-synuclein filbrillisation this interaction actually occurs 

in disease; whether the interaction occurs only at the monomeric phase, or later on in 

the process when alpha-synuclein forms dimers and then oligomers. Other studies 

however have shown that the interaction between alpha-synuclein aggregation and 

beta-synuclein most often occurs in the earliest stages of aggregation; however certain 
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papers have seen that alpha-synuclein and beta-synuclein monomeric exhibit weak 

interactions, but when alpha-synuclein dimers are formed beta-synuclein monomers 

show a higher affinity to the alpha-synuclein dimer than an additional alpha-synuclein 

does [182]. Beta-synuclein was also shown to bind strongly to alpha-synuclein 

oligomers as well. This interaction is thought to be behind the anti-aggregating 

property of the beta-synuclein protein, whereby beta-synuclein binds to the NAC site 

of the alpha-synuclein, which is responsible for autocatalytic processes leading to 

aggregation, in effect competing against alpha-synuclein for binding to the NAC site 

and then once bound preventing other alpha-synuclein monomers for reaching the 

autocatalytic site on the surface of alpha-synuclein fibrils. In addition, when beta-

synuclein was overexpressed in an A53T mutant alpha-synuclein mouse model, beta-

synuclein was able to reduce alpha-synuclein accumulation. These results show that 

beta-synuclein has the ability to inhibit the accumulation of both wildtype and the 

mutant A53T form of alpha-synuclein, and therefore is able to play a regulatory role 

within the cell [193].  

The mechanisms behind the binding of beta-synuclein to alpha-synuclein at the 

molecular level is mostly unknown. However, nuclear magnetic resonance 

experiments have examined how the two proteins bind to each other [194]. A transient 

heterodimer formation, formed of an alpha-synuclein and a beta-synuclein protein, 

was seen to inhibit alpha-synuclein aggregation. A dimer is comprised of two proteins, 

which can be oriented in two different ways: either head to head or tail to head. The 

beta-synuclein protein binds to alpha-synuclein in a head to tail configuration, however 

alpha-synuclein has been shown to form homodimers, with either a head to head or 

head to tail, but this results in a weaker and a more transient interaction in comparison 

to the interaction with beta-synuclein [194]. The study showed that the alpha-/beta-
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synuclein heterodimer complex, when arranged in the head-to-tail orientation, hinders 

the formation of alpha-synuclein fibrils. The study also determined a certain region 

within the N-terminus of alpha-synuclein, involved in the interaction between the alpha-

synuclein protein and either alpha-synuclein or beta-synuclein. This particular site is 

able to bind to the negatively charged C-terminus of the second alpha-synuclein or 

beta-synuclein protein, creating the head-to-tail formation. The C-terminus of beta-

synuclein showed subtle differences in residues compared to alpha-synuclein, which 

results in an increased interaction site with the N-terminus region of alpha-synuclein 

[194], suggesting beta-synuclein has a stronger affinity for alpha-synuclein than a 

second alpha-synuclein protein.   

This interaction was seen to be frequently localised to lipid-bilayer surfaces and, 

similar to that seen with alpha-synuclein, beta-synuclein is known to bind readily to 

lipid membranes. When alpha-synuclein binds to lipid membrane, alpha-synuclein 

alters the conformation of the N-terminus, forming an alpha-helical secondary 

structure [77].  Beta-synuclein may also facilitate binding of alpha-synuclein to fatty-

acids on the membrane instead, which promotes the structural conversion of alpha-

synuclein proteins to an alpha-helical structure, rather than a beta-sheet structure that 

is highly hydrophobic and leads to an increase in probability of protein aggregation 

[190]. Beta-synuclein, while it does bind to lipid membranes as well, does not readily 

change conformation, except under certain environmental conditions, for example 

when there are changes in pH [195], in the presence of certain metal ions such as 

Zn2+ or Cu2+ [196], or most notably, when the temperature is raised to above 60oC, this 

can cause beta-synuclein fibrillisation, with the formation of proto-fibrils [182].  

This interaction between similar proteins from the same family has become of great 

interest to researchers, and was found with other proteins as well, including the 
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amyloid-beta protein (Aβ), where the isoform Aβ42 is prone to become aggregated, 

whereas Aβ40, was found to be more resilient to aggregation, and when expressed 

with Aβ42 was able to reduce the extent of aggregation [197]. Research into alpha-

synuclein role in diseases such as PD has also brought up evidence for the interaction 

between alpha-synuclein and the AD-related cytoskeletal protein tau, as tau protein 

has also been identified in Lewy bodies taken from PD patients [84], showing strong 

evidence for the mutual interaction between alpha-synuclein and tau protein. Due to 

the homology between alpha-synuclein and beta-synuclein, it is possible that beta-

synuclein might be able to influence the tau proteins as well, and there is some 

evidence that tau protein is able to bind to beta-synuclein protein [198]. The effect of 

beta-synuclein on other toxic proteins is however largely an unexplored area of 

research and so little is known about it.  

1.4.3. Mutations in beta-synuclein  

As mentioned before, the beta-synuclein protein was not found to contain the NAC 

region which is present in alpha-synuclein protein. This region is thought to be 

important for alpha-synuclein aggregation, and its absence in beta-synuclein protein 

suggests that beta-synuclein does not readily aggregate under normal physiological 

conditions. However, beta-synuclein has been shown to aggregate when the beta-

synuclein gene become mutated, although whether or not these beta-synuclein 

aggregates are as damaging to the cells as alpha-synuclein aggregates is unknown. 

Two forms of mutations in the beta-synuclein gene, P123H and V70M (Figure 7), have 

recently been identified in DLB patients. The V70M beta-synuclein mutation has been 

found in sporadic DLB patients, whereas P123H is associated with familial cases of 

DLB [199].  
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Figure 7. Mutations within beta-synuclein. Beta-synuclein is a 134 amino acid (a.a.) 
length protein. There are two major beta-synuclein mutations (indicated by the red 
arrows) – V70M and P123H. Six imperfect KTKEGV repeats are found within the N-
terminus of the beta-synuclein (sections shaded in grey).  

 

1.4.4. Cellular dysfunction 

Research into beta-synuclein has looked at the effect of both wildtype and mutant 

beta-synuclein on cell function, including changes in synaptic function [200], 

proteasomal activity [187], autophagy and mitochondria function. Of these functions, 

this next section will focus on the effect of beta-synuclein on autophagy and 

mitochondria in particular, due to their relevance in my project. A summary of the 

pathological changes caused by wild-type and mutated beta-synuclein can be seen in 

the following table: 
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Reference Beta-synuclein form Model type Neuropathy 

Taschenberger et al., 
2013 

Wildtype Rat-nigrostriatal neurons 

Mitochondrial 
fragmentation; ion handling 

and respiration was not 
altered. 

Evans et al., 2019 Wildtype/V70M HeLa cells 
Increased LC3II levels; 

attenuation of autophagy 
flux 

Wei et al., 
2007 

V70M/123H 
B103 neuroblastoma 

beta-synuclein 
overexpressing cells 

Enhanced lysosomal 
pathology (cathepsin B, 

LAMP2 and GM2) 

Fujita et al., 
2010 

P123H 
P123H beta-synuclein 

transgenic mice  

Beta-synuclein 
immunoreactive axonal 

swelling; gliosis 

Sekigawa et al.,  
2012 

 
P123H 

P123H beta-synuclein 
transgenic mice 

Mild oxidative stress; 
normal mitochondria 

Table 1. Summary of studies investigating beta-synuclein related cellular 
dysfunction.  

1.4.4.1. Beta-synuclein and autophagy 

Alpha-synuclein has previously been proven to significantly impair autophagy 

response [201], and so research has turned its attention to beta-synuclein. In a recent 

study conducted by Evans et al., 2019, the relationship between beta-synuclein in DLB 

patients and autophagosomes was explored [202]. The study examined changes in 

autophagy markers in the frontal cortex and occipital cortex of post-mortem tissue 

taken from DLB patients. Using the marker LC3-II and p62,  an increase in 

immunostaining within beta-synuclein containing cells was seen, showing an increase 

in autophagic activity. Both BE(2)-M17 neuroblastoma cells and Hela cells 

overexpressing either wildtype beta-synuclein or V70M mutant beta-synuclein showed 

a consistent increase in LC3-II protein levels. Alterations in autophagy flux can be 

assessed using the autophagosome-lysosomal fusion inhibitor, chloroquine. The 
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paper found a more pronounced increase in LC3-II protein levels when chloroquine 

was added to the beta-synuclein and V70M beta-synuclein mutant cells. In this study, 

chloroquine alters the autophagy flux which can be measured by calculating the 

difference in protein levels between beta-synuclein overexpressing cells with and then 

without chloroquine. The study by Evans et al., also determined that both beta-

synuclein wildtype and the mutant V70M were able to significantly reduce the 

autophagy flux in comparison to the control cells, however little difference could be 

seen between the wildtype and V70M mutants. 

Lysosomes have the ability to bind to autophagosomes, and release enzymes to 

digest the substrates within. When the autophagy demand is high, this will lead to an 

increase in lysosomal protein. One research group found that whilst cells 

overexpressing wildtype beta-synuclein did not show an increase in the lysosomal 

enzyme cathepsin B, the beta-synuclein mutants P123H and V70M both showed a 

strong increase in cathepsin B activity, and in this experiment both the beta-synuclein 

mutants showed an even greater increase in cathepsin B than alpha-synuclein 

overexpressing cells. To support these results, the effect of overexpressing beta-

synuclein V70M and P123H on the lysosomal marker Lamp2 levels was examined. A 

marked increase in Lamp2 within P123H overexpressing cells was found, while 

interestingly no change was seen in the proteasome, suggesting that the beta-

synuclein mutation selectively affects lysosomes [203].   

1.4.4.2. Beta-synuclein and mitochondrial function  

The full extent of the effect of the overexpression of beta-synuclein on other cellular 

functions, such as mitochondrial function, is yet not completely understood. There 

have been only a few studies which look at the effect of either wildtype or mutant 

(specifically the mutant P123H) on mitochondria. Aggregated wildtype beta-synuclein 
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was shown to contribute to neurodegeneration and cause mitochondrial fragmentation 

[204]. In this study however, they were not able to find changes in calcium ion 

regulation, mitochondrial membrane potential, mitochondrial mobility or oxygen 

consumption rate. Studies have also examined the effect of the P123H mutation on 

axonal structure and mitochondrial function in mice [205, 206].. Using electron 

microscopy the presence of axonal swelling derived from GABAergic projection 

neurons, could be detected in the brain of P123H expressing mice [207]. A particular 

form of axonal swelling known as globules, which are small spheroid structures 

containing small vesicles and multi-layered membranes, were identified in the mice. 

Examining brain section of the P123H beta-synuclein mice beta-synuclein containing 

globules were found in the striatum and globus pallidus especially [207]. While staining 

for 4-HNE(4-hyroxy-2-nonenal) , which is a product of lipid peroxidation  and therefore 

sometimes used as a marker of oxidative stress, they discovered that P123H 

transgenic mice displayed mild increased levels of oxidative stress. Further analysis 

however showed no evidence of mitochondria within the axonal swellings of P123H 

transgenic mice, and so the paper was unable to determine the mechanism underlying 

the mild oxidative stress seen in the P123H transgenic mice [205]. 

1.4.5. Final remarks 

Beta-synuclein still remains a poorly studied member of the synuclein family, and 

further research in beta-synuclein field is urgently needed. Similarly to alpha-

synuclein, wildtype beta-synuclein may have several important cellular functions, but 

this changes when beta-synuclein protein undergoes conformational changes due to 

mutations in the SNCB gene [208], and so beta-synuclein may have an importance in 

DLB pathology itself. The dual nature of beta-synuclein, where it is capable of being 

both neuroprotective and neurotoxic at the same time is reminiscent of other isoforms, 
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such as Aβ in AD for example. This distinction between the protective and the toxic 

nature of beta-synuclein might therefore be an interesting line of research to follow. 

The exact nature of how mutated beta-synuclein can cause DLB-like symptoms also 

might provide alternative ideas for treating DLB. 
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1.5. Rodent models of synucleinopathies 

There are two different types of rodent models typically used to model aspects of 

neurodegeneration: toxin-based mouse models and transgenic mouse models. These 

mice models were generated to reproduce the biochemical and behavioural changes 

seen in human patients of synucleinopathy diseases, which include PD, DLB and MSA 

[209]. Toxin-based models are often used as a model of PD. The toxins MPTP and 6-

OHDA for example are well-known neurotoxins [210, 211], which when administered 

to normal mice has been shown to cause dopaminergic cell loss. The use of toxin-

based models is limited in DLB research, as no available toxins would reproduce 

reliable specific hippocampal-limbic neurodegeneration. On contrary, numerous 

transgenic models of synucleinopathies, which focus on the overexpression of proteins 

of the synuclein family, mostly alpha-synuclein, were generated. In human 

synucleinopathies, alpha-synuclein may be found to be overexpressed or mutated 

[104, 212]; and rodent models which express these particular forms of alpha-synuclein 

have been produced.  

 

Transgene expression in rodent models of neurodegenerative diseases are able to be 

region specific, through the use of cell-type specific promoters [213, 214]. The choice 

of promoter is therefore important factor to consider. Expression of the transgene 

under the control of the prion promoter (PrP) for example occurs in glial cells as well 

as neuronal cells [215]. A common promoter used in AD research for example is the 

CamKIIα promoter, which drives the expression of the transgene in the forebrain, 

affecting regions such as the hippocampus, olfactory bulb, ventral orbital cortex, 

caudoputamen, thalamus and SN, which are regions that are affected in AD and other 

dementia diseases [216]. In PD research however, the tyrosine hydroxylase (TH) 
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promoter is a well-used promoter. The TH promoter drives the expression of TH 

enzyme, which is involved in the generation of neurotransmitters within 

catecholaminergic neurons, including dopaminergic neurons [214]. This means that 

the promoter may be suitable for the localised expression of the transgene in regions 

of the brain that are relevant to PD, including the SN.  

In my project I investigate a novel mouse model of DLB, and so in this section I shall 

be discussing the current availability of mouse models used to model synucleinopathy 

diseases. Due to the high prevalence of PD patients, in comparison to the other 

synucleinopathy diseases, the vast majority of animal models are PD specific, and 

there are almost no rodent models that have shown to be DLB-specific. I shall 

therefore be focusing mainly on the available alpha-synuclein PD-related transgenic 

mouse models and shall present the effects of the transgene on phenotype and 

neuronal function shown in these studies.  

1.5.1 Alpha-synuclein related mouse models  

1.5.1.1. Full-length alpha-synuclein overexpression  

Genetic analysis has found increased copy number of the SNCA gene and both 

duplicates and triplicates of the gene have been discovered in autosomal dominant 

PD [217], which were found to correlated with PD symptoms in a copy number-

dependant manner. Several mice models that overexpress wildtype alpha-synuclein 

have been widely generated and used in synucleinopathy-related research.  

Mice expressing the human version of alpha-synuclein protein under the promoter 

Thy1, which is expressed in all neuronal tissue, displayed an increased overall 

expression of human alpha-synuclein throughout the entire brain, which has been 

found in many studies to be sufficient to cause PD-like pathology [218]. An 
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overexpression in wildtype alpha-synuclein within the SN of mice is sufficient enough 

to show motor-impairment in mice, which includes increased tremor, alterations in grip 

strength, stride length and decrease in acceleration [219].    

Transgenic mice overexpressing human wildtype alpha-synuclein under the pan 

neuronal promoter, the PDGF (platelet derived growth factor) promoter, have been 

shown to contain increased levels of alpha-synuclein. The presence of ubiquitinated 

human alpha-synuclein containing inclusions, found as intranuclear deposits and 

cytoplasmic inclusions, were detected in the neocortex, CA3 region of the 

hippocampus and the SN. However, unlike in PD patients, alpha-synuclein fibrils were 

not detected within the inclusions [220]. Analysis of wildtype alpha-synuclein 

overexpression driven by the PDGF promoter showed a loss of dopaminergic nerve 

terminals in the basal ganglia. Additionally, transgenic mice showed signs of motor 

skill impairment and memory retention, using behavioural tests such as the rotarod 

and the Morris water maze [220, 221].  

In PD, patients shows signs of severe movement impairment accompanied by 

increased Lewy body pathology in the SN, with increased dopaminergic neuron and 

dopamine transporter (DAT) loss [222]. Whilst cognitive deficits are more prominently 

seen in DLB, memory impairment has also been shown to be affected in some PD 

patients as well [223]. Many of the mouse models overexpressing human wildtype 

alpha-synuclein have shown signs of severe neurodegenerative impairment, including 

the presence of Lewy body-like inclusions as well as motor and cognitive impairment, 

showing a strong degree of neuropathology similar to that seen in PD and DLB 

pathology, indicating that these models may possibly be useful for understanding the 

neuropathology underpinning PD and DLB pathology.   
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1.5.1.2 Post-translation modification in mouse models of PD 

As discussed in the previous introduction section, after alpha-synuclein is produced 

from the nucleus, the protein undergoes post-translation modification, which can 

include phosphorylation,  nitration, ubiquitination and truncation. When this process is 

aberrant in human PD and DLB patients, this can cause excessive alpha-synuclein 

accumulation in the brain. The process of truncation in particular has been examined 

and used in mouse models of PD. Truncated mice, resulting in a 120 amino acid length 

protein, driven the TH promoter have shown alpha-synuclein accumulation in the 

olfactory bulb, SN and striatum, although not within cortical regions [224, 225]. 

Localisation of the alpha-synuclein protein was found within the somatodendritic 

compartment of dopaminergic neurons in the SN. Cytoplasmic insoluble inclusions 

which were discovered to containing truncated forms of the synuclein protein could be 

seen in dopaminergic neurons within the SN. These mice also showed behavioural 

alterations, typical of PD pathology, such as alteration in motor coordination 

impairment and gait abnormalities [225]. Interestingly, 1-120 truncated alpha-

synuclein formed oligomers in this model, and pre-treatment with the oligomer-

modulator small molecule anle138b rescued dopamine release deficit and cell death 

[225]. A mouse model which expresses truncated alpha-synuclein in the key regions 

affected by DLB, could provide additional information regarding cellular dysfunction, 

and serve as a unique model of specifically DLB pathology. The evidence for the 

neurotoxic effect of truncated alpha-synuclein in models of PD forms an important 

basis for my own project, where I use a mouse model expressing 1-120 amino acid 

truncated form of alpha-synuclein as a novel model of DLB. In order to target the 

expression of human alpha-synuclein protein into brain regions specific to DLB, the 

truncated alpha-synuclein transgene expression was driven by the forebrain-specific 
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CamKIIα promoter. This promoter restricted the expression of the alpha-synuclein to 

the forebrain region, which includes the cortex, olfactory bulb and the hippocampus, 

the latter of which is the main focus of my project. 

In addition to 1-120 truncated alpha-synuclein, a similarly truncated 1-130 amino acid 

alpha-synuclein protein, under the TH promoter as well, has been examined in one 

known study, with similar results [226]. The study showed the presence of alpha-

synuclein accumulation within the soma and axons of dopaminergic neurons within 

the SN. Whilst there were no alterations in motor coordination, there was a general 

impairment in locomotion seen in these truncated mouse model.  

These studies examining truncated alpha-synuclein have highlighted the toxicity of 

truncated alpha-synuclein and that when these truncated alpha-synuclein are 

expressed in the SN, they can replicate the behavioural and biochemical impairments 

typically seen in PD patients, making it a viable alternative to transgenic mice models. 

1.5.1.3. Mutated alpha-synuclein in Parkinson’s disease mouse models 

Several missense mutations in the SNCA gene (including A53T [212], A30P [227], 

H50Q [228] and E46K [104]) have been identified in PD patients (Figure 8). 
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Figure 8. The major alpha-synuclein mutations seen in certain PD patients. The 
four major alpha-synuclein mutations tend to occur within the N-terminus of the alpha-
synuclein gene. The four mutations are: A30P, E46K, A53T and H50Q. 

 

These mutations, which tend to cluster near the N-terminus of the alpha-synuclein 

protein and within the NAC region, can cause alpha-synuclein protein to misfold and 

aggregate to form toxic oligomers. These mutations have then since been used to 

generate multiple different mouse models of PD pathology.  

1.5.1.3.1. A53T mutated alpha-synuclein models  

The A53T mutation is often used to model PD in mice, and there have been multiple 

mouse models generated which overexpress A53T mutated alpha-synuclein.  

A transgenic A53T mutant PD mouse model, driven by the Thy1 promoter, has been 

created and analysed for biochemical and motor impairment [229, 230]. Transgenic 

mice have shown increased levels of transgene mRNA expression compared to 

control mice, as well as a corresponding increase in alpha-synuclein protein levels in 

half-brain lysates. Immunostaining showed the presence of alpha-synuclein in 

neurons throughout the entire nervous system, in particular brainstem and motor 
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neurons. The studies however did not find any significant alpha-synuclein expression 

within the SN, which is usually found in PD patients. However, alpha-synuclein was 

shown to cause axonal damage in motor neurons, and the transgenic mice, using the 

rotarod test which tests the fine movement and coordination of mice, showed signs of 

severe motor impairment. 

The effect of A53T mutated alpha-synuclein on neuronal function has been further 

analysed through different mouse models, many of which express the A53T alpha-

synuclein transgene under the prion promoter [231-233]. As with Thy1 promoter driven 

A53T transgenic mice, each of the studies using transgenic A53T mice showed that 

alpha-synuclein overexpression under the prion promoter led to significantly higher 

whole-brain alpha-synuclein protein levels in comparison to control mice, showing 

between a 4-fold to 15-fold increase in alpha-synuclein. In addition, they all found 

increased levels of ubiquitinated alpha-synuclein protein within the cerebellum, 

midbrain and the spinal cord in particular was most vulnerable to alpha-synuclein 

transgene overexpression. One study however did show that there were increased 

mRNA levels in the SNpc (substantia nigra pars compacta), however this was not 

accompanied by an increase in alpha-synuclein aggregation [233]. Further analysis 

into alpha-synuclein distribution identified the presence of alpha-synuclein protein 

within the axons, perikarya and dendrites [231]. Axonal processes in particular were 

shown to contain alpha-synuclein fibrils, and ultrastructural analysis of axons in the 

spinal cord showed deteriorating myelin in damaged axonal processes [232]. In 

addition to these neuronal impairments, transgenic mice also showed clear signs of 

severe motor impairment in the later stages of disease progression, such as in the 

rotarod test, grip strength and abnormal gait patterns [231], bradykinesia, postural 

instability [233] and paralysis of the limbs [232].  
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The use of the prion and Thy1 promoter has resulted in widespread PD related 

symptoms in A53T transgenic mice, there has one report using transgenic A53T mice 

using a TH promoter [234], however despite an increased accumulation of alpha-

synuclein within the SN, there was no Lewy body formation in these mice, and the 

authors concluded that the alpha-synuclein accumulation is not always sufficient for 

Lewy formation.  

1.5.1.3.2. A30P mutated alpha-synuclein mouse models 

A30P is also a  well-documented alpha-synuclein mutation found in certain PD patients 

[227]. As with A53T, there have been several different A30P mutated mouse model 

variations used in PD research.   

When A30P mutant alpha-synuclein is driven by the Thy1 promoter in transgenic 

mice, alpha-synuclein mRNA expression was detected in the cerebellum, striatum, 

SN, brainstem, spinal cord, hippocampus and neocortex [235-238]. Whole brain 

analysis found a two-fold increase in alpha-synuclein protein, and distribution of 

alpha-synuclein protein was detected in the same brain regions, in particular the 

brain stem and spinal cord, where insoluble and phosphorylated alpha-synuclein 

fibrils were detected in one study [238]. Alpha-synuclein protein was found within the 

neuropil [236], affecting the neurites and synapses, although no synaptic dysfunction 

could be detected [235].  Whilst two of these papers report signs of significant 

locomotor dysfunction in A30P mutant mice [233, 237], typically middle to late onset, 

two paper also reported an age-dependent alteration in cognitive function, with 

impairment in spatial memory tested in the Morris water maze, and impairment in 

fear conditioning [237, 238].  
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Overexpressing A30P mutant alpha-synuclein under the prion promoter instead 

results in similar alterations in alpha-synuclein expression. Studies have seen between 

5-20 fold increase in alpha-synuclein protein levels, in particular within the soma of 

neurons within the CNS [239]. Although alpha-synuclein immunoreactivity could be 

detected in the SN, alpha-synuclein protein was not ubiquitinated and insoluble 

inclusions were not detected.  Despite the lack of neuronal dysfunction [233], studies 

did see a change in motor function in an age-dependent manner, with older mice 

showing motor impairment such as dystonia, tremor and gait impairment [239].  

Expressing A30P mutant under the TH promoter was shown to concentrate alpha-

synuclein protein into the noradrenergic neurons in the brainstem and dopaminergic 

neurons in the SNpc, however, as was seen in A53T mice, no insoluble alpha-

synuclein inclusions were detected [234].  

Animal models which express an A30P mutant alpha-synuclein transgene have been 

largely unsuccessful in showing the presence of insoluble alpha-synuclein inclusion in 

the SN, even when expression is targeted to the SN through the TH promoter, and 

most of the studies were not able to show changes in motor function. Interestingly 

however, when a transgenic mouse model which expresses A30P alpha-synuclein 

together with A53T alpha-synuclein was analysed, neurons in the brain were shown 

to be more susceptible to neurotoxicity caused by the neurotoxin MPTP [240]. The 

study also showed a reduction in dopamine within the SN and signs of locomotor 

impairment were evident, suggesting that double transgenic mice were able to display 

phenotypic and neurochemical changes often seen in PD patients.  
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1.5.1.3.3. E46K mutated alpha-synuclein mouse models 

Unlike the A53T and A30P mutations, the E46K mutation has not been as widely used 

in mouse models of PD. There has been one paper which has examined the 

neuropathology caused by an E46K mutant alpha-synuclein transgene driven by a 

prion promoter [241]. In the study, transgenic mice contained intracytoplasmic 

inclusions which, contrary to those mostly seen in A53T or A30P mice, resembled 

more accurately Lewy bodies seen in human PD patient; the inclusions were detergent 

insoluble and hyperphosphorylated, with a core and halo as seen in PD patients and 

can be found in the cell bodies. Intracytoplasmic inclusions were seen within the 

perikarya and neurites of neurons in the spinal cord, brainstem, thalamus and motor 

cortex, although not in the hippocampus. As with the A53T and A30P mice, E46K 

transgenic mice also displayed signs of motor impairment, in particular reduced 

ambulation, although this tended to occur at a later stage than that seen in other 

mutated alpha-synuclein mouse models. 

To summarise the different established alpha-synuclein mutant mouse models 

currently available, the follow table provides a brief overview of the mouse models and 

their characteristics: 
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Reference 
Human 
a-syn 

Promoter 
Genetic 

Background 
Expression 

levels 
Neuropathology 

Motor 
phenotype/ 
Cognitive 

dysfunction 

[220, 242] WT PDGF-β 
C57Bl/6 x 

DBA/2 

10–80% of 
human 
control 

 striatal TH (levels, 
activity); 

 DA levels;  TH 
fibres; 

glia+, ubiquitin+ 
 

middle age 
onset 

mild  
rotarod 

 
[221] 

 
WT PDGF-β 

C57Bl/6 x 
DBA/2 

-- 
 dopaminergic 

terminals 
 

Early motor 
dysfunction 
(pole test) 

[235] 
WT, 

A30P 
mu Thy-1 C57Bl/6 

two-fold 
end. a-syn 

I: SN, STR, HPC, Cx, 
B 

none 

[237] 
WT, 

A30P 
mu Thy-1 C57BL/6 

∼two fold 
expression: 

a-syn 

I: A, B, Cx, H, SC, 
SN, STR; B: TS 
amyloid staining; 

hyperphosphorylation 
of deficits in probe 

trial in 
a-syn in cytosol in SC 

and 
phospho-Ser129 

staining in A and Cx; 

Old age 
onset: ↓ fear 

response 
(freezing and 

active 
avoidance), 
deficits in 

probe trial in 
Morris water 

maze 

[236] 
 

WT, 
A30P 

mu Thy-1 
C57Bl/6 x 

DBA/2 

10-fold 
human 
levels 

-- -- 

[238] 
WT, 

A30P 
mu Thy-1 C57BL/6 -- 

Phospho129 a-syn: H, 
Cx, A, B, SC 

Impaired fear 
conditioning 

[229] A53T mu Thy-1 C57Bl/6 -- 

motor neurons 
degeneration; 
I: T, B, C, SC; 

ubiquitin+ 
 

early onset, 
severe 

(rotarod) 

[243] Y39C mu Thy-1 FVB/N 
2.5-fold of 
expression 

in WT 

Cx: I, phospho-
Ser129 staining, 

ubiquitin+, apoptosis. 

Old age 
onset: ↓ 

 

[232] 
WT, 
A53T 

mouse 
prion 

C57Bl/C3H 
 

2.5- to 30-
fold end. a-

syn 

I: SC, B, C, Th, STR; 
GFAP+ 

middle age 
onset, 

hunched 
back, 

freezing, 
paralysis 

(fatal) 

[231] 
WT, 
A53T 

Mouse 
prion 

 
 

FVB/N 
5- to 20-fold 
end. a-syn 

altered neuronal 
morphology, 

diffuse accumulation 
of a-syn 

 stride 
length, grip 
strength; 
 vertical 
activity;  

rotarod 

[233] 
WT, 

A30P, 
A53T 

mouse 
prion C3H/HeJ x 

C57Bl/6J 
 

4–15 times 
> non Tg 

I: M, C, B, SC; 
GFAP+, ubiquitin+ 

late onset, 
reduced 

ambulation, 
ataxia 

dystonia 
(fatal) 

[241] 
WT, 

A53T, 
E46K 

Mouse 
prion 

C57Bl/C3H 
75% of 
human 

A53T a-syn 
I: SC, B, Th, Motor Cx 

reduced 
ambulation 

[239] 
WT, 

A30P, 
A53T 

hamster 
prion 

 

C57Bl/6J x 
SJL 

5- to15-fold 
end. a-syn 

GFAP (HPC) 

young/middle 
age onset 
 rotarod, 

tremor, 
dystonia, 

(fatal) 
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Table 2. Overview of alpha-synuclein related mutant mouse models. This table 
contains data from the review papers Fernagut et al., 2004, Magen et al., 2011 and 
Crabtree et al 2012  [247-249]. Abbreviations: I, inclusions; A, amygdala; B, brainstem; 
C, cerebellum; Cx, cortex; H, hippocampus; M, midbrain; OB, olfactory bulb; SC, spinal 
cord; SN, substantia nigra; STR, striatum; T, telencephalon; Th, thalamus; end. a-syn, 
endogenous levels of a-syn 

 

1.5.2. DLB-related mouse models 

In contrast to the extensive literature on animal models specific to PD, DLB, the second 

most common for synucleinopathy, is much less explored. Whilst there have been a 

few synuclein related mutations that have been confirmed to be linked to DLB, such 

[234] 
WT, 

A30P, 
A53T 

rat TH 

Swiss 
Webster x 

C57blk6/DB
A 
 

-- 
I: STR, OB > C 

Ubiquitinated a-syn 
-- 

[240] 
WT, 

A30P + 
A53T 

rat TH 
C57Bl/6 

 

30–50% of 
mouse a-

syn 

 DAT density;  
DA, DOPAC, HVA 

middle age 
onset, mild; 
 locomotor 
activity and 
coordination 

[224] 
a-syn 

(1-120) 
rat TH C57Bl/6 -- 

I: SN, OB 
↓Striatal DA and 
metabolite levels 

 

 
Progressive 

↓ motor 
activity 

[244] 
a-syn 

(1-120) 
rat TH C57Bl/6 -  STR DA levels - 

[225] 
a-syn 

(1-120) 
rat TH C57Bl/6 

Hum a-syn 
< 

endogenous 
a-syn 

 50% of DA neurons 
in SNpc 

Impaired gait; 
late  
rotarod 

[226] 
a-syn 

(1-130) 
rat TH C57Bl/6 

1.44 time > 
non Tg  

 DA neurons in 
SNpc,  DA,  

↓ 
spontaneous 

motor 
activities 

[245] 
a-syn 

(1-120) 
CamKII-α1 C57Bl/6 - 

A-syn in temporal Ctx, 
perirhinal Ctx, H 

↓ NOR; 
errors ↑ in 

Barnes 
maze. 

[246] WT proteolipid 
C57Bl/6 x 

DBA/2 
0.1–1.2 
ng/µg 

insoluble 
oligodendroglial 

inclusions 

none 
(rotarod, 

locomotor 
activity) 
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as E46K alpha-synuclein or even V70M and P123H beta-synuclein, there is currently 

only one known mouse model, which has shown DLB-related brain pathology. This 

model, which involves the alpha-synuclein mutant A53T was developed by Lim et al., 

[250]. The mouse model expresses an inducible A53T mutant alpha-synuclein 

transgene controlled by  the CamKIIα promoter. In this particular E46K model, alpha-

synuclein immunoreactivity was found in the midbrain, which includes the cingulate 

cortex, hippocampus and mamillary body, and to a lesser extent the brain stem and 

spinal cord of E46K transgenic mice. The presence of alpha-synuclein containing 

insoluble intracytoplasmic inclusions were found within the perikarya and neurites of 

neurons in the hippocampus and neocortex. Many of these inclusions were shown to 

be ubiquitinated and hyperphosphorylated, with a granular appearance, very similar 

to the Lewy bodies found within the brains of PD or DLB patients. The hippocampus 

in particular seemed to be affected and neuronal loss could be seen in the CA2/3 

region of the hippocampus as well as the dentate gyrus. This was accompanied by 

impairment in memory, which was determined by fear conditioning memory tests.  

These particular results seem to correlate with neurobiology and symptoms seen 

typical in DLB patients [17]. The A53T mutation, although it is well known as a PD-

linked gene, was found in one patient who was thought to have probable DLB, 

although it is unclear whether the patient did have DLB [251]. Most A53T mouse 

models typically show predominantly PD-relate neuropathology, such as impairment 

in motor function and dopaminergic neuronal loss, however the CamKIIα A53T 

mutated alpha-synuclein model is one of the few studies that use animals which 

strongly overexpress alpha-synuclein within midbrain and cortical brain regions, which 

represents DLB pathology more closely than other models.  
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1.5.3. Final remarks 

While the vast majority of the synucleinopathy-related transgenic mouse models 

available exhibit a phenotype typically seen in PD, there are very few which are able 

to replicate the distribution of alpha-synuclein accumulation in DLB pathology, as well 

as DLB-related memory function. The further development of DLB-specific alpha-

synuclein mouse model would therefore provide further information on the pathology 

that occurs within DLB in particular, which may be useful in researching treatments for 

DLB patients.   
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1.6. Mice behavioural tests 

Patients with neurodegenerative diseases such as PD, AD or HD display a variety of 

symptoms which can include reduced mobility, mood disturbance, cognitive 

impairment and memory loss [252-254]. These alterations in behaviour caused by 

cellular dysfunction and neuronal loss can be investigated using mice models, which 

can be achieved through the use of behavioural tests. A large variety of mouse 

behavioural tests have so far been developed to detect the various behavioural 

changes exhibited by the mice models.  As part of my project I shall be employing 

some of these behavioural tests to determine changes in memory in the mice mode of 

DLB. Therefore, in this section I shall be discussing the advantages and 

disadvantages of some of the major behavioural tests available which are used to 

examine anxiety, motor and memory function in mice, some of which I shall also be 

using to detect behavioural changes in my mouse models later on.  

1.6.1. Motor Tests 

Motor behavioural tests were developed to examine alteration in  the mobility of mouse 

models [255]. Motor tests such as the open field test, where mice are allowed to freely 

explore an open space for a predetermined length of time, and the rotarod, where mice 

are placed onto an accelerating revolving rod and are timed until they are no longer 

able to keep up with the speed and fall off (Figure 9),  have been shown to be sensitive 

to changes in fine movement and general activity, and so have been used with mouse 

models of PD or HD, where motor impairments are prominent [211, 256, 257].  
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Figure 9. The rotarod test used as a test for motor function. The mouse is placed 
on the motorised rotating bar (in black), with large circular separators either side 
(grey). When mice fall off the bar, they depress a pressure pad (arrowed) which stops 
the timer. 

 

1.6.1.1. Comparison of motor tests 

Both the open field test and the rotarod can be used to detect impairment in movement, 

where the open field test analysed general movement, such as the speed and distance 

travelled, whereas the rotarod is able to test finer movement and balance, and so may 

be more appropriate for PD or HD which are predominately movement disorders.  

Both of the tests have both been employed in PD-related mouse models, where 

impairment could be detected [211, 258]. Using the open field test, both the distance 

travelled, and resting time have been found to be altered in PD mouse models. Certain 

mice models of PD also showed that mice showed differences in thigmotaxis 

behaviour, which refers to their tendency to stay close to the walls of the open field 

area [259]; when mice spends more time close to the wall of the arena it suggests an 

increase in anxiety level arena. The rotarod has also been often used in mouse models 

of PD, with many PD mouse models showing significant impairment in the rotarod test, 
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showing a shorter latency time between the test starting and falling off the rotarod 

[260].  

The open field test is a comparatively simple test which does not require specialised 

rotarod equipment. However, the rotarod test may give a more accurate reading of the 

fine motor ability of the mice, as the mice are forced to stay on the rotating rod or else, 

they will fall off, whilst in the open field test lack of motivation might be a hindrance, as 

their natural tendency to explore the environment is required. While the rotarod may 

be useful, the test requires the mice to get used to the equipment, which may be an 

issue for severely impaired mice which fall off straight away, which may not be such 

an issue with the open field test [255]. Both the open field and the rotarod are also 

subject to a large degree of variance, and there are several factors which could 

contribute to the results, which include for example genetic background of the mice, 

age of the mice or the surrounding environment, which should be taken into account 

[261].  

1.6.2. Anxiety Tests 

Whilst some experiments utilise the open field test as a test of anxiety level, there are 

two other tests which are often used to investigate anxiety in mice are the marble 

burying test, where mice are presented with marbles in a cage containing only sawdust 

[262] and the elevated plus maze, a test which comprises of  cross-shaped arena, 

which two arms exposed and the other two arms covered [263]. In the elevated plus 

maze, the less anxious the mice are, the more time they will explore the exposed open 

arm, whereas mice that are anxious will remain in the enclosed arms, [264].  
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1.6.2.1. Comparison of anxiety tests 

Both the marble burying test and the elevated plus maze have been used in mouse 

models of diseases such as AD or PD to evaluate the emotional state of the mice [265, 

266]. The two tests have often used in experiments with anxiolytic drugs, to determine 

the improvement of anxiety-related symptoms using those drugs [262, 267, 268].  

Both the marble burying test and the elevated plus maze require careful handling of 

the mice before and during the trial, which is important due to the nature of the test; 

reducing unnecessary stress from the environment or the researcher may impact the  

analysis of the anxiety tests [264].  

Whilst the marble buying test is a simpler test which does not need specialised 

equipment it does have a major limitation. The accuracy of the marble burying test to 

distinguish anxiety related symptoms is unclear, as whilst certain papers have found 

that the test is sensitive to the effects on anxiolytic drugs some certain papers have 

found that the marble burying test is a better test for generally digging behaviour rather 

than anxiety related behaviour [269]. Therefore, using the marble burying test with 

other anxiety tests such as the elevated plus maze would provide more accurate 

information on the emotion state of the mice.  

1.6.3. Memory Tests 

The increasing prevalence of dementia means there is an increasing need for reliable 

tests for dementia-like symptoms in mouse models. As there are many different types 

of memory, batteries of tests have been created to probe specific forms of memory, 

for example the olfactory memory test and novel object recognition (NOR) test can 

both be used to detect deficits in recognition memory test, whereas the Morris water 

maze and Barnes maze have been used to determine changes in special memory.   
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1.6.3.1. Comparison of mouse memory tests 

Loss of  spatial memory is a key aspect in dementia associated with AD or DLB. The 

water Morris maze and the Barnes maze are similar tests, during which mice are 

tasked to find and then memorise a specific location within an arena, across several 

trial sessions. The Morris water maze is one of the most well-known spatial memory 

tests for rodents used in research and has been used for many years [270, 271]. In 

this test, mice are lowered into a large circular pool of water, which is filled with enough 

water so that it forces the mouse to swim. Within the pool there is a small, 

predetermined area, where a raised platform is situated, which the mice will have to 

swim to. The test is concluded if they reach the raised platform, on which they are able 

to rest. The Barnes maze test on the other hand does not involve water. In the Barnes 

maze, mice are placed on a large circular board, which has holes cut out around the 

circumference of the board [224]. Under one of these holes is a small pocket which 

contains food pellets. Mice are placed on the apparatus and are left to explore the 

maze until they find the hole with the food pellet. the cold water provides a strong 

motivation for the mice to keep searching for the platform. The test therefore relying 

only on pellet rewards and the mouse’s natural tendency to move away from exposed 

regions. The Barnes maze test is therefore thought to be less stress-inducing than the 

Morris water maze [272], which may provide more reliable results.  

Another type of memory that is often affected in DLB pathology is recognition memory. 

There are a few tests used to examine recognition memory, such as the olfactory 

memory test and the NOR test. Olfactory memory tests use the mouse’s sense of 

smell to explore the environment and test their memory. As one of their predominant 

senses, the processing of odour cues is important for all rodents, which they rely on 

to identify food or social cues [273]. This use of olfactory and the mouse’s natural 
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tendency to use scent when foraging for food cues can therefore make olfactory based 

memory tests suitable when using certain mouse models of dementia. The olfactory 

system is highly sensitive in rodents and their sense of smell is therefore important for 

their ability to recognise objects [274]. This sense of smell therefore has been utilised 

to measure changes in memory. The novel object recognition test on the other hand 

examines the mice’s ability to remember and recognise 3D objects, which they explore 

by either sniffing, touching, or biting. The test can be used as both a test of short-term 

and long-term memory, by altering the interval between the familiarisation and choice 

phase [275]. In this test, there are several factors to consider, for example the choice 

of the object is a crucial aspect, which could potentially cause unintentional choice 

bias with the mice [276]. Mice have an innate preference for different objects; therefore 

it is important to try to minimise any bias from affecting the data. This can be achieved 

by balancing the objects used, so that each group receives both objected in the 

familiarisation stage, this would theoretically highlight any major interests for one 

particular object. The choice of both the familiar and the novel object is also important; 

to allow the subject mice to recognise a specific object, choosing two objects that are 

different shape, texture, and to a lesser extent colour is necessary [276]. With all 

memory function tests, handling of the mice is an important factor, as tests which 

require less handling throughout the test, such as the marble burying maze, often 

reduce the stress in the subject mice [277]. Another important factor in memory 

function tests is the stimuli which encourages participation in the test, whether by 

adverse stimuli in the Morris water maze, which may in fact prevent accurate results, 

or by food rewards, which may require food intake reduction for it to reliable [278]. In 

addition, variance among mice strains might also result in mice from different strains 

performing worse than others [279]. Therefore, using multiple tests as part of a battery 
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of behavioural tests might provide more accurate information on the cognitive function 

of the mice.  
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1.7. Aims of Project 

Research previously undertaken by my research group has studied the 

neurodegeneration associated with DLB by generating a DLB-specific mouse model;  

a part of my project will involve further characterising this CamS120 DLB mouse 

model. In addition, cell work in our research group have highlighted the involvement 

of beta-synuclein in DLB neuropathology, showing specifically an increase autophagic 

response in DLB patients and DLB cell culture models. My project will look at exploring 

these two main areas of research further.  

1.7.1. Aim 1: Characterisation of the DLB-specific CamS120 mouse model  

The first aim of my project is to determine the accuracy of the DLB mouse model 

(CamS120 model), by examining changes in behaviour and synuclein protein 

accumulation. I shall be examining the expression of the transgene in the CamS120 

mice model, which expresses truncated alpha-synuclein within the forebrain region,  

and to analyse the associated memory impairment.  

1.7.2. Aim 2: Examine mitochondrial dysfunction in alpha-synuclein related models 

The second aim of my project is to determine whether alterations in mitochondrial 

function can be detected in the CamS120 mice and alpha-synuclein overexpressing 

cell models. In particular, I shall be examining changes in mitochondrial dynamics in 

the CamS120 mice, as well as exploring changes in mitochondrial membrane potential 

and mitophagy markers in the alpha-synuclein overexpressing cells.  

1.7.3. Aim 3: Examine the role of beta-synuclein in DLB related models  

The third aim of my project is to determine changes in beta-synuclein in CamS120 

mice model, and to further explore the effect of both wildtype and mutant beta-
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synuclein on mitochondrial function, such as changes in mitochondrial dynamics and 

mitochondrial membrane potential.  
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Chapter Two: Methods and Materials 

2.1. CamS120 mice 

2.1.1. Generation of CamS120 mice 

The generation of the CamS120 mice was achieved using the CamS line described in 

Hall et al, 2015 [245]. Briefly, a vector comprising of a CamKII promoter followed by 

1-120 amino acid alpha-synuclein polypeptide with a poly A tail was generate. Pseudo 

pregnant females were produced by inducing ovulation and eggs were dissected out 

of the females. Linear DNA was microinjected into the pronucleus of oocytes and 

inserted into pregnant mice. Offspring from these mice were then bred with alpha-

synuclein null mice, C57BL6/OlaHsd (Harlan Laboratory) crossed with C57Bl/6J wild-

type mice. Mice taken from litter 1 were genotyped, and heterozygous mice were 

chosen and crossed back with C57BL/6J wildtype mice, which produced a mouse line 

used in this project. Mice were kept in a temperature and humidity controlled room, 

with 12-hour light/dark cycle. Food and water were available ad libitum. They were 

kept in small animal holding room in cages with a total maximum of 8 mice in one 

cage, with a constant level of humidity (55% ± 10%) and temperature (21°C ± 2°C). At 

1 month, 3 months, 6 months, 12 months and 15 months, CamS120 mice either 

underwent behavioural testing, or they were euthanised by cervical dislocation and 

their brain tissue collected (Figure 10).  
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Figure 10. Time course for experimentations with CamS120 mice. CamS120 mice 
were tested at 1, 6, 12 and 15 months old, and are analysed using behavioural tests, 
western blot and immunofluorescent staining techniques for changes in behaviour and 
relevant protein levels.  

2.1.2. Genotyping 

 PCR was used for genotyping of mice. Mice were identified by ear notching, and the 

ear notch biopsies were retained for genotyping. Using proteinase K, DNA was 

extracted from the ear notches, then amplified using specific primers (Table 3) to 

identify the presence of both endogenous mouse alpha-synuclein and the truncated 

human alpha-synuclein transgene. The DNA strands were separated by 

electrophoresis, and the resulting band was identified using Gel Red dye (Cambridge 

Bioscience; 1:10000 dilution), viewed under UV light, with reference to a DNA ladder. 

Littermate mice were allocated from mice that were identified as negative for human 

truncated alpha-synuclein, but positive for endogenous alpha-synuclein. 

Table 3. Genotyping primers. List of forward and reverse primers used for detecting 
both human truncated alpha-synuclein and endogenous alpha-synuclein gene when 
genotyping CamS120 mice.  

 

CamKIIα (human 
alpha-synuclein) 

primers 

Forward      GGCACACTGCAAACTGAAAC 

Reverse GGCTCCTTCTTCATTCTTGCCC 

Endogenous alpha-
synuclein primers 

Forward  GCAGTGAGGCTTATGAAATGC 

Reverse GCTTCAGGCTCATAGTCTTGG 
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2.1.3. Behavioural tests 

At the appropriate age point, mice were put through various behavioural tests: the 

marble burying test, open field, and the novel object recognition test. In all tests, mice 

were acclimatised to the room for 30 minutes prior to testing. For each behavioural 

test, the ceiling lights were turned off and a standing lamp, directed towards the 

behavioural testing arena, to provide a dim light was turned on. Mice typically have a 

resting phase, which occurs during the light phase and an active phase which occurs 

during the night phase. The behavioural testing in this project took place during the 

light phase of the diurnal cycle, when they were in their resting phase.  

2.1.3.1. Marble Burying Test 

The marble burying test is a simple test, detecting anxiety, motivation or movement 

disturbances in mice [262]. Individual cages were set up for each mouse, which 

contained sawdust at least 2mm deep. On top of the sawdust, 15-20 equally spaced 

marbles were placed in a grid-like formation. The lighting in the room was adjusted so 

there was a dim light. The mice were then placed in their appropriate cages and left 

undisturbed for one hour. After one hour, the mice were returned to their home cage, 

and the marbles were examined. The percentage of marbles that had been buried, 

compared with prior to the trial, was calculated for each animal (Figure 11). 
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Figure 11. Marble burying test analysis. A diagram representation of the marbles 
arranged in a 5x4 grid is shown in a cage filled only with sawdust (A). A side-view of 
the cage shows the initial arrangement of the marbles (B), and an example of the 
arrangement of the marbles after the test was completed (C). In the example above, 
marbles 1 and 2 were not buried, marble 3 was fully buried and marble 4 would be 
counted as being 2/3 buried. Representative photos of the marble burying test 
performed by a CamS120 mouse were taken before and after the test (D).  

 

2.1.3.2. Open Field Test 

This test measures the general locomotor activity of the mice [261]. Mice were placed 

into an empty square arena measuring 400mm x 400mm x 400mm. The mouse’s path 

was tracked by a camera located above the arena and the outline of the mouse 

showing the position and orientation of the mouse within the box was recorded 

automatically using BIO-OR 1.1.6. software (BIOSEB, France). The parameters of 

interest included distance travelled, average speed, resting time and rearing. Mice 

were allowed to explore the arena for a maximum of 5 minutes. Mice were given a 

habituation session, where they were placed in the arena the day prior to the test, so 

that the mice would become more familiar with the box, in an attempt to reduce anxiety 
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caused by a novel environment. Whilst this may possibly give an indicator of the 

general locomotive behavioural of the mouse, such as how much the mice will tend to 

move around naturally, the data collected on the second day would not be a reliable 

indicator of the mouse’s anxiolytic response.  

2.1.3.3. NOR Test 

The NOR test examines the visual and recognition memory in mice.[280] The test was 

performed as reported in [245]. The mice were tested within the same arena as 

described before in the open field test. One day prior to the test the mice were placed 

into individual cages, containing only sawdust and a metal wire lid. After acclimation 

to the room, each mouse was allowed to explore the empty square arena for five 

minutes. They were then returned to their home cage. On the test day, two identical 

objects were placed in the centre of the arena, and the mice were allowed to explore 

them for five minutes. After an inter-trial interval of one hour, one of the two identical 

objects were exchanged for a novel object. Mice were allowed to explore these objects 

for five minutes. Mice were then returned back to their home cages. The objects used 

in my experiments included a red phone box, a metal big ben tower, a T75 cell culture 

flask filled with sawdust and glass angel decorations. Data representing the time spent 

exploring the object was collected automatically by the BIO-OR 1.1.6. software 

(BIOSEB, France). During the test, exploration time was counted as when the mice 

sniffs, bites or touches the object, although climbing onto the objects was not counted. 

The ability to discriminate the objects is defined by the discrimination index, or 

sometimes known as preference ratio, which is calculated using the following 

equation: 
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Time spent exploring novel object (sec) – time spent exploring familiar object (sec) 

Total exploration time of both objects (sec) 

In the NOR test, which is thought to be hippocampal dependant abnormal mice will 

tend to explore both the novel object and the familiar object to a similar extent, [281]. 

This calculation can be used to determine the recognition memory of the test mice. 

Therefore, mice which do not explore the novel object more than the familiar object in 

the test will receive a negative D.I. score, which is indicative of poor recognition 

memory.  

 This test has been recently used with a separate mouse model, . A recent publication 

recently published by [282]data collected using the BIOSEB BIO-OR equipment. The 

rTg(tauP301L)4510mice express a mutant form of the human tau gene (P301L), 

conditionally expressed under the CamKIIα promoter. The expression of the tauP301L 

transgene was induced when in the absence of doxycycline. Using the BIO-OR 

software, alteration in recognition memory could be detected. The rTg(tauP301L)4510 

is a well-documented mouse model of frontal temporal dementia and memory 

impairment has often been reported; these results therefore added further evidence to 

this, as well as showing the suitability of the NOR test to detect changes in memory. 

2.1.4. Fluorescent immunohistochemistry 

Control and CamS120 mice (at 1, 6, 12 and 15 months old) were transcardially 

perfused with 0.9% saline and fixed in 4% paraformaldehyde (PFA). The brain was 

isolated, post-fixed in 4% PFA overnight, and then immersed in sucrose with sodium 

azide. It was then sectioned at 30μm thick using a cryostat (Leica). Obtained sections 

were stored in phosphate buffered saline (PBS) and 0.03% triton (PBS-T) with 0.01% 

sodium azide at +4oC until processed further. For the staining, sections were then 

washed in PBS, blocked in 5% normal goat serum (NGS) with PBS-T for two hours. 
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Sections were then incubated in primary antibody overnight. The following day, 

sections were washed in PBS, incubated with secondary antibody for two hours, 

washed in PBS again and then finally mounted onto Superfrost Plus microscope slides 

with Permafluor (Fisher) mounting medium. A control group with no primary-antibody 

added was also performed alongside the experiment (Figure 12). Primary and 

secondary antibodies used for this study are presented in Table 4 and 5 (see section 

2.4). Due to technical errors, semi-quantitative analysis of the immunofluorescence 

images was not possible; however this would be important for proper analysis of the 

data, as it would confirm changes seen in the western blot. 
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Figure 12. No primary antibody control in CamS120 mice. CamS120 mice were 
stained only with the secondary antibody and imaged on the confocal. All four 
subregions were tested: dentate gyrus, CA3, CA2 and CA1. The secondary antibody 
used were Alexa-Fluor 488 (green) and Alex-Fluor 568 (red). Scale = 20µm.  

 

Specificity of the staining was controlled by the omission of primary and/or secondary 

antibodies with the rest of the protocol done as usual. No staining was observed in 

either the green or red channels.  

2.1.5. Western blot 

Hippocampi were dissected from control and CamS120 mice at 1, 6, 12 and 15 months 

old. The hippocampal tissues were then frozen and stored at -80oC until needed, at 

which point the hippocampi were homogenised in ten times volume of PBS-T. The 

homogenate was spun down, and the supernatant was kept. Protein concentration 

was then calculated using the BCA assay (Thermofisher BCA assay). Concentrations 
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of BSA protein was used to produce a standard curve. When a copper based solution 

was added to several already known concentration of BSA protein (0mg, 0.2 mg, 

0.4mg, 0.8mg and 1mg), which resulted in a protein concentration-dependant colour 

change.  A plate reader was used to calculate the absorbance, which allowed the 

generation of concentration curve for the BSA standards. The absorbance measured 

for the samples were then compared to the BSA curve, and the approximate protein 

concentration of the sample was calculated. The lysates were then mixed in with 2x 

Laemmeli buffer (comprised of: 1M Tris-HCl, SDS, glycerol, β-mercaptoethanol and 

bromophenol blue), and then run on a 12.5% acrylamide gel. After separation, 

samples were then transferred to a PVDF membrane, activated using ethanol prior to 

use. This was done using a semi-dry transfer method, where a membrane gel 

sandwich is made, and placed into the semi-dry transfer tank between two oppositely 

charged electrode. A protein ladder was used to calculate the approximate protein 

band size. To process for synuclein, the membrane was fixed with 0.4% PFA first. 

Otherwise, the membrane was blocked with 5% milk in Tris buffered solution with 

0.05% tween (TBS-T) and then incubated with primary antibody overnight at +4oC. 

Following which, the membrane was washed in TBS-T, incubated with an HRP-

conjugated secondary antibody, determined by the host species of the primary 

antibody, and then after further washing, the membrane was incubated with ECL 

western blot substrate before being developed. The Syngene PXi6 Gel and Blot 

analysing system was used to develop the membranes and to collect the resulting 

blots. The blots were analysed using ImageJ, standardising values to that of GAPDH 

or beta-actin, which acts as a loading control. In all experiments, three to four mice per 

group were used. The primary and secondary antibodies used are listed in Tables 4 

and 5 (see section 2.4). 
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2.2. Cell Culture  

2.2.1. Maintenance of stable cell line 

The human-derived neuroblastoma cell line BE(2)-M17 cells (Gibco), referred 

hereafter as M17, were grown, and maintained in Dulbecco’s Modified Eagle Medium 

(DMEM), which contains with high L-glutamine levels, combined with10% Fetal Bovine 

Serum (FBS) + 5% penicillin/streptomycin. M17 are a multipotential cell line, and 

express choline acetyltransferase, acetylcholinesterase, and dopamine-β-hydroxylase 

enzymes, suggesting they have properties of cholinergic neurons but also 

dopaminergic and adrenergic neurons [283], as such they may be useful for studying 

diseases that can affect multiple types of neurons, such as in DLB. Stable M17 cells 

overexpressing full-length alpha-synuclein (aFL), full-length beta-synuclein (bFL) and 

V70M mutated beta-synuclein (V70M) were maintained and used in cell experiments. 

Each of the transfected stable cell lines were maintained in 10% FBS in DMEM, 

containing 200μg/ml G418 antibiotic. Cells were incubated at 37oC with 5% CO2 and 

were split once the cells reach around 70% confluency. 

2.2.2. Immunocytochemistry 

Once cells reached around 60-70% confluency, cells were counted using Trypan Blue 

on a Cell Countess; calculation were made for 10000 cells, which were plated in 

triplicate on poly-l lysine layered coverslips in a 6-well plate. The cells were washed in 

1xPBS and then fixed with 4% PFA for 10 minutes at room temperature. The cells 

were then washed in PBS, permeabilised in 0.03% triton in PBS (PBS-T) for 10 

minutes, washed and then primary antibodies in PBS-T were applied overnight at 

+4oC. The cells were then washed the next day, incubated in secondary antibodies for 

1 hour at room temperature. They were then finally washed in PBS and then the 

coverslips were removed from the 6 well plate and placed onto a histological slide, 
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using mounting medium. The slides were then sealed using nail varnish and left to dry. 

Once dried, the slides were then imaged and processed on the confocal microscope 

(Leica SP8 confocal microscope). Due to technical errors, semi-quantitative analysis 

of the immunofluorescence images was not possible; however this would be important 

for proper analysis of the data, as it would confirm changes seen in the western blot.  

2.2.3. Western Blot  

Cells were plated into a 6-well plate and left to grow in the incubator (+37oC) overnight. 

Once they had reach 70% confluency, cells were then harvested the next day using a 

cells scraper and then transferred to Eppendorf tubes. Cells were then spun at 

5000rpm for 1 minute and the supernatant was removed, and the pellet frozen at -

80oC. The cells were lysed in TBS-T and suspended in 2xLB. The sample was then 

loaded onto a 12.5% acrylamide gel and transferred to a PVDF membrane using the 

same method used with the CamS120 mice. Membranes were analysed using the 

Syngene PXi6 Gel and Blot analysing system membranes and to collect the resulting 

blots. The blots were analysed using ImageJ, standardising values to that of GAPDH 

which acts as a loading control. It should be noted however that protein concentrations 

were not determined using the BSA assay before western blotting and therefore 

fluctuations in protein amounts have occurred, which often prevents proper 

quantifications, which and statistical analysis. Any observed changes in protein 

amounts therefore should be treated with caution.  

2.2.4. Flow cytometry 

Flow cytometry was used to determine changes in mitochondrial membrane potential 

and ROS production within our cell line.  
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2.2.4.1. Mitochondria membrane potential  

The effect of synuclein proteins on mitochondrial functionality, specifically the 

maintenance of the mitochondrial membrane potential was investigate using flow 

cytometry. In the case of the mitochondrial membrane potential, the fluorophore 

Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM) was used, which is a dye 

that enters the mitochondria of only healthy cells, if the mitochondrial membrane is 

normal. If the mitochondrial membrane potential is disrupted, the dye does not enter 

the mitochondria. The uncoupling agent, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP), was used as a negative control, as the 

uncoupler prevents the dye from entering and remaining within the mitochondria, so 

that fewer mitochondria contain the dye resulting in a reduction of the overall 

fluorescence. M17, aFL, bFL and V70M cells were collected, washed with PBS + 5% 

FBS  then incubated for 10  minutes with either HBSS, TMRM or FCCP, in triplicates: 

M17 + HBSS  (control), M17 + FCCP +TMRM (FCCP), M17 + TMRM (TMRM), alpha 

FL + TMRM (aFL), beta FL + TMRM (bFL), V70M + TMRM (V70M).  

Cells were spun at 0.4x1000g for 5 minutes and then resuspended in flow fluid. The 

suspension was then analysed using flow cytometry (BD Accuri C6 flow cytometer). 

The average fluorescence for each sample was calculated, with a maximum event 

count of 10,000 cells. 

2.2.4.2. Reactive Oxygen Species 

When mitochondrial become damaged, reactive oxygen species are often released 

from the mitochondria into the cell, which leads to cell death  [284]. One such ROS 

molecule is H2O2, which is commonly detected by the dye dichloro-dihydro-fluorescein 

diacetate (DCFH-DA). DCFH-DA is internalised into the cells, where it is broken down 

into further metabolites, in particular DCFH carboxylate anions. These anions are 
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oxidised by ROS to generate a fluorescent product, which can then be detected using 

either confocal microscopy or flow cytometry. M17 cells, aFL overexpressing cells, 

bFL overexpressing cells and V70M mutant overexpressing cells were stained with 

DCFH-DA and processed using flow cytometry. Cells were prepared in triplicates in 6-

well plates, then washed in PBS, harvested using trypsin and incubated in 500μl of 

10μM DCFH-DA at 37oC for 30 minutes. Cells were then analysed using the flow 

cytometer. For this experiment, Aria II flow cytometer was used. The FITC channel 

was used to detect the fluorescence of the dye. A control group was also run at the 

same time by measuring the fluorescence emitted by M17 control cells without dye, to 

determine the background fluorescence of the cells. The average fluorescence for 

each sample was calculated, with a maximum event count of 10,000 cells.  

2.2.4.3. Gating in Flow Cytometry 

In order to only include the most appropriate cells which are thought to correlate to the 

healthy dye-containing cells, gating of cells was done (Figure 13). This allowed the 

detection of debris or large artefacts which do not represent healthy cells, which could 

be then disregarded in the analysis.  

 

Figure 13. Gating for the flow cytometry experiments. The gating for the flow 
cytometry experiments to detect changes in ROS (A) and mitochondrial membrane 
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potential (B). Side scatter (SSC-A) and forward scatter (FSC-A) data are shown. As 
an example, the gating for only M17 control cells is shown here.  

Populations were determined as above. Analysis of changes in ROS production 

showed a strong presence of debris, as shown by the dense group of cells at the 

bottom of the scatter plot (Figure 13A). It was therefore hard to distinguish the debris 

from the normal cells and so a wide area was used to catch all possible healthy cells. 

Gating was the same for each cell group, in order to reduce inaccuracies that might 

occur. On the other hand, analysis into changes in mitochondrial membrane 

permeability (Figure 13B) showed two possible population (labelled P1 and P2), 

however P2 was the population thought to correspond to the healthy cells with the 

TMRM dye, due to the higher density and intensity of the TMRM dye. The presence 

of the P1 population was unexpected in the experiments, however they may correlate 

with unhealthy cells that   

2.3. Confocal microscopy 

Both cells and animal tissues stained with fluorescent antibodies were analysed using 

confocal microscopy. Images were collected using a Leica SP8 TCS confocal 

microscope at X63 magnification. When using the confocal for mice tissues, the focus 

was on the hippocampus region, where images of the various hippocampal subregions 

(dentate gyrus, CA3-1) are taken.   

2.4. Primary and secondary antibodies 

Information regarding the primary and secondary antibodies used in the experiments 

are listed below: 
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Antibodies used (+ 
Species reactivity) Supplier Dilution  Technique 

Syn204 (Mouse) Abcam  1:150 Immunofluorescence 

C-20 alpha-
synuclein (Rabbit)  

Santa Cruz 
Bio-technology  1:1500 Immunofluorescence  

Syn1 (Mouse) 
BD 

Biosciences 
1:200 Western blot 

5G4 antibody 
(Mouse) Millipore 1:500 Immunofluorescence 

Beta-synuclein 
(Rabbit) 

Atlas 
antibodies 1:1000 Immunofluorescence/ 

Western blot 

TOMM20 (Rabbit) 
* 

Atlas 
Antibodies 1:1000 Immunofluorescence/ 

Western blot 

DLP1 (Mouse) BD 
Biosciences 

1:1000 Western blot 

1:500 Immunofluorescence 

OPA1 (Mouse) Abcam 1:750 Immunofluorescence/ 
Western blot 

LC3A/B (Rabbit) Cell Signalling 
Technology 

1:500 Immunofluorescence  

1:1000 Western blot 

Lamp2 (mouse) Abcam  1:500 Immunofluorescence  

Table 4. Primary antibodies.  Information regarding the primary antibodies used in 
the immunofluorescence and western blot experiments are listed. Manufactures and 
dilutions are included. * TOMM20 antibody is also known as Tom20 and is referred to 
as such henceforth. 
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Secondary Antibodies used 
(+ Species reactivity and 

supplier) 
Dilution  Technique 

Alexa Fluor-488 
Goat anti- mouse 

(Invitrogen) 

1:1000 Immunofluorescence 

Alexa Fluor-488 
Goat anti- rabbit 

(Invitrogen) 

Alexa Fluor-594 
Goat anti – mouse 

(Invitrogen) 

Alexa Fluor 594 
Goat anti- rabbit  

(Invitrogen) 

Goat HRP- conjugated anti-
mouse IgG 

 
(Thermofisher) 

1:10000 Western blot 

Goat HRP- conjugated anti-
rabbit IgG 

(Thermofisher) 
Table 5. Secondary antibodies. Information on the secondary antibodies used in the 
immunofluorescence and western blot experiments are listed above.  

 

2.5. Statistics 

For mouse behavioural experiments and western blot experiments , data is 

represented as the mean +/- the standard error of the mean (SEM). Unpaired t-test 

was performed for these statistical analyses, using the software GraphPad Prism 

version 5.01. Statistical tests for cell culture western blot and flow cytometry 

experiments with more than two groups were performed using 2-way ANOVA, using 

a Bonferroni post-hoc test. Statistical significance is defined using an alpha level of 

0.05.  

 



103 
 

Chapter Three: Results I – Characterisation of the DLB-specific CamS120 mouse 

model 

Whilst there are currently many available mouse models for other neurodegenerative 

diseases such as Alzheimer’s disease and Parkinson’s disease, both of which have 

been extensively reviewed [248, 285], there are currently very few models of DLB. 

DLB presents a specific set of symptoms, different from other neurodegenerative 

diseases [17]. In my project a novel mouse model of DLB was closely examined in 

order to determine its appropriateness and accuracy. The mouse model, named 

CamS120, is a transgenic mouse line, generated on a C57BL/6J wildtype background, 

and expresses both a mouse endogenous form of alpha-synuclein, as well as a C-

terminally truncated form of human alpha-synuclein. Whilst full-length alpha-synuclein 

consists of 140 amino acids, the truncated form contains only 120 amino acids. The 

effect of post-translational modifications of the protein alpha-synuclein, such as 

nitration, phosphorylation and ubiquitination, has previously been investigated [286], 

and were found to have an intensifying effect on alpha-synuclein aggregation. 

Truncation of alpha-synuclein is another post-translation modification which is known 

to increase the aggregating properties of alpha-synuclein [224, 287], and the resulting 

alpha-synuclein protein fragment has been found within aggregates isolated from post-

mortem DLB brain tissues [48].  
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3.1. CamS120 genotyping 

To confirm that the CamS120 mice do contain the transgene within their DNA, 

CamS120 mice were ear notched and the DNA extracted from the ear notches was 

amplified using two set of primers specific to the human truncated alpha-synuclein and 

the mouse endogenous full-length alpha-synuclein.  

Figure 14. Genotyping of CamS120 mice. DNA of CamS120 mice was extracted 
and primers for human truncated alpha-synuclein (detects band at around 360bp) and 
endogenous full-length mouse alpha-synuclein (detects band at around 1000bp) were 
used to determine the presence of alpha-synuclein. aSyn = alpha-synuclein 
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In the above figure (Figure 14), genotyping of two mice are shown as an example of 

identifying control and CamS120 mice. When the PCR product was separated, mouse 

endogenous alpha-synuclein was found to form a band at around 1000bp, whereas 

the human truncated alpha-synuclein transgene formed a band at 360bp. Whilst full-

length alpha-synuclein is comprised of 420bp, the DNA amplified also contains introns, 

meaning the band detected consists of more base pairs.  

Mice that were positive for both endogenous and the human truncated alpha-synuclein 

were classified as CamS120 mice, and mice that were positive only for endogenous 

alpha-synuclein were grouped together to form a control group.   

3.2 Alpha-synuclein in CamS120 mouse model 

3.2.1. Human alpha-synuclein (Syn204) 

Syn204 is an antibody used to detect human alpha-synuclein. This antibody was 

chosen specifically for its species reactivity, as it detects only human alpha-synuclein 

and not mouse alpha-synuclein, with a recognition epitope before the C-terminal 20 

amino acids of the protein, ensuring sufficient recognition of the truncated product  
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Figure 15. Human alpha-synuclein expression in the hippocampus. Using 
fluorescent immunostaining, the hippocampus of Control and CamS120 mice were 
stained using Syn204 antibody (green). An illustration of the general structure of the 
hippocampus is shown (A). An overview of the hippocampus was taken at X10 
magnification of 6 months control and CamS120 mice (B). The differential expression 
of Syn204 between different hippocampus subregions (dentate gyrus, CA3, CA2 and 
CA1) was examined with higher magnification (X63 magnification) for both control and 
CamS120 mice at 12 months old (C). Hoechst staining in blue, as a nuclear marker. 
Scale bar = 20µm. N=3. 
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Fluorescent immunostaining for Syn204 in the hippocampus in our CamS120 mice 

has shown that human alpha-synuclein was found throughout the hippocampus in the 

transgenic mice, whereas the control mice did not have this characteristic Syn204 

staining. Syn204 staining could be seen in the dentate gyrus, CA3 and CA2 regions 

but staining was weaker in the CA1 region (Figure 15B). Syn204 staining had a diffuse 

distribution within the hilus and the inner granular layer of the dentate gyrus. The 

distribution of Syn204 continues to other regions of the hippocampus, with abundant 

staining in the CA3 and CA2 regions. Syn204 punctate were found mostly in the 

stratum radiatum region, below the pyramidal cell layer where staining was also seen 

(Figure 15C).   

Figure 16. Syn204 staining in the hippocampus of 1, 6, 12 and 15 months mice. 
Immunofluorescent images were taken of Syn204 staining (green) in the dentate gyrus 
subregion of the hippocampus of all 4 age groups (1 month, 6 months, 12 months, 15 
months). Hoechst staining in blue, as a nuclear marker. Scale bar = 20µm. 
Magnification X63. N=3.  
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Immunofluorescent staining with Syn204 staining at all four time points, 1, 6, 12 and 

15 months, showed that human alpha-synuclein is present in mice of all time points 

(Figure 16).  

CamS120 mice were then analysed for human alpha-synuclein protein levels using 

western blot. 

Figure 17. Human alpha-synuclein protein levels could not be detected using 
western blot. One month control and CamS120 mice were probed with Syn204 
antibody. Alpha-synuclein recombinant protein was loaded as a positive control. N=3.   

 

Western blot analysis of hippocampal lysates of 1 month control and CamS120 mice 

did not show any bands corresponding to human alpha-synuclein as detected by the 

humans-specific antibody Syn204 (Figure 17). To provide a positive control, human 

alpha-synuclein recombinant protein was loaded to determine whether the Syn204 

antibody was able to detect human alpha-synuclein protein. Results showed that 

Syn204 was able to sufficiently detect the presence of human alpha-synuclein protein 

but was not able to detect human alpha-synuclein in hippocampi from CamS120 mice.  
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3.2.2. Endogenous alpha-synuclein 

Whilst human truncated alpha-synuclein could not be detected using western blot, 

endogenous mouse alpha-synuclein was detected using the antibody Syn1, which 

detects both mouse and human alpha-synuclein. 

Figure 18. No change in endogenous alpha-synuclein in CamS120 mice. 
Hippocampi lysates taken from 1 month CamS120 were probed with Syn1 antibody. 
Data is shown as mean ± SEM. N=3. 

 

Using western blot, 1 month CamS120 mice did not show any changes in endogenous 

alpha-synuclein levels, as detected by the Syn1 antibody (Figure 18 ). Western blot 

data however shows that endogenous alpha-synuclein is present within both control 

and CamS120 mice. The bands seen in Figure 18  correspond to full-length alpha-

synuclein and so can be attributed to mouse endogenous alpha-synuclein. This 

suggests that the presence of human alpha-synuclein does not necessarily affect the 

levels of endogenous mouse alpha-synuclein.  

3.2.3. Aggregated alpha-synuclein  

The defining feature of many neurodegenerative diseases is the presence of 

aggregating proteins. In DLB, monomers of the protein alpha-synuclein aggregate 

together to form oligomers, fibrils and eventually Lewy bodies. To determine whether 

our mouse model displays these oligomeric forms of alpha-synuclein, sections from 
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15 months old mice were stained for the antibody 5G4, which is an antibody used to 

detect the oligomeric form of alpha-synuclein.  

 

Figure 19. 5G4 immunofluorescence in the hippocampus of 15 month mice. 
Immunofluorescent images were taken of 5G4 staining in the CA3 subregion of the 
hippocampus in 15 months mice. Tissues were stained with 5G4 antibody (green) and 
C-20 alpha-synuclein antibody (red). Scale = 20µm. Magnification X63. N=2 

 

In this experiment, monomeric alpha-synuclein was determined by the antibody C-20. 

5G4 staining showed the possible present of insoluble protein in the 15 months 

CamS120 mice (Figure 19). It can be seen mostly in the cytoplasm outside the 

nucleus. Strong staining of 5G4 was seen especially around the cell bodies in the 

pyramidal cell layer. The distribution of the monomeric form of alpha-synuclein was 

more widespread throughout the CA3 subregion. Whilst monomeric alpha-synuclein 

was more abundantly expressed throughout, 5G4 staining was present in cells also 

containing C-20 alpha-synuclein staining.  
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3.3. Behavioural abnormalities in CamS120 mice  

As cognitive and behavioural deficits are core symptoms found in DLB patients, mice 

models of DLB should ideally show signs of cognitive impairment. In DLB, one of the 

key areas affected is the hippocampus, which is directly involved in spatial memory 

and long term memory. My aim was to determine whether the CamS120 mouse model 

displays any hippocampal dependent memory impairment, like that seen in DLB 

patients. The NOR test was used to detect changes in recognition memory. To 

determine whether the effects were due to memory alone, two additional tests, the 

marble burying test and the open field test, were performed alongside the NOR test to 

determine if the transgenic mice display sufficient movement capabilities and low 

stress levels respectively. I used CamS120 mice at 1, 6, 12 and 15 months of age, to 

identify the specific age points showing recognition memory deficit using the 

aforementioned behavioural tests.  
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Figure 20. Key behavioural changes in 1 month, 6 months, 12 months and 15 
months CamS120 mice.  Control and CamS120 mice were tested at 1 month, 6 
months, 12 months and 15 months in the NOR test (A,D,G,J respectively), open field 
test (B,E,H,K respectively) and the marble burying test (C,F, I, L respectively). Data is 
shown as mean ± SEM. ** p<0.01 *** p<0.001. 
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In 1 month old animals, no significant alterations in memory, anxiety or motor activity 

(Figure 20A) were detected. Both the control and transgenic group achieved similar 

D.I. scores, indicating equal recognition of the novel and the familiar object. In 6 

months old mice, however, I saw for the first time a significant change in the D.I. score, 

which saw a decrease in the CamS120 transgenic mice ability to recognise a novel 

object compared to control mice (Figure 20D).  This trend continued to be present at 

12 months of age, which saw a more pronounced decrease in D.I. score with the 

CamS120 compared to their age matched controls (Figure 20G). However, at 15 

months, both controls and CamS120 mice showed negative D.I. scores, indicating 

poor recognition memory for both the CamS120 mice and the control mice (Figure 

20J). 

In these experiments I have seen that our CamS120 mice displayed no changes in 

cognitive ability at 1 month of age. At this age, both the CamS120 and the age matched 

control were very mobile, averaging a total distance travelled of more than 1.5m 

(Figure 20B) and managed to bury around 25% of the marbles (Figure 20C). The 

results from both the open field and marble burying test show that at this stage the 

CamS120 transgenic mice were not anxious and displayed normal movement 

behaviour. CamS120 mice tested at 6, 12 and 15 months also showed little changes 

in marble burying compared to controls (Figure 20F, I and L). The same was also seen 

in 6, 12 and 15 months mice when examining their movements in the open field test 

(Figure 20E, H and K) with no significant difference in the distance the control and 

CamS120 mice travelled.  

Additional parameters were recorded to characterise further movement patterns of 

CamS120 mice. The table below shows some of these for each test: 

 

D 
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Table 6. Additional behavioural changes in CamS120 mice. In addition to the total 
distance travelled, further parameters tests in the open field included the speed of 
travel and the length of time travelling were calculated. In the marble burying test, as 
well as the overall number of marbles buried, the number of marbles that were at least 
2/3 buried into the sawdust was also measured. Additional parameters in the NOR 
include the total length of time mice explored the two objects, the distance travelled 
around the entire arena, and the number of times the mice went to explore or interact 
with the objects. Data is shown as the mean value. 

 

These values show that the 15 years old mice in particular, both control and CamS120, 

spent less time exploring the arena in the open field test, and buried fewer marbles 

compared to the 1 month, 6 months and 12 months mice. However, the 15 months 

mice also display longer object exploration times and made the greatest number of 

explorations, i.e., they made more visits to explore the object.  

. 
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3.4. Final Discussion for Chapter 3 

There are very few mouse models that accurately model DLB disease neuropathology. 

As most synucleinopathy-related models focus on PD, they very often focus on motor 

abilities. In my project, a novel DLB-specific mouse model was explored. The mouse 

model used here expresses a truncated form of human alpha-synuclein under the 

CamKIIα promoter, which allows the distribution of the alpha-synuclein transgene to 

be focused onto brain regions specifically involved with cognitive functions, such as 

the frontal cortex and hippocampus. The CamS120 mouse line was derived from a 

transgenic truncated 1-120 alpha-synuclein mouse line originally described by Hall et 

al., 2015, which, as described in the section 2.1.1, were bred on an alpha-synuclein 

null background. The mouse line was then crossed with wildtype C57BL/6J mice, 

which lead to a mixture of mice being positive or negative for endogenous alpha-

synuclein. There have been some reports that human alpha-synuclein pathology is 

exacerbated in the absence of endogenous alpha-synuclein [288, 289]. Reintroducing 

endogenous alpha-synuclein into the CamS120 mice was done to gain insight into the 

importance of endogenous alpha-synuclein in the CamS120 mouse, where truncated 

alpha-synuclein is expressed, and to see if any behavioural and biochemical changes 

could be seen in mice positive for endogenous alpha-synuclein and the human alpha-

synuclein protein.  

As a transgenic mouse model, it is important to show not only the presence of the 

transgene within their DNA, but also an increase of the protein compared to the control 

group. Some alpha-synuclein related animal models have shown a substantial 

increase in alpha-synuclein, with some showing a 2-fold increase  [236, 243]. Using 

immunofluorescence, CamS120 mice model showed strong staining of human alpha-

synuclein at all age points, within the hippocampus, in particular within the dentate 
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gyrus and surrounding the CA3 and CA2 regions. Whilst the CamS120 mice showed 

a strong positive band for CamKIIα primers when genotyping and a clear increase in 

diffuse alpha-synuclein protein levels using immunohistochemistry, quantifying alpha-

synuclein total proteins levels using western blot was not possible. When analysing 

alpha-synuclein protein levels using western blot, the whole hippocampi were 

dissected out of their brains, homogenised and the proteins separated, however for 

unclear reasons probing for Syn204 has been found to be unsuccessful, with little or 

no signal seen. However, the presence of monomeric alpha-synuclein using Syn1 

antibody which is immunoreactive for both human and mouse alpha-synuclein protein 

has been seen using western blot. With CamS120 mice, the transgene is truncated, 

producing a 120aa alpha-synuclein protein, which should be detected as a lower 

molecular weight than the full-length alpha-synuclein. This, however, was not seen 

either using western blot. This suggests that perhaps the alpha-synuclein levels, 

although clearly present in immunofluorescence images in certain subregions of the 

hippocampus, are not high enough to be detected using the western blot technique. 

This was unexpected, as previous papers initially examining the mouse model have 

shown an increase in Syn204 staining [245]. It is possible that as subsequent 

generations were produced, the expression of the truncated SNCA gene was reduced. 

As expected, the CamKIIα promoter drove the expression of the transgene to the 

dentate gyrus, CA3 and CA2 region, however there was no expression of alpha-

synuclein in the CA1 region of the hippocampus. In AD, the CA1 region is one of the 

most affected subregions of hippocampus, and there are reports that the CA1 region 

may also be affected in DLB too, although possibly not to the same extent as other 

hippocampal subregions [65]. This does suggest that the model may not fully simulate 

the hippocampal pathology seen in patients. Despite this though, the results collected 
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showed that the CamS120 mice displayed a significant impairment in recognition 

memory, with no accompanying changes in motor function or anxiety, suggesting that 

pathology in the DG, CA3 or CA2 are involved in the deficit recognition memory seen 

in the CamS120 mice.  

This memory deficit was initially seen in the 6 months old but was more pronounced 

in the 12 months mice. A significant drop however in D.I. score was seen at 15 months. 

From the behavioural results, 1 month old mice displayed no problems in recognition 

memory. They also showed no deficits in general movement and anxiety, as quantified 

by the open field test and marble burying test, respectively. In contrast, at both 6 

months and 12 months, the CamS120 mice scored a negative D.I. score, with a more 

pronounced decrease in the D.I. at 12 months old mice. In the NOR test, normal control 

mice should be able to remember the objects presented in the familiarisation stage 

and will therefore on the whole tend to explore the object that they had not seen before 

during the testing stage, thus resulting in a positive D.I. score. The negative score 

seen with the 6 and 12 months old CamS120 mice showed that they spent less time 

exploring the novel object, and the majority of the time was spent examining the 

familiar object. This suggests that the mice were most likely not able to recognise the 

familiar object as well, and so preferentially explored the familiar object again. Objects 

were paired together for their difference in shape, texture and colour so that they were 

not too identical in shape. This however presents an issue with the innate preference 

for one object over another, which might mean that the mice will spend longer on an 

object which it prefers, or conversely avoids an object it fears. In order to minimise this 

issue, objects were randomised between the mice, so that within the individual testing 

groups, mice were presented with either of the two available objects used during the 

familiarisation stage, to determine any discrepancies within the group. Additionally, it 
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is also possible that mice may display preference to a particular side of the arena, 

which will favour the object in that half of the arena. To take this into account, the two 

objects were always placed in the centre of the arena and during the testing stage half 

of the mice will have the novel object on the left and the other half on the right. These 

measures were put in place in an attempt to prevent bias from affecting the average 

D.I. scores. When performing the novel object recognition test, other protocols for the 

test have often set a threshold for the total time exploring the object [290]. A threshold 

of 20 seconds for the total time exploring the objects in the test stage of the test is 

often used. However, as shown in Table 1, the total exploration average of the 1 month 

mice was only 8 seconds. The three other time points tested had almost all on average 

explored the objects for over 20 seconds. At 1 month of age, the mice were put into 

the behavioural testing arena for the first time. The same mice were then used for the 

subsequent time points. It may be possible therefore that the 1 month mice might 

spend more time exploring the arena in comparison to the objects, especially since at 

that age they tend to be more energetic. Enforcing an exploration time threshold 

ensures that the D.I. score better reflects the ability of the mice to recognise and 

discriminate objects. A small total exploration time suggests that the mice have either 

limited interest in the objects or that the objects were generating a stressful response 

[276].  

Analysis into the CamS120 mice using immunofluorescence showed a relatively little 

difference in immunopositive staining in the 15 months mice, which correlates to the 

strong decrease in D.I. score for both control and CamS120 mice at 15 months. The 

results suggest that whilst CamS120 mice still display a negative D.I. score indicative 

of poorer memory ability, the control mice themselves may have perhaps developed 
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age related memory impairment, therefore showing a comparable discrimination ability 

to CamS120 mice.  

The presence of oligomeric alpha-synuclein is a defining feature in DLB and is often 

regarded as the main toxic species responsible for cell death and not Lewy bodies, as 

was once thought. This has been confirmed by multiple cell studies which show that 

expressing alpha-synuclein oligomers leads to significant cellular dysfunction [291]. 

This is supported by the fact that not all PD patients show the presence of alpha-

synuclein containing Lewy bodies, despite showing certain behavioural and motor 

dysfunction symptoms [292]. In the CamS120 mouse model, oligomeric alpha-

synuclein staining could been seen in the cytoplasm only, substantially more so than 

control mice, suggesting there may be limited oligomeric human alpha-synuclein within 

the cytoplasm of certain pyramidal cells within the CA3 region. The antibody used to 

detect oligomeric alpha-synuclein 5G4 in my experiments however has some 

limitations, as it does not specifically detect alpha-synuclein but rather oligomeric 

protein in general. Whilst the 5G4 antibody is thought to be able to detect alpha-

synuclein using western blot techniques, probing western blots with 5G4 was not 

successful. Typically, the presence of oligomeric alpha-synuclein is confirmed by 

isolating aggregates from brain tissue using sequential centrifugation. In this method, 

lysates are centrifuged, and the resulting supernatants are resuspended in increasing 

concentrations of detergent, with a final resuspension into urea. This then results in a 

pellet containing urea-soluble aggregates, which can then be detected using western 

blot [293]. However, due to the fact that human alpha-synuclein protein level is too low 

in the CamS120 mice to detect using western blot normally, the sequential 

centrifugation technique cannot be used to detect insoluble aggregates in the 

CamS120 mice. Instead, the presence of oligomeric alpha-synuclein could have been 



120 
 

confirmed through the use of the enzyme Proteinase K (PK). PK is able to digest 

soluble oligomers and so has been used in neurodegenerative disease research [294, 

295]. Once applied to the brain tissue, only insoluble protein oligomers should remain, 

therefore confirming that any immunopositive staining seen using the 5G4 antibody 

are insoluble oligomeric proteins.  

In summary, CamS120 transgenic mice showed human alpha-synuclein staining 

within the dentate gyrus and CA3-2 subregions of the hippocampus proper, 

accompanied by possible deficits in recognition memory. Although quantification of 

alpha-synuclein using western blot could not be confirmed, these results do suggest 

that the mouse model is most likely able to replicate the overexpression of alpha-

synuclein, however to confirm these behavioural changes it would be necessary to 

establish whether the CamS120 mice do show the presence of human truncated 

alpha-synuclein using western blot. 

 

 

 

 

 

 

 

 



121 
 

Chapter Four: Results II – Mitochondrial dysfunction in alpha-synuclein related 

models 

 

Alterations in mitochondrial morphology and function are key pathological processes 

seen in many neurodegenerative diseases. Studies show mitochondria function is 

often impaired in neurodegenerative diseases such as DLB, which can include a 

reduction in the total mitochondrial mass, impairment in ATP production and cell 

metabolism processes [296]. The mitochondrial population integrity is regulated 

through different pathways, such as mitochondrial dynamics. There are two processes 

in particular involved in the regulation of mitochondria dynamics: mitochondrial fission 

and mitochondrial fusion [155, 156].  When stimulated, mitochondrial fission causes a 

single  mitochondrion to divide, whereas mitochondrial fusion causes mitochondria to 

fuse together. Both mitochondrial fission and fusion consists of several steps, involving 

proteins found on both the outer and inner mitochondrial membranes. During 

mitochondrial fusion, both the inner and outer mitochondrial membranes fuse together 

to form a larger elongated mitochondrion. In mitochondrial fission, mitochondrial 

fission proteins enclose mitochondria, lysing the mitochondrial membranes, causing 

mitochondria to become fragmented. Both of these two mitochondrial processes have 

a direct effect on mitochondrial morphology and overall mitochondrial mass, and often 

work in tandem, allowing a balance between fission and fusion which enables a degree 

of control over the mitochondrial population, the process of which is reviewed by [297]. 

Abnormalities in these processes have been implicated in many neurodegenerative 

diseases, including PD, HD and AD [298-300]. Research into DLB has also 

established a link between DLB and mitochondrial dysfunction [301]. Using both a cell 

model which overexpresses full-length alpha-synuclein, and the novel mouse model 

CamS120, changes in mitochondrial dynamics were examined using various 



122 
 

mitochondrial markers, including Drp1, Opa1 and Tom20. Although ideally a cell model 

expressing the truncated form of alpha-synuclein, to match the CamS120 mouse 

model, would have been used, stably transfected alpha-synuclein full length mice were 

already available, and due to lack of available time, I was not able to generate a 120 

amino acid truncated stable cell line. This does mean that direct comparison between 

the cell model and the CamS120 mouse model is not possible.   

4.1 Distribution of mitochondrial population in alpha-synuclein overexpressing models  

4.1.1. Cell model 

BE(2)-M17 cells stably transfected with full-length alpha-synuclein (aFL cells) were 

stained with Tom20 antibody. 
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Figure 21. Full-length wildtype alpha-synuclein overexpression alters Tom20 
expression. M17 control and alpha-synuclein overexpressing cells were double 
stained with Tom20 (red) and Syn204 (green) antibody, N=3 (A). Western blotting of  
M17 and aFL cells lysates were probed with alpha-synuclein and Tom20 antibodies.  
(B) and Tom20 (C). * p<0.05. Western blot data is represented as mean ± SEM. 
Scale bar = 10 µm. Magnification X63. N=3. 

Using immunocytochemistry and western blot, aFL overexpressing cells showed an 

increase in alpha-synuclein in comparison to M17 controls (Figure 21B). Tom20 is a 

general mitochondrial protein, and so can identify the total mitochondrial mass. 

Staining shows that mitochondria labelled with Tom20 were confined to the perinuclear 

and cytoplasmic regions (Figure 21A). No overall morphological changes in 
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distribution of Tom20 staining in aFL overexpressing cells were detected. 

Overexpression of alpha-synuclein however did appear to affect Tom20 protein levels, 

with elevated Tom20 levels seen (Figure 21C). 

4.1.2. CamS120 model  

Next, I asked whether changes in the mitochondrial mass in the hippocampus of 

CamS120 can be observed in similar manner to the cell model described in 4.1.1. 

CamS120 mice at 12 and 15 months were selected due to the changes seen in the 

behavioural tests, as 12 months mice showed the strongest memory impairment, 

and at 15 months old mice show interesting changes after symptoms appear. 

Therefore I used these particular ages to analyse mitochondrial markers using 

immunohistochemistry and western blot.  
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Figure 22. Analysis of 12 month CamS120 mice showed there was a slight, but 
not significant, increase in Tom20. Hippocampal sections were stained for Tom20 
(red) and Syn204 (green) using immunofluorescence N=3 (A). Hippocampi lysates 
taken from 12 months mice were then analysed for Tom20 protein levels (B). 
Western blot data is represented as mean ± SEM. Scale bar = 20µm. Magnification 
X63. N=4.  
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Figure 23. 15 months CamS120 mice show no significant changes in Tom20 
levels. Hippocampi sections were stained for Tom20 (red) and Syn204 (green) using 
immunohistochemistry techniques, N=3 (A), and hippocampal lysates were probed for 
Tom20 protein using western blot (B). Western blot data is represented as mean ± 
SEM. Scale bar = 20µm. Magnification X63. N=4. 
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When examining immunohistochemical distribution of Tom20 in 12 months CamS120 

mice, abundant staining was observed around nuclei, showing that in both control and 

CamS120 mice, mitochondria were mainly clustered within the perinuclear region of 

the cell, throughout all four regions of the hippocampus (Figure 22A). No significant 

changes could be seen in morphological distribution of mitochondria; however this was 

not easily observable using this immunohistochemical technique. Hippocampal 

lysates of 12 months mice were then prepared in order to examine Tom20 protein 

levels. No significant changes were seen in the 12 months CamS120 mice (Figure 

22B). A similar level of Tom20 protein distribution was seen in 15 months CamS120, 

with strong Tom20 staining found around the nuclei area of the cells (Figure 23A). 

Again, there were no significant changes in the Tom20 protein level of hippocampal 

lysates from 15 months old mice (Figure 23B).  

4.2. Mitochondrial dynamics in alpha-synuclein related models  

Mitochondrial fission and fusion both involve proteins such as Drp1 or Opa1. Using 

antibodies which recognise these proteins, I examined whether there were any 

changes in mitochondrial dynamics in our models of alpha-synuclein overexpression.  

4.2.1. Mitochondrial fission 

4.2.1.1. BE(2)-M17 cell model 

M17 control cells and aFL-overexpressing cells were double stained with Drp1 and 

Tom20 and examined using the confocal microscope.  

 

 

 

 



128 
 

 

Figure 24. Alpha- synuclein overexpressing cells do not show an increase in  
Drp1. M17 and aFL cells were double stained with Drp1 (green) and Tom20 (red), 
N=3 (A). M17 and aFL lysates were analysed for Drp1 protein levels (B). An 
insignificant increase in Drp1 was seen (p=0.5564). Western blot data is represented 
as mean ± SEM. Scale = 10µm. Magnification X63. N=3.  

 

aFL cells were stained for Drp1, which is a marker of mitochondrial fission. Staining 

was prevalent in both M17 and aFL cells, but Drp1 staining seemed stronger in the 

aFL cells than the control M17 cells (Figure 24A). Using western blot, Drp1 levels were 

not changed in aFL cells (Figure 24B). 
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4.2.1.2. CamS120 mice  

Hippocampal samples from 12 and 15 months CamS120 mice were stained with the 

mitochondrial fission protein Drp1.  

 

Figure 25. 12 months CamS120 mice show no significant change in 
mitochondrial fission. Hippocampal sections were double stained with Drp1 (green) 
and Tom20 (red). N=3 (A). Hippocampi from 12 months CamS120 mice were stained 
for the mitochondrial fission protein Drp1 (B). Scale = 20µm. Western blot data is 
represented as mean ± SEM. Magnification X63. N=3. 
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Figure 26. 15 months CamS120 mice show no significant change in 
mitochondrial fission. Hippocampal sections were double stained with Drp1 (green) 
and Tom20 (red) N=3 (A). Hippocampi from 15 months CamS120 mice were analysed 
for the mitochondrial fission protein Drp1 (B). Scale = 20µm. Western blot data is 
represented as mean ± SEM. Magnification X63. N=3/4.  

 

 

Drp1 and Tom20 staining was detected in both the 12 months and 15 months 

CamS120 mice. Both Drp1 and Tom20 were found in close proximity, in the cytoplasm 
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surrounding the nucleus in both the 12 months (Figure 25) and 15 months (Figure 26) 

CamS120 mice.  Using immunohistochemistry, there was visually very little change in 

Drp1 in both age groups. Across the hippocampal regions in the 12 and 15 months 

mice, Drp1 staining was more intense in the dentate gyrus, but there was not as such 

staining in Drp1 staining in the CA3, CA2 and CA1 regions (Figure 25A, 26A). 

However, any changes in staining with these mice were subtle and this was further 

confirmed by western blot (Figure 25B, 26B), which showed there was no significant 

changes in Drp1 protein levels in both the 12 months and 15 months CamS120 mice. 

The western blot showing changes in Drp1 levels in 12 months, were cut as there was 

technical error with one of the samples and so that one was removed from analysis, 

however these samples were run on the same blot, and so the remaining mouse tissue 

can still be compared.  

4.2.2. Mitochondrial fusion  

4.2.2.1. BE(2)-M17 cell model 

Having seen a change in mitochondrial fission in the cell model where alpha-synuclein 

is overexpressed, I tested for changes in mitochondrial fusion in the same cell model.  
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Figure 27. AFL overexpressing cells show a decrease in Opa1 staining. M17 
control and aFL cells were double stained with Opa1 (green) and Tom20 (red), N=3 
(A). M17 and aFL cells were analysed from Opa1 protein levels using western blot 
(B). Western blot data is represented as mean ± SEM. Scale = 10µm. Magnification 
X63. * p<0.05. N=3. 

 

AFL overexpressing cells were stained with the mitochondrial fusion protein antibody 

Opa1 and Tom20 (Figure 27A). Opa1 staining could be seen in the M17 cells and 

were seen as punctates in the cytoplasm outside the nucleus. When analysing the 

Opa1 levels using western blot, Opa1 levels appeared to be reduced in aFL cells 

(Figure 27B). 
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4.2.2.2. CamS120 mouse model 

Staining for changes in Opa1 protein levels was then done using 12 months and 15 

months CamS120 mice. 

 

Figure 28. 12 months CamS120 mice show no significant change in 
mitochondrial fusion. Hippocampal brain sections were immunostained for Opa1 
(green) and Tom20 (red), N=3 (A). Opa1 protein levels were analysed using western 
blot (B). Western blot data is represented as mean ± SEM. Scale = 20µm. 
Magnification X63. N=4. 
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Figure 29. 15 months CamS120 mice show no significant change in 
mitochondrial fission. Hippocampal sections from the mice from 15 months mice 
were double stained for Opa1 (green) and Tom20 (red) N=4 (A) Hippocampal lysates 
were analysed for Opa1 protein levels using western blot (B). Western blot data is 
represented as mean ± SEM. Magnification X63. Scale = 20µm. N=4. 

 

In the cell model, a possible decrease in Opa1 staining could be seen. However, this 

was not seen in the mouse model. Both 12 months (Figure 28) and 15 months old 
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(Figure 29) control and CamS120 mice showed Opa1 staining in all four regions, with 

strong staining in the CA3 especially. Western blot analysis showed that at both ages, 

there was no significant changes in Opa1 protein levels in CamS120 mice at either 12 

months or 15 months. 

4.3. Changes in mitochondrial membrane potential in aFL cells 

The maintenance of the mitochondrial membrane potential is necessary for the normal 

function of healthy mitochondria. To detect membrane potential, I have used TMRM 

dye, which can only permeate through the mitochondrial membrane of active 

mitochondria and can then be detected by the FL-2A channel on the flow cytometer. 

 

Figure 30. Full-length alpha-synuclein cells show abnormalities in the 
mitochondrial membrane potential. Wildtype M17 cells and alpha-synuclein 
overexpressing cells (aFL) were stained with the dye TMRM. The cells were then 
analysed using flow cytometry and the fluorescence (FL-2A) was detected. Data is 
represented as mean ± SEM (A).  Wildtype M17 cells were stained with TMRM and 
used as a control (labelled TMRM). The mitochondrial uncoupler FCCP was added to 
M17 cells in addition to TMRM as a positive control (labelled FCCP). M17 cells with 
no dye added was also done to determine auto-fluorescence of the cells (labelled 
control). Average cell counts are represented as a histogram (B). Cell types were 
performed in triplicates. ** p<0.01 
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The fluorescence from M17 control (with only TMRM) cells was significantly stronger 

than that from the M17 FCCP control (Figure 30A). The aFL cells were tested 

alongside M17. As was seen in the FCCP control, the cells overexpressing alpha-

synuclein saw a significant decrease in fluorescence signal, in comparison to the M17 

cells. This can be seen in the average events histograms (Figure 30B), which showed 

that a shift to the left in fluorescence can be seen in aFL cells compared to M17 cells.  

4.4. Reactive oxygen species generation in aFL cells 

When mitochondria undergo cell death, mitochondria release ROS such as 

Cytochrome C and H2O2. DCFH-DA is a dye which binds to intermediates of H2O2. 

Attached to a fluorophore, the dye is detected by the FITC channel 

Figure 31. AFL overexpressing cells contain a higher level of ROS. M17 wildtype 
and aFL overexpressing cells were stained with the dye DCFH-DA and then analysed 
on the flow cytometer. M17 cells without dye were examined as the control group. Cell 
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types were performed in triplicates. Data is represented as mean ± SEM (A). Events 
count graphs for each sample were produced, showing the number of events counted 
for specific FITC fluorescence (B). ** p< 0.01. 

 

M17 cells were found to have a significantly higher fluorescence compared to the M17 

cells without DCFH-DA dye added control group. In addition, aFL cells were also found 

to have significantly higher fluorescence compared to the M17 cells (Figure 31A). This 

can be seen in the average events histograms (Figure 31B), where a noticeable shift 

in fluorescence can be seen across all three groups tested.  

4.5. Mitochondrial interactions with autophagy proteins 

Mitophagy is the specific process by which damaged mitochondria are degraded by 

the autophagy system and is often disrupted in neurodegenerative diseases such as 

PD and DLB [302, 303]. To see whether this may also be the case in our cell model , 

I co-stained them with Tom20 and either LC3 (Figure 32) or Lamp2 (Figure 33). 
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Figure 32. AFL overexpressing cells show an increase in the localisation 
between LC3 and Tom20. M17 and aFL cells were double stained with LC3A/B (red) 
and Tom20 (green) antibody. AFL cells were probed for LC3 using western blot. N=3 
(B). Western blot data is represented as mean ± SEM. * p<0.05 Scale = 10µm. 
Magnification X63. N=3.  
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Figure 33. Lamp2 staining show no difference between aFL and M17 controls. 
M17 and aFL cells were double stained with Lamp2 (green) and Tom20 (red). Scale 
= 10µm. Magnification was X63. N=3.  

 

LC3 punctates could be seen in both M17 and aFL cells and were localised in the 

cytoplasm, outside of the nucleus. Overall, there appears to be an increase in LC3 

punctates in aFL cells (Figure 32). Lamp2 staining was weak, but stronger staining 

was seen in the cytoplasm, outside the nucleus (Figure 33).  With aFL cells, the Lamp2 

staining appeared more closely clustered within the perinuclear region, and so staining 

seemed very slightly stronger. LC3 protein levels were also measured with western 

blot (Figure 32B). Two distinct bands could be seen, and an increase in the band 

corresponding to LC3-I was also seen, whereas conversely a decrease was seen in 

the band corresponding to LC3-II protein. The western blot therefore possibly indicates 

a lack of proper autophagosome formation, as LC3-I protein is converted to LC3-II 

upon autophagosome formation. 



140 
 

It is worth noting that these experiments however were trial experiments to begin 

exploring changes in mitophagy in aFL cells, and as such would need to be repeated 

to confirm such a change. 

 

4.6. Final discussion for Chapter 4  

Mitochondrial dysfunction is a key characteristic in neurodegenerative diseases such 

as PD and AD. Here, using cell and animal models related to the neurodegenerative 

disease DLB, changes in mitochondrial function were analysed. The CamS120 and 

cell mode reproduced the alpha-synuclein accumulation observed in DLB. The 

CamS120 mice model showed possible accumulation of alpha-synuclein within the 

hippocampus of transgenic mice.  

The CamS120 mouse model showed little change in the distribution of mitochondrial 

mass or in mitochondrial dynamics proteins. Changes in mitochondrial dynamics 

proteins have been reported in other studies [147], which show that increased alpha-

synuclein protein can lead to an increase in mitochondrial fission, causing 

mitochondria to fragment. In addition, a decrease in Opa1 levels suggest that fewer 

mitochondria are fusing together, resulting in shorter mitochondrial overall. Whether 

the overall increase in Tom20 in aFL cells is directly due to the decrease in Opa1 

levels is unclear.  

The modest changes in mitochondrial dynamics in the mouse model however may 

possibly be in response to the limited production of the truncated alpha-synuclein, 

suggesting that that the CamS120 mice is perhaps not a strong enough model to show 

significant changes in mitochondrial dynamic proteins. To complement the mouse 

model and to verify whether the lack of overall mitochondrial alteration in CamS120 
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mice is due to the nature of truncation or level of expression, it would have also been 

interesting to prepare a stable cell model which expresses a truncated version of 

alpha-synuclein.  

To determine the mitochondrial quality, the mitochondrial membrane potential and 

ROS production were tested, both of which are highly controlled mitochondrial 

processes. Since the cell model appears to be more sensitive to changes in 

mitochondrial function so far, only the cell model was tested for changes in 

mitochondrial membrane potential and ROS production. In other alpha-synuclein 

models, mitochondrial membrane potential has been shown to become impaired and 

ROS production increased [304, 305]. These particular changes in mitochondrial 

function were also seen in the aFL cell model used here.  

When mitochondria become damaged, it initiates the process of mitophagy which 

leads to the degradation and removal of the damaged mitochondria from the cell. In 

neurodegenerative diseases, including PD and DLB, this process can be disrupted, 

preventing the degradation and removal of damaged mitochondrial from the cell [306]. 

An integral part of the mitophagy process is the recruitment of lysosomes to the 

autophagosomes [307]. The marker Lamp2, a lysosomal associated membrane 

protein, is often used to analyse lysosomal activity. Immunofluorescent staining with 

Lamp2 showed a very weak punctate staining, making it hard to determine any 

significant changes in Lamp2 expression in aFL cells. LC3 staining on the other hand 

was more successful. An increase in LC3 punctates might reflect an increase in the 

number of autophagosomes, and thus a higher rate of the autophagy process in the 

cells. This response might be indicative of an early autophagy response to increased 

alpha-synuclein overexpression, where autophagosomes are formed in the cytoplasm.  
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To determine whether there is a convergence between the autophagy and 

mitochondrial system in our DLB cell model, double staining was done to determine 

the interaction between mitochondria and LC3 proteins. Using western blot, two 

distinct bands could be seen using the LC3 antibody, which correlated to either LC3-I 

or LC3-II. When autophagosomes are formed, LC3-I is converted to LC3-II and so is 

an indicator of complete autophagosome formation. The data therefore indicates that 

whilst there appeared to be an increase in LC3 protein levels, there was a decrease 

in LC3-II, which would imply that there is an impairment in complete autophagosome 

formation as well as  in the proper clearance of autophagosomes by the lysosomal 

system. Lamp2 staining was however not successful so the involvement of the 

lysosomes in our cell model could not be confirmed with the data collected. Previous 

studies using cells overexpressing alpha-synuclein have shown co-localisation 

between alpha-synuclein protein, autophagy and lysosomal markers, such as LC3 and 

Lamp2 proteins [111], which shows that increased alpha-synuclein accumulation in 

cells are able to promote autophagy processes, with increased alpha-synuclein 

containing autophagosomes. The effect of the accumulation of alpha-synuclein on 

mitophagy processes has also been examined using cell models, with studies showing 

that alpha-synuclein interacts with mitochondria and stimulates the mitophagy process 

[116, 303]. Alpha-synuclein for example was found within Parkin expressing 

mitophagy vacuoles, showing that toxic alpha-synuclein is sequestered into 

mitochondria, which stimulates the clearance of these mitochondria through 

mitophagy [308], which fits with results collected from experiments with my aFL cell 

model.     

Overall, the results collected have shown that the mouse model did not exert any 

significant effect on mitochondrial function, so it is hard to conclude whether 
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mitochondrial function is directly related to the behavioural changes seen in the 

CamS120 mice. Additionally, whilst analysis of the aFL cell model did show some 

possible changes in mitochondrial function, it is important to note that due to the quality 

of the blots and the loading controls with the cell culture work that significant results 

seen here should be treated with caution, and experiments would needed to be 

repeated to sufficiently determine whether Tom20 protein levels are affected in beta-

synuclein expressing cells. The CamS120 mice model often showed large variances 

between mice in the same group which might add to the lack of significance seen in 

the results and so increasing the number of mice per group might improve the chances 

of obtaining a significant result. The question of what happens at the cellular level 

within the CamS120 mice to cause the possible behavioural deficits seen is still not 

clear. Due to the inconclusive results seen with the CamS120 mice here however, it 

is hard therefore to come to a conclusion about the effect of truncated alpha-synuclein 

on mitochondrial function.   
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Chapter Five: Results III – Beta-synuclein in DLB 

The exact role of the protein beta-synuclein in DLB pathology, how it can prevent 

alpha-synuclein aggregation or how mutated beta-synuclein can lead to DLB-related 

symptoms is still not well understood. Research so far has found a connection 

between beta-synuclein, in particular mutated beta-synuclein, and impairment in 

cellular dysfunction, such as attenuating autophagy flux [202] and lysosomal function 

[203]. Comparatively, little is known about the effect of beta-synuclein, mutated beta-

synuclein in particular, on mitochondria. In this chapter, I aim to investigate whether 

wildtype beta-synuclein is altered in our DLB CamS120 mouse model, and the stable 

alpha-synuclein overexpressing cells, to a similar extent seen in human DLB post-

mortem tissue. In addition, I aim to investigate the effect of mutated beta-synuclein in 

particular on mitochondrial function which as of yet not been explored before, using a 

V70M mutated beta-synuclein stable cell line.   

 

5.1. Beta-synuclein protein levels  in CamS120 mice 

In order to find an explanation for the observed changes in the behavioural alterations 

of the CamS120 mice model, I examined beta-synuclein protein distribution and 

protein levels using both immunochemistry and western blot.  Beta-synuclein levels in 

the hippocampus of CamS120 mice were detected using the beta-synuclein antibody, 

which is immunoreactive for both human and mouse beta-synuclein protein.  
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Figure 34. 12 months CamS120 mice show a significant decrease in beta-
synuclein levels.  The dentate gyrus of 1, 6, 12 and 15 months control and CamS120 
were analysed for beta-synuclein (red) and Syn204 (green) N=3 (A). Hippocampal 
lysates from 1, 6, 12 and 15 months were analysed for beta-synuclein using western 
blot techniques (B). Scale bar = 20µm. Controls used in western blotting for 1 and 6 
months were beta actin. Data is represented as mean ± SEM. N=3 (1 month), N=4 (6 
months), N=5 (12 and 15 months).  

 
To correspond with the temporal progression of behavioural changes, 1, 6, 12 and 15 

months CamS120 mice were tested for beta-synuclein levels. Immunofluorescent 

staining showed a diffuse pattern of beta-synuclein protein in all four age groups 

(Figure 34A), in both control and CamS120 mice. The distribution of beta-synuclein 

A 

B 
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within the hippocampus of CamS120 mice did not visually appear to change with time, 

with each age group showing strong beta-synuclein staining within the neuropil in the 

hilus region, as well as some weaker staining found closely surrounding the cell bodies 

in the granular layers of the dentate gyrus. In this respect, beta-synuclein staining was 

found to be in close proximity to alpha-synuclein and co-localisation between the two 

proteins could be seen throughout the hippocampus, indicated by the appearance of 

yellow staining. This is indeed expected for these two synaptic proteins. Western blot 

analysis of whole hippocampal lysates shows no significant changes in beta-synuclein 

levels in the younger years (1 and 3 months) and 15 months mice, however, a 

significant decrease in beta-synuclein protein levels was seen in 12 months CamS120 

mice (Figure 34B). 
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5.2. Beta-synuclein levels in aFL cells  

Beta-synuclein protein levels were then analysed in alpha-synuclein overexpressing 

cells (aFL cells) using immunofluorescence and western blot. 

. 

 

 

Figure 35. AFL cells show no change in beta-synuclein expression. AFL cells 
were double stained for both alpha-synuclein (green) and beta-synuclein (red), N=3 
(A). M17 and aFL cells were lysed and probed for beta-synuclein levels (B).  bSyn = 
beta-synuclein. Scale bar = 10µm. Western blot data is presented as mean ± SEM. 
N=3. 
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First, aFL cells were stained for alpha-synuclein and beta-synuclein. An expected 

increase in alpha-synuclein was seen, but any changes in beta-synuclein expression 

(Figure 35A) could not be detected using immunofluorescent imaging techniques. 

Western blot analysis showed however that there were no changes in beta-synuclein 

levels detected in aFL cells (Figure 35B).   

5.3. Alpha-synuclein expression in beta-synuclein expressing cells 

To determine whether beta-synuclein is able to affect alpha-synuclein protein levels, I 

used cells overexpressing full-length human beta-synuclein (bFL cells) and the DLB-

related V70M beta-synuclein mutation (V70M cells) and stained them using alpha-

synuclein antibody.  
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Figure 36. BFL cells show no significant change in alpha-synuclein levels. Cells 
were double stained for both alpha-synuclein (green) and beta-synuclein (red), N=3 
(A). The level of overexpression of beta-synuclein protein in bFL cells was quantified 
using western blot (B). BFL cells were lysed and probed for alpha-synuclein protein 
level (C). Scale bar = 10µm. aSyn = alpha-synuclein, bSyn= beta-synuclein. Western 
blot data is represented as mean ± SEM.** p<0.01. N=3. Vertical line indicates that 
where the image has been cut.  
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Figure 37. V70M cells show no significant change in alpha-synuclein levels. Cells 
were double stained for both Syn204 (green) and beta-synuclein (red), N=3 (A). V70M 
cells were lysed and probed for alpha-synuclein levels. The level of overexpression of 
beta-synuclein protein within V70M mutated beta-synuclein cells were quantified using 
western blot (B). Scale bar = 10µm. aSyn = alpha-synuclein, bSyn= beta-synuclein. 
Western blot data is represented as mean ± SEM.** p<0.01. N=3. Vertical line 
indicates that where the image has been cut. 

 

Using the western blot and immunofluorescence, the presence of beta-synuclein in 

bFL and V70M was found(Figure 36 and 37 respectively). No apparent changes in 

endogenous alpha-synuclein protein levels was detected in either bFL (Figure 36C) or 

V70M overexpressing cells (Figure 37B). Strangely, in the western blot data (Figure 
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36B), beta-synuclein does not appear to be detected in the M17 cells, whilst in 

previous blots there is evidence of some, although very low, expression of beta-

synuclein in wildtype control cells. The blots on the western blot for bFL and V70M 

were cropped to focus on beta-synuclein cells, and so non-relevant cells which were 

run on the same blot are not included. Since the cells were transferred to the same 

membrane, comparison can still be made. 

 

5.4. Changes in mitochondrial function in beta-synuclein overexpressing cells 

It has been previously seen that overexpressing alpha-synuclein in cells can cause 

changes in mitochondrial function, notably alpha-synuclein has been shown to affect 

mitochondrial dynamics [309], however there is limited information whether 

overexpression of beta-synuclein could induce any mitochondrial abnormalities. 

Therefore, bFL and V70M cells were examined to analyse changes in mitochondrial 

function, in response to beta-synuclein overexpression.  

 

5.4.1.Tom20 protein levels in bFL and V70M cells 

I have started with assessing total mitochondrial mass by analysing Tom20 protein 

levels in bFL and V70M cells using fluorescent staining and western blot. 
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Figure 38.  Both bFL and V70M cells show an increase in Tom20 levels. BFL 
cells (A) and V70M cells (C) were double stained with Tom20 (green) and beta-
synuclein (red) N=3. Cell lysates of M17, bFL (B) and V70M (D) cells were probed 
using Tom20 antibody. Western blot data is represented as mean ± SEM. * p<0.05. 
Scale bar = 10µm. N=3. Vertical line indicates that where the image has been cut. 

20-- 
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BFL and V70M cells were double stained with Tom20 and beta-synuclein. Using 

immunofluorescence, strong punctate Tom20 staining was present within both bFL 

and V70M which, in the case of V70M cells, were found mostly outside the nuclear 

region (Figure 38A and C). In bFL cells however, staining could also be seen in nuclear 

region in bFL cells. Western blot analysis of  total Tom20 protein levels suggests that 

there is an increase of Tom20 in both bFL and V70M cells (Figure 38B and D) The 

blots on the western blot for bFL and V70M were cropped to focus on beta-synuclein 

cells, and so non-relevant cells which were run on the same blot are not included. 

Since the cells were transferred to the same membrane, comparison can still be made. 

 

5.4.2. Changes in mitochondrial dynamics in bFL and V70M 

5.4.2.1. Changes in mitochondrial fission 

Using fluorescent imaging and western blot, bFL and V70M cells were tested for the 

mitochondrial fission marker Drp1.  
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Figure 39. Drp1 levels are not changed in bFL cells but are increased in V70M 
cells. M17, bFL and V70M cells were double stained for Tom20 (red) and Drp1 
(green), N=3 (A). Western blot analysis of bFL (B) and V70M (C) lysates were probed 
for Drp1. Scale bar = 10µm. Western blot data is represented as mean ± SEM. * 
p<0.05. N=3. Vertical line indicates that where the image has been cut. 

 

The immunocytochemistry results suggests that  Drp1 staining can be seen throughout 

the entire cell in both bFL and V70M (Figure 39A). Using western blot however, only 

the V70M cells (Figure 39C) appeared to show an  increase in Drp1 protein levels, 

whereas no change was seen in bFL cells (Figure 39B).The blots on the western blot 

for bFL and V70M were cropped to focus on beta-synuclein cells, and so non-relevant 

cells which were run on the same blot are not included. Since the cells were transferred 

to the same membrane, comparison can still be made. 
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5.4.2.2. Changes in mitochondrial fusion 

BFL and V70M cells were then stained with the mitochondrial fusion marker Opa1. 

 

Figure 40. BFL cells showed an increase in Opa1. Both bFL (A) and V70M (C) cells 
were stained for the mitochondrial fusion protein Opa1 (green) and Tom20 (red) N=3. 
Lysates from both bFL (B) and V70M (D) cells were analysed for Opa1 protein levels. 
Scale bar = 10µm. Western blot data is represented as mean ± SEM. N=3. Vertical 
line indicates that where the image has been cut. 
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Using immunofluorescent techniques, Opa1 protein levels can be seen in the  

perinucleus in both bFL and V70M cells(Figure 40A). Western blot data also suggests 

that there might be an increase in total Opa1 protein levels in bFL cells(Figure 40B). 

Whilst Opa1 signal could also be seen in the cytoplasm of V70M cells (Figure 40C), 

with punctate staining in the perinuclear area in particular, no change in total Opa1 

protein levels was shown in western blot analysis (Figure 40D). The blots on the 

western blot for bFL and V70M were cropped to focus on beta-synuclein cells, and so 

non-relevant cells which were run on the same blot are not included. Since the cells 

were transferred to the same membrane, comparison can still be made. 
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5.4.3. Beta-synuclein and mitochondrial membrane potential 

The beta-synuclein overexpressing cell model was then tested for changes in the 

mitochondrial membrane potential using the dye TMRM.  

 

                
Figure 41. V70M cells show a decrease in mitochondrial membrane potential.  
M17, bFL and V70M cells were incubated with the dye TMRM, and fluorescent 
intensity was measured using flow cytometry. M17, bFL and V70M was stained with 
TMRM, labelled TMRM, bFL and V70M respectively (A). Two controls groups were 
run alongside these cells; cells incubated without dye (labelled control), and M17 cells 
incubated with FCCP and TMRM (labelled FCCP). Average event count and 
fluorescence intensity (FL2-A channel) was measured and represented as a histogram 
(B). Figure 47A data is represented as mean ± SEM. ** p<0.01, *p<0.05. 

 

M17 cells incubated with TMRM show a significant increase in fluorescence intensity, 

in comparison to both the control and FCCP group. This confirms that the change in 
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fluorescence did not occur due to autofluorescence of the cells. Additionally, the 

significant increase in fluorescence compared to FCCP, shows that the test is sensitive 

to alterations in the mitochondrial membrane potential. Results regarding the bFL and 

V70M cells showed that whilst bFL did not show any changes in fluorescent intensity  

in comparison to M17 cells, V70M cells showed a significant reduction in FL2A levels, 

which refers to the total pulse area or light intensity emitted from each cell detected by 

the lasers in the flow cytometer, comparable to the reduction seen in the FCCP control 

group (Figure 41A). The average event count for each group is presented in a 

histogram, where it shows that the peak of the TMRM and bFL histograms are shifted 

towards the right, corresponding to an increase in fluorescence intensity (Figure 41B). 
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5.4.4. Beta-synuclein overexpression increases ROS production 

 
Having detected changes in mitochondrial membrane potential following beta-

synuclein overexpression, I have then examined if bFL and V70M overexpression 

would lead to accumulation of ROS using DCFH-DA.  

 
Figure 42.  V70M mutant beta-synuclein overexpressing cells show a significant 
increase in ROS production. M17, BFL and V70M cells were incubated with the dye 
DCFH-DA and then fluorescent intensity was analysed using flow cytometry (A). A 
control group was also run, using M17 cells without DCFH-DA dye (labelled control). 
Average event count and fluorescence intensity (FITC channel) was measured and 
represented as a histogram (B). Figure 44A data is represented as mean ± SEM. ** 
p<0.01, *** p<0.001.  
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M17 cells were incubated with the dye DCFH-DA. As seen before, M17 control cells 

produced a significantly higher fluorescence intensity, compared to no dye control 

cells. No significant change was seen with bFL cells, however V70M showed a 

significant increase in FITC fluorescence intensity (Figure 42A). Event counts for each 

cell group were also represented as histograms (Figure 42B), where it can be seen 

that both M17 and V70M cells showed a noticeable shift to the right, compared to the 

no dye control group, suggesting an increase in the production  of ROS molecules in 

the cells.  

 

5.5. Final discussion for Chapter 5  

Examination of the CamS120 mice model suggested that, a decrease in total beta-

synuclein protein levels was seen at only one age point (12 months). A slight decrease 

appeared to be seen at the oldest age point (15 months), however this was not a 

significant change, and at that age both the control and CamS120 mice showed a 

large degree of variance. Whilst it may be possible to suggest that the significant 

decrease in beta-synuclein might correlate to the increase in alpha-synuclein seen 

previously in CamS120 mice, the quantification of alpha-synuclein using western blot 

was not successful and so the precise alpha-synuclein levels could not be calculated, 

meaning that this possible theory could not be confirmed. This lack of proper alpha-

synuclein protein quantification does however suggest that results from the CamS120 

should be treated with caution, and as such the changes in beta-synuclein should also 

be treated with caution, especially since changes in beta-synuclein could not be 

confirmed using immunofluorescence.   

In addition, whilst an experiment comparing all four age points was not done, if proper 

quantification of alpha-synuclein protein levels had been successful it would be 
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interesting to confirm whether there is a higher level of alpha-synuclein protein level 

at the 12 months age point. Since the greatest change in beta-synuclein levels 

appeared to be at 12 months, this would correlate with the higher levels of alpha-

synuclein protein levels, which might suggest an interaction between the two synuclein 

proteins. Furthermore, when examining the CamS120 mice at 15 months old, the 

immunostaining for alpha-synuclein showed relatively little change in alpha-synuclein, 

this might also reflect the absence of any difference in beta-synuclein protein levels at 

15 months.  

Using the aFL cell model, I saw that despite previously showing a possible increase in 

alpha-synuclein in aFL cells, there was no morphological evidence for protein 

aggregation in my cell model. There was also no significant change in the beta-

synuclein protein levels in aFL cells, using either western blot or immunofluorescent 

techniques. The signal seen using immunofluorescent techniques was relatively weak, 

with a particularly low endogenous expression of beta-synuclein in the control cells, 

which was unexpected. This made it harder to detect any further significant decrease 

in beta-synuclein. This may possibly be due to inefficient staining using 

immunofluorescence, since when detecting beta-synuclein protein levels using 

western blot, M17 control samples showed a band corresponding to beta-synuclein 

protein. Therefore, to compare the interaction between alpha-synuclein and beta-

synuclein in cells, an additional experiment where full-length alpha-synuclein is 

transfected into beta-synuclein overexpressing cells might have provided additional 

information on the ability of beta-synuclein to prevent alpha-synuclein overexpression. 

If beta-synuclein is able to prevent alpha-synuclein accumulation, a reduction in alpha-

synuclein protein would be seen, and this would be in agreement with previous beta-
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synuclein research has shown that beta-synuclein is able to prevent alpha-synuclein 

aggregation in other cell models [190, 193].  

 

Very little research has been done to determine the effect of beta-synuclein, if any, on 

mitochondrial function. Here, I have started to examine the effect of wildtype and 

mutation beta-synuclein on mitochondrial dynamics. Previous studies have found a 

relationship between wildtype beta-synuclein mitochondrial fragmentation [204], 

however mitochondrial dynamics were not examined.  The effect of mutated beta-

synuclein has not been extensively studied, with studies examining the mutation 

P123H only, where P123H mutated beta-synuclein protein was shown to lead to an 

increased oxidative stress response, although not to the same extent as alpha-

synuclein protein, although additional experiments by the same group showed no 

other changes in mitochondrial function [205]. There have been no previous studies 

which have examined changes in mitochondrial dynamics proteins in V70M beta-

synuclein overexpressing cells.   

 

It is commonly thought that wildtype beta-synuclein is not toxic to cells, and in fact has 

a more protective effect on alpha-synuclein aggregation [193], therefore it is feasible 

to assume that close to physiological wildtype beta-synuclein levels will not have a 

damaging effect on cellular function. V70M mutated beta-synuclein however has been 

shown to be harmful to cells and a subgroup of DLB patients have been discovered to 

have the V70M beta-synuclein mutation [199]. Further examination of cells 

overexpressing full-length beta-synuclein or hippocampal tissue taken from CamS120 

using electron microscopy mice might provide additional mitochondrial morphological 

information.  
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Analysis into mitochondrial dynamics proteins identified a significant increase in Drp1 

level in V70M cells. Although inconclusive from the performed experiments, V70M 

beta-synuclein might also have an altering effect on mitochondrial fusion process as 

well. These results would suggest a possible effect of the mutant beta-synuclein on 

mitochondrial dynamics processes, in particular an inclination to stimulate 

mitochondrial fission. , and so  therefore  also suggest that beta-synuclein proteins are 

potentially able to modulate mitochondrial dynamic processes. Further studies would 

have to be done to confirm this effect of beta-synuclein.  

 

Using flow cytometry, bFL and V70M cells were further analysed for additional 

mitochondrial function. The results appeared to indicate that bFL and V70M exerted 

different effects on mitochondrial membrane potential and ROS production. Only 

mutated beta-synuclein showed a significant impairment in mitochondrial membrane 

potential and an increase in ROS production. V70M beta-synuclein results are 

consistent with those seen in cells overexpressing alpha-synuclein. This would 

suggest that over-expression of wildtype beta-synuclein does not cause any significant 

mitochondrial dysfunction, and that beta-synuclein mutation is sufficient to cause 

mitochondrial disruption, however this impairment was not as strong as that seen with 

cells overexpressing alpha-synuclein. This result seems to be in alignment with a study 

which showed that only certain forms of the beta-synuclein protein can cause 

significant effects on lysosomal function [203], further strengthening the notion that 

mutated beta-synuclein exerts toxic effect on cytoplasmic mechanisms. This also 

suggests that mutant beta-synuclein might be sufficient enough to cause other forms 

of cellular dysfunction seen in DLB pathology, and not just mitochondrial dysfunction, 
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such as synaptic function for example. The major limitations of all these experiments 

however, such as lack of proper quantification of beta-synuclein protein levels in beta-

synuclein overexpressing cells and insufficient n-numbers, do put the results into 

question, and if the experiments were to be continued these would have to be 

thoroughly addressed to confirm these changes, which would have done by ensuring 

proper controls were used and that protein loading was balanced across groups.  
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Chapter Six: Final discussion and future work 

6.1. Mouse models of DLB 

In order to address the first aim of my project, I closely examined the CamS120 mouse 

model and attempted to assess its usefulness as an accurate model of DLB. 

Behavioural analysis of the CamS120 mouse model showed signs of impairment in 

recognition memory (Figure 20), using the NOR test. This decline in recognition 

memory suggests a hippocampal-specific impairment caused by accumulation of 

alpha-synuclein within the hippocampus, however running additional hippocampal-

dependent memory behavioural tests, such as the Barnes Maze or the water Morris 

maze, would be necessary to confirm the behavioural data seen here. The changes 

here however were seen using only one particular memory-related behavioural test. 

Using additional memory behavioural tests, such as the Barnes Maze or the water 

Morris maze, which were not available to use at the time, would be necessary to 

confirm any hippocampal-dependent deficits seen in the CamS120 mice.  

Whilst a significant change in recognition memory was seen in 6 months and 12 

months old, human alpha-synuclein protein could be seen using immunofluorescent 

detection at all four age groups in the CamS120 mice (Figure 16). Limited detection 

using western blot techniques prevented proper quantification of alpha-synuclein in 

this work (Figure 20), which suggests that human alpha-synuclein expression is not 

strong enough to be detected when the transgene was expressed in murine alpha-

synuclein background. The reason for this was unclear however, as original tests 

performed by [245] was able to show a strong increase in human alpha-synuclein, 

suggesting that the  limited detection of alpha-synuclein by western blot was due to a 

reduction of gene expression when the line was further crossed into C57BL/6J mouse 

strain. Despite this low expression of alpha-synuclein, using the 5G4 antibody which 
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tests for the presence of oligomeric alpha-synuclein, showed the potential presence 

of alpha-synuclein aggregates (Figure 19). 5G4 antibody had unfortunately generated 

rather high levels of background in my experiments, and further work adjusting 

conditions for the optimal staining would be needed before any conclusions on 

whether aggregates can be seen in the CamS120 mouse model can be made.  

Upon discovering the impairment in recognition memory in 12 months using  the NOR 

test, I began to examine the biological processes that might contribute to the 

behavioural changes seen. Since the strongest change in behavioural was seen in the 

12 months CamS120 mice, I focused on the 12 months in particular for further 

experiments. I also examine any changes in mitochondrial function in the subsequent 

age group to investigate fully the lack of behavioural deficits seen in the 15 months 

age group.  

The analysis of the alpha-synuclein full-length overexpressing cell model had identified 

several possible changes in mitochondrial function, which prompted the examination 

of the mitochondrial function of the mouse model as well. Mitochondrial  function has 

been shown to be severely affected in DLB pathology [117]. Mouse models of other 

synucleinopathies, such as PD, have shown increased mitochondrial dysfunction 

[303]. Due to the scarcity of DLB mouse models, changes in mitochondrial function in 

DLB models remain poorly studied. Here, I detected no significant alterations in 

mitochondrial morphology and function, in particular there were no significant changes 

in either Tom20 (Figure 21) or the mitochondrial dynamic proteins Drp1 (Figures 25-

26) or Opa1 protein levels (Figures 28-29). Whilst the overall results with the CamS120 

mouse model did not show a significant effect, the 12 months old CamS120 mice 

showed a trend towards a similar result with a slight increase in Drp1 and decrease in 

Opa1. A similar result could be seen in 15 months old mice. These insignificant 
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changes in both mitochondrial dynamic proteins again suggest however that the 

CamS120 mice do not show strong mitochondrial dysfunction, normally associated 

with DLB pathology. 

Levels of overexpressed protein are important to trigger mitochondrial dysfunction, as 

our cell model, which overexpresses full-length alpha-synuclein protein showed a 

disruption in mitochondrial dynamics, including an increase in Drp1 (Figure 24) and a 

decrease in Opa1 (Figure 27). These two proteins are both key mitochondrial dynamic 

proteins which are thought to work in tandem to control both the number and 

morphology of the mitochondrial populations within the cell, which is discussed in a 

review by [155]. When full-length alpha-synuclein was overexpressed the 

mitochondrial fusion process was inhibited, while fission was enhanced, which is 

expected and has been previously reported [147]. 

The effect of alpha-synuclein protein on mitochondrial dynamics seen here in our cell 

model is similar to that seen in previous studies examining mitochondrial dynamics 

and alpha-synuclein expression [309]. In neurodegenerative disease, mitochondria 

are reported to become much shorter and become fragmented, which is usually as a 

result of a higher rate of mitochondrial division [310]. How exactly alpha-synuclein 

affects mitochondria is not entirely certain, although it has been suggested that alpha-

synuclein might bind to proteins and lipids found on the OMM, which affects the 

membrane curvatures of the mitochondria, thereby impairing the mitochondrial fusion 

process, this particular process has not however been particularly well explored [298].  

When examining the mitochondrial population within the hippocampus from frozen 

brain tissue, determining  changes in mitochondrial dynamics may not always be 

accurate. When mitochondria undergo fusion or fission, mitochondrial dynamic 
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proteins such as Drp1 translocate from the cytoplasm to the mitochondria, which 

means that total levels of Drp1 levels may not change overall. To determine a more 

accurate depiction of changes in mitochondrial fission, isolation of mitochondria from 

hippocampal tissue might be able to show a more accurate change in Drp1 protein 

levels to the mitochondria. In addition, focusing on phosphorylated forms of Drp1 

instead of total Drp1 protein might also improve accuracy. When Drp1 proteins are 

recruited to form a multimeric ring around the mitochondrion, they become 

phosphorylated which allows Drp1 to lyse the OMM leading to division of the 

mitochondrion. Additionally, confirmation of changes in mitochondrial function should 

be confirmed using other markers of mitochondrial dynamics, such as Mitofusin 1, 

which is a marker for mitochondrial fusion  

As seen in Table 7 below, CamS120 mice showed certain behavioural abnormalities 

at 12 months of age only, although only slight alterations in mitochondrial function was 

seen at that age point. 

Table 7. Behavioural and biochemical alterations in CamS120 mice. Results from 
experiments examining changes in beta-synuclein levels, mitochondrial related protein 
levels and cognitive function in CamS120 transgenic mice, compared to control mice 
are listed. Dashed line refers to no significant changes. 

 

 CamS120 mice  

 1 months 6 months 12 months 15 months 

Beta-synuclein -- -- () -- 

Tom20 -- -- -- -- 

Drp1 -- -- -- -- 

Opa1 -- -- -- -- 

Open field test -- -- -- -- 

Marble burying test -- -- -- -- 

Novel object 
recognition  

--  
 -- 



169 
 

It is unclear therefore from the experiments performed here what the exact underlying 

processes that occur in CamS120 mice are which may contribute to the behavioural 

deficit seen in the NOR test. Additionally, since conclusive evidence could not be 

shown that alpha-synuclein proteins are increased in the hippocampus using western 

blot, it is also difficult to confidently confirm that the changes in behaviour are in 

response to alpha-synuclein overexpression  

While mitochondrial function is the main focus in my project, there are several other 

possible cellular processes which could contribute to the behavioural impairment seen 

here; including synaptic dysfunction, neuroinflammation or autophagy disruption. .  

While it appears that the CamS120 mouse model is not effective as a model of DLB, 

there may be other options for modelling DLB in mouse models. While there are almost 

no mutant mouse models of DLB available, generating and examining a transgenic 

mouse line which expresses E46K mutated alpha-synuclein, under the CamKII 

promoter focusing the expression of alpha-synuclein to DLB-relevant regions such as 

the cortex and hippocampus. Since E46K is one of the few alpha-synuclein mutations 

which has been confirmed as a DLB-relevant mutation, it might be an interesting 

alternative to using truncated alpha-synuclein as a model specific to DLB.  

6.2. Beta-synuclein and its role in DLB  

Beta-synuclein protein has previously been implicated in DLB pathology [311]. Whilst 

beta-synuclein has not been identified within Lewy bodies and Lewy neurites, there 

have been studies which show that beta-synuclein is otherwise involved in 

synucleinopathies, which include the identification of two mutant forms of beta-

synuclein in DLB patients (P123H and V70M) [199, 207]. The protein levels of beta-

synuclein were examined in our mouse model, where a significant decrease was 
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discovered in hippocampus lysates (Figure 34). I concluded from these results that 

beta-synuclein is, although not confirmed in my experiments, may be related to alpha-

synuclein expression; theorising that a decrease in beta-synuclein could be in 

response to the increased alpha-synuclein level. 

As beta-synuclein protein is thought to inhibit alpha-synuclein aggregation, it is 

possible that when beta-synuclein levels are reduced, alpha-synuclein protein 

accumulation is no longer inhibited by beta-synuclein, which would lead to increased 

levels of alpha-synuclein protein. This result is in agreement with other studies using 

DLB post-mortem tissues, which have shown alterations in beta-synuclein protein 

levels [202, 312].  

Using the CamKIIα promoter in the CamS120 mouse line also allowed the production 

of the transgene in other regions within the mouse’s brain which are also thought to 

be implicated in DLB pathology, such as the frontal cortex, olfactory bulb, amygdala 

and striatum [313]. Although due to time constraints, analysis was not possible with 

the CamS120 mice, analysis into the cortex and the olfactory bulb could provide 

additional information on the various beta-synuclein protein levels between different 

brain regions normally affected in DLB. Studies into beta-synuclein levels in DLB/PDD 

post-mortem tissue in our research group, as well as in other research groups [312], 

have shown that there are differences in beta-synuclein expression within different 

brain regions, for example within the occipital cortex, hippocampus, and olfactory bulb.  

 I examined the effect of beta-synuclein itself on cell function, focusing on the effect 

on mitochondrial function in particular. There are very few studies which have 

investigated the effect of wildtype beta-synuclein on mitochondrial function. Here, I 

have begun to explore the effect of both wildtype and the DLB-related V70M beta-
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synuclein mutant on mitochondrial function. There have been studies that show that 

wildtype beta-synuclein may also cause cell dysfunction, however this was not entirely 

seen with our cell model (Table 8). 

 

Table 8. Overview of alteration of mitochondrial function in the cell model. 
Results from the mitochondrial related experiments performed with aFL, bFL and 
V70M cells are listed. Dashed line refers to no significant changes.  

 

The results here instead show that, while it is unclear whether wildtype beta-synuclein 

showed alterations in mitochondrial structure or function, V70M mutant beta-synuclein 

seems to have  a stronger relation with DLB-related pathology. Results from the V70M 

cells showed that changes may potentially be found in mitochondrial dynamic proteins 

(Figure 39-40), ROS production (Figure 42) and mitochondrial membrane potential 

(Figure 41). These results, if they were to be confirmed, are the first to show the effect 

of the V70M mutated form of beta-synuclein on mitochondrial function. The results 

collected here suggest that V70M mutations in beta-synuclein may detrimentally affect 

certain mitochondrial functions to almost the same extent seen with alpha-synuclein 

overexpression.   

 aFL cells bFL cells V70M cells 

Alpha-synuclein () -- -- 

Beta-synuclein --  () 

Tom20 () () () 

Drp1 () -- () 

Opa1 () () -- 

Mitochondrial membrane 
potential 

() -- () 

ROS production () -- () 
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The interaction between beta-synuclein and mitochondrial function is not well studied 

so far, and there are other possible experiments that could further explore the effects 

of beta-synuclein. Direct interaction between beta-synuclein, wild-type and mutated, 

and mitochondrial dynamic proteins using co-immunoprecipitation and proximity 

ligation assay techniques would address the question of whether beta-synuclein and 

mitochondrial dynamic proteins co-localise and bind to each other, which might give 

further information as to whether beta-synuclein can have a direct effect on 

mitochondrial function. This may especially interesting as it is still unclear whether 

mutated beta-synuclein can affect cell function directly.  

 

6.3. Concluding remarks 

The generation of appropriate and representative animal models is an important tool 

in DLB research. As part of my project, experiments were conducted in attempt to 

explore one particular novel model. Through the experiments conducted, I found that 

the CamS120 mice displayed some aspects of DLB-like phenotype. Whilst it is 

suspected that the presence of aggregation-prone truncated human alpha-synuclein 

in hippocampus caused a significant impairment in recognition memory was seen, I 

found little correlation to changes in mitochondrial function. The lack of quantifiable 

alpha-synuclein using western blot, low levels of protein expression coupled with the 

very subtle changes in mitochondrial dynamics protein levels have highlighted the 

limited usefulness of this mouse model of DLB. As proper quantification of the 

truncated alpha-synuclein protein levels could not be verified, it is very difficult to 

ascertain whether the changes in mouse model are actually due to changes in alpha-

synuclein protein.    
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The experiments into our cell model has provided further evidence that overexpression 

of full-length wildtype alpha-synuclein might be able to cause a major disruption in 

several different mitochondrial functions within the cell. The impact of these 

mitochondrial abnormalities might contribute to the pathophysiology which underlies 

synucleinopathy diseases, as disruption to mitochondrial function can lead to further 

cell dysfunction by affecting mitophagy processes, synaptic dysfunction and stimulate 

apoptosis within the cell, leading to neuronal loss and reduce neuronal activity within 

key regions of the brain leading to cognitive and movement impairment in DLB or PD.  

I have found that beta-synuclein levels appear to be decreased in response to alpha-

synuclein accumulation and aggregation in the hippocampus of DLB mice. This data 

would extend our previous findings in human DLB brains [202], where we found that 

cells devoid of alpha-synuclein aggregates had increased levels of beta-synuclein. 

This apparent contradiction may indicate temporal progression of alpha-synuclein 

aggregation, when initial stages see an increase in monomeric-oligomeric alpha-

synuclein and a decrease in beta-synuclein, whilst loss of alpha-synuclein function 

due to the aggregation at late DLB stages results in compensatory increase in beta-

synuclein levels. DLB-related mutated beta-synuclein V70M appears to influence 

mitochondrial function, as changes in mitochondrial potential could be seen in cells 

overexpressing V70M mutated beta-synuclein. These results in particular suggest that 

beta-synuclein can play a larger role in DLB pathology than was previously thought, 

that in its mutant form beta-synuclein can potentially cause mitochondrial dysfunction, 

and so therefore might be worth further exploring to confirm these results. Tight 

regulation of beta-synuclein is important, as its decrease promotes alpha-synuclein 

aggregation ([312]), whilst its increase affects mitochondrial and autophagy function 

([202]).  
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Overall, whilst the results collected may not have given concrete evidence for the 

changes in mitochondrial function caused by DLB-related proteins, alpha-synuclein 

and beta-synuclein , my experiments have provided a basis for future experiments 

which might provide further information on the potential biochemical mechanisms of 

DLB (Figure 43).  

 

Figure 43. A possible hypothesis of the DLB-related neurochemical alterations 
in the hippocampus. In DLB, alpha-synuclein accumulates within the hippocampus, 
which affects beta-synuclein protein levels and cellular dysfunction, including 
mitochondrial function, synaptic function, and autophagy, leading to cognitive 
impairment. HIPP = hippocampus.  

 

Normally, alpha-synuclein is found in the presynaptic nerve terminals and has a 

function in neurotransmission. In DLB brains, alpha-synuclein accumulates within the 

presynaptic neurons within the hippocampus, forming insoluble aggregates. Post-

mortem brain tissue from DLB patients have shown that beta-synuclein protein levels 

are also affected [202], which is likely due to the presence of alpha-synuclein, which 
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was also seen in our mouse model, where a decrease in beta-synuclein was seen 

within the hippocampus. This hypothesis might also be true for other regions of the 

brain such as the cortex and olfactory bulb, which have been seen to be affected in 

DLB human brain [202], and so might provide another avenue of interest for future 

experiments. Using the data available from the experiments in this project, it might be 

possible to hypothesise that the reduction in beta-synuclein might be in response to 

the rapid accumulation of alpha-synuclein within neurons, as typically beta-synuclein 

has often been shown to have a more neuroprotective role. The overexpression of 

alpha-synuclein then leads to synaptic dysfunction, mitochondrial dynamics, and 

autophagy dysfunction, and as seen in my mouse model, the overexpression of human 

alpha-synuclein within the hippocampus leads to significant cognitive impairment, 

notably deficient recognition memory.  
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