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Thesis abstract 

Lewy body dementias (LBDs) are age related neurodegenerative diseases 

characterized by the presence of abnormal alpha-synuclein (αSyn) inclusions termed 

Lewy Bodies (LBs) and Lewy Neurites (LNs) and represent the second most common 

form of neurodegenerative dementia after Alzheimer’s disease. LBDs are progressive 

pathologic conditions with variable clinical signs and symptoms including dementia 

and abnormal neuronal network oscillations, with no currently available treatment. The 

interaction between αSyn post-translational modifications (PTMs) and neuronal 

dysfunction is a core concept in LBDs. Accumulating evidence shows that, αSyn 

PTMs, such as, phosphorylation, ubiquitination and nitration, are events that occur in 

the context of synucleinopathies. I hypothesised that these PTMs lead to the formation 

of toxic/aggregated forms of αSyn that causes neuronal dysfunctions/death and impair 

neuronal network oscillations. The aim of this thesis was to Identify the PTMs of αSyn, 

analyse their distribution in LBDs, correlate them with the distribution of parvalbumin 

expressing interneurons in in post-mortem brain tissues of LBD patients, and analyse 

its links with mitochondrial dysfunction and neuronal network impairments. Using, 

electrophysiological and immunohistochemical protocols in selected cases that 

fulfilled the neuropathological criteria for LBDs and control cases, sourced from 

Newcastle Brain Tissue Resource (NBTR), and Transgenic A30P and control C57BL6 

mice from comparative biology centre (CBC), I found that aged A30P mice had greater 

sensitivity to the mitochondrial inhibition by reducing the area power of the gamma 

frequency oscillations. In addition, parvalbumin expressing cells are significantly 

altered in humans, specifically in areas associated with the development of prodromal 

stages of LBDs, these same areas correlated with regions that presented higher 

Burden of αSyn phosphorylation. In conclusion, this thesis demonstrates that, 

reduction in density of parvalbumin cells depicts the impairments in gamma frequency 

oscillations and correlates with an increase in αSyn PTMs in some regions of LBD 

patients. 
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1.1 Ageing, neurodegeneration and dementia 

Population ageing is a global phenomenon that is affecting many countries as a result 

of the increase in life expectancy and the reduction of fertility rates in the global 

population. Ageing is now the driving force propelling the current rise of dementia, 

which in turn, is causing an increase in socio-economic burden affecting many 

countries (Sosa-Ortiz et al., 2012, Olshansky, 1985). This parallel increase in 

prevalence of dementia, together with its socio-economic burden, is predicted to cost 

the global economy, up to $1.117 billion by the year 2030 (Lakey, 2012, Wittenberg et 

al., 2019). In the UK alone, it is estimated that approximately 690,000 people over the 

age of 60 are affected with some form of dementia, costing the National Health Service 

approximately £23 billion a year (Lakey, 2012, Wittenberg et al., 2019). In addition to 

other chronic non-transmissible diseases, such as, diabetes, chronic respiratory and 

cerebrovascular diseases that are known to be frequent in the elderly populations, the 

neurodegenerative dementias introduce a unique set of challenges, as they are 

associated with high social and financial costs, with the potential of decreasing the 

economic growth of a country. Therefore, governments are now forced to prioritise 

strategies to address this issue (Daar et al., 2007).  

Neurodegenerative disease, is an umbrella term used to describe a group of 

pathologic conditions that affects primarily the nerve tissue (Przedborski et al., 2003). 

They are characterized by a plethora of complex pathogenic pathways, which 

culminate with the chronic progressive dysfunction and degeneration of nerve cells 

(Herrero and Morelli, 2017). The similitude in the pathogenic pathways among the 

neurodegenerative diseases and their predilection for anatomically related structures, 

leads them to share common clinical features (Dugger and Dickson, 2017). This 

overlap in clinical features among different neurodegenerative diseases, is thought to 

be directly proportional to the regional and anatomically related areas within the brain 

rather than molecular mechanisms that underlie the pathological lesion (Gelder et al., 

1989, Jackson, 2012). This aspect is explored in this thesis.  
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Neurodegenerative diseases are mainly sporadic in their occurrence and multifactorial 

in their aetiology (Elbaz et al., 2007). Multiple lines of evidence suggest that the 

common molecular pathological characteristic of these pathologies is the aggregation 

of a specific set of proteins. These proteins are thought to misfold as a result of genetic 

errors or modifications due to radiation, oxidation, glycation or other influences, which 

then leads to abnormal accumulation of the protein within the neuronal tissues, 

resulting in cellular dysfunction and death. (Carrell and Lomas, 1997, Dobson, 1999, 

Skovronsky et al., 2006).  The type of pathological protein deposit, its molecular 

characteristics together with its cellular effects and topographical 

localization/distribution, constitute the basis of the neuropathological classification of 

the respective diseases (Carrell and Lomas, 1997, Dobson, 1999, Skovronsky et al., 

2006). Despite the advances in understanding the pathogenesis of neuronal 

degeneration, the exact causes that leads to formation of these proteinaceous 

inclusions remain poorly understood. It is suggested, however, that the volume of 

aggregated proteins, together with their location and distribution are determinants of 

the onset, the progression of these diseases, as well as the manifestation of the clinical 

symptoms (Jellinger and Attems, 2013).  

More recent evidence suggests that in some neurodegenerative diseases, such as, 

the synucleinopathies, the pathogenic cascade starts before the proteins forms 

aggregates (Visanji et al., 2019). In addition, a certain degree of neuropathological 

lesions was also detected in non-demented individuals, although the number and size 

of these aggregates is lower, when compared to the disease-affected individuals. In 

fact, in some individuals, the neurodegenerative processes (aggregate formation) 

correlate with clear symptoms of dementia, while in others they appear to be inert with 

no impact on cognition and limited pathology (Kosaka, 2014, Kosaka et al., 1988). 

These observations have sparked a debate as to why some aged individuals do not 

develop dementia, and whether neurodegenerative diseases are a direct 

consequence of ageing or of a distinctive disease caused by an identifiable molecular 

pathology (Stern, 2012, Attems et al., 2005). Thus, understanding the molecular 

mechanism underlying these clinical manifestations may help elucidate these 

questions. 

Dementia is defined as a non-specific syndrome that characterises an extensive group 

of brain disorders, which progress with a gradual decrease of the cognitive functions, 
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affecting the individual’s ability to function in the society independently. It brings forth 

a devastating impact to the affected individuals, their family, including non-family 

members entrusted with the care of these patients (Prince et al., 2013, Sosa-Ortiz et 

al., 2012). According to the time of the onset, dementias are classified into two main 

types, early onset dementias (EOD) and late onset dementias (LOD). EOD are often 

more aggressive and rapidly progressing, in which the clinical symptoms develop 

before the age of 65. They are less common, and are often attributed to brain injuries, 

toxic-metabolic/hypoxic complications and genetic causes (Prince et al., 2013, Sosa-

Ortiz et al., 2012). LOD/ progressive dementias are commonly known as age-related 

dementias as their clinical manifestations usually present after the age of 65 (it can 

also occur before 65 years of age). In most cases, it occurs as a result of 

neurodegenerative or cerebrovascular diseases. Less common causes of this type of 

dementia include paraneoplastic, infectious and autoimmune diseases (Prince et al., 

2013, Sosa-Ortiz et al., 2012). It is the sporadic nature and lack of clear correlation 

between protein aggregates and the development of dementias in neuronal 

degeneration that are explored in this thesis.  

1.2 Synucleinopathies and Lewy body dementias 

Synucleinopathies is a term used for a group of neurodegenerative disorders 

characterised by the pathological aggregation of alpha synuclein (αSyn) protein 

forming Lewy bodies (LBs) and Lewy neurites (LNs) inclusions within the neuron or 

neuroglia (Goedert et al., 2013, Spillantini et al., 1998, Spillantini et al., 1997). They 

are clinically characterised by chronic and progressive cognitive dysfunction, motor 

impairments, autonomic and behavioural dysfunction. In parallel with the anatomical 

distribution of the aggregates (LB/LN) (figure1.1), the nosological entities that are 

included in this group are: Parkinson’s disease (PD), Parkinson’s disease dementia 

(PDD), dementia with Lewy bodies (DLB), pure autonomic failure (PAF), and multiple 

system atrophy (MSA) (Bras et al., 2020) (table 1.1). These disorders share common 

genetic and pathogenic mechanisms and their clinical spectrum often overlaps, 

making it difficult to establish a clear differential diagnosis (Marti et al., 2003). In fact, 

the overlap in clinical presentation is considerable among DLB and PDD as dementia 

is one of their main symptoms.  
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Table 1. 1: showing the summary of the synucleinopathies and their main 
clinical and pathological features. 

 

 

DLB, PD and PDD are a subgroup of the synucleinopathies that are collectively termed 

Lewy body disorders (LBDs) (Outeiro et al., 2019). They are characterized by the 

pathological aggregation of αSyn protein as intra-neuronal inclusions and named as 

LBs and LNs, which are the pathological hallmarks of this group of diseases. LBDs 

account for 22% of all dementias in the geriatric population (McKeith et al., 2017, 

Spillantini et al., 1997, Braak et al., 1999) and are second only to Alzheimer’s disease 

(AD) in prevalence (Outeiro et al., 2019). Although, LBDs share the same pathological 

hallmarks, they are distinguished by the anatomical distribution of the pathology, and 

accordingly to the symptomatic profile presented (Hansen et al., 2019, McKeith et al., 

2005). The nature and correlation of aggregates in DLB, PD and PDD, their anatomical 

distribution is also investigated in this thesis.     

1.2.1 Parkinson’s disease 

Parkinson’s disease is a chronic disorder that affects approximately 2% of the aged 

population (de Rijk et al., 1997). It is the most common neurodegenerative disease, 

which progresses with movement disorder (Kumar et al., 2012, Fahn, 2011). The 

disease can result from a combination of genetic (Fahn, 2011) and  environmental 

factors (Kumar et al., 2012). Clinically, a classical trilogy consisting of bradykinesia, 

rigidity and resting tremor characterises PD. In addition to this, patients may also 
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develop some non-motor symptoms such as hyposmia, constipation, anxiety, mood 

disorders and rapid eye movement (REM) sleep behaviour disorder (Ravina et al., 

2007, Jankovic, 2010, Hely et al., 2008). Habitually, these symptoms may precede the 

classical trilogy, and are therefore considered a risk factor for the later development 

of the classical symptoms that define the disease (Ravina et al., 2007, Jankovic, 2010, 

Hely et al., 2008). 

Macroscopically, PD cases tends to show unremarkable changes in the CNS tissue, 

except for the changes observed in the locus coeruleus, motor nucleus of the vagus 

nerve and the substantia nigra (figure 1.1) (Ma et al., 1996, Kalaitzakis et al., 2008). 

The main microscopic alterations in PD brains, as well in DLB and in PDD are the 

neuronal loss, macrophages filled with neuro melanin inclusions and gliosis (Damier 

et al., 1999). In PD the neuronal cell loss is usually observed in the ventral tier of the 

substantia nigra (SN), which can be observed as the loss of the pigmented nuclei 

(Damier et al., 1999, Ma et al., 1996). In addition, the classical pathological hallmark 

(LBs and LNs) of the disease can also be observed in substantia nigra, motor nucleus 

of the vagus and the locus ceruleus (Maiti et al., 2017).  

    

Figure 1. 1 Brain regions affected in Parkinson's disease. The dorsal motor 

nucleus of vagus (DMNV), the olfactory bulb (OB) and the intermediate reticular zone 

(iRt) are affected in Braak stage 1. Locus coeruleus (LC), the lower raphe nuclei 

(MoRa), affected in braak stage 2. The substantia nigra (SN), the upper raphe nuclei 

(PnRa), thee pedunculopontine tegmental nucleus (PTG) are affected in the braak 

stage 3, including other hypothalamic (HT) nucleus and structures in the basal 

forebrain (BF).  
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The SN is abundant in dopaminergic (DA) neurons, which produces neuro-melanin, a 

substance that gives the dark appearance of these nuclei. This cluster of neurons 

forms projections that forms the nigro-striatal pathways (Damier et al., 1999). The loss 

of these neurons leads to the reduction of projection to the striatum, therefore to motor 

dysfunctions (Damier et al., 1999). The loss of the nigro-striatal connections 

subsequently leads to a loss of inhibition output from the SN par reticulate and the 

internal Globus pallidum to the sub-thalamic nucleus. On the other hand, this loss of 

inhibition leads to a relative hyperexcitability output from the sub-thalamic nucleus, 

inhibiting the thalamic regions to the motor cortex, resulting in akinetic rigidity, a core 

symptom of PD (Mark et al., Damier et al., 1999, Dickson, 2012, Alexander, 2004). 

Although, there are no effective diagnostic tests for PD a number of investigations has 

recently focused on identifying a biomarker for PD. Olfactory impairment is a 

prodromal symptom that occurs in most PD patients and often precedes the motor 

symptoms (figure 1) (Boesveldt et al., 2008, Attems et al., 2014).  An olfactory test that 

is based in analysing the functions of the olfactory nerve was developed, and its 

sensitivity and specificity, has been reported to be between 75-100% specific for the 

differential diagnosis of PD (Doty et al., 1995, Katzenschlager et al., 2004). Second, 

DA loss and the loss of projection from the SN to the striatum can be identified by 

imaging tests such as the positron emission tomography (PET) or the single photon 

emission computed tomography (SPECT) (Colloby et al., 2012, Rakshi et al., 1999). 

Nonetheless, these methods are proven to be inefficient for the clear differential 

diagnosis of PD from other neurodegenerative diseases that present with SN 

degeneration such as MSA, DLB, corticobasal degeneration (CBD) and progressive 

supranuclear palsy (PSNP) (Miki et al., 2010, Doppler et al., 2014b). In addition, extra-

axial deposits of αSyn were found in the skin and the small nerve fibres in the intra-

epidermal tissue. However, to date, the validity of these biopsies is still a matter of 

debate (Miki et al., 2010, Doppler et al., 2014b). 

1.2.2 Parkinson’s disease dementia  

PDD is not considered a single nosolgical entity in itself, but rather a common 

complication of PD (Jellinger and Korczyn, 2018, Richard et al., 2002, Hely et al., 

2008). It is estimated that 80% of patients with parkinsonian symptoms develop 

dementia in the advanced stages of their disease. A 20-yearlong prospective study on 
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136 patients suffering from PD reported that 75% of the autopsy of these patients 

reported to have had dementia before death and 83% of the living patients presented 

dementia. These findings suggest that PDD is a late complication of PD (Hely et al., 

2008). Contrariwise, some longitudinal studies reported dementia-free at the time of 

death  in individuals with PD (Docherty and Burn, 2010). Whether this is because some 

individuals have higher cognitive reserve or is simply a matter of time i.e., death occurs 

before the individuals fully develop dementia, more investigations are required to 

address this issue. Nevertheless, the risk of developing dementia increases six-fold in 

PD patients compared to healthy individuals (Aarsland et al., 2003), adding an extra 

burden to the disease by increasing the need for patient placement into the nursing 

homes (Aarsland et al., 2001, Levy et al., 2002). 

1.2.3 Dementia with Lewy bodies 

DLB is the second most common type of dementia that results from neuronal 

degeneration after AD, accounting for 4.2% of all dementia cases in the community 

(Vann Jones and O'Brien, 2014). DLB also represents 10-15% of all cases of 

neurodegenerative dementia proven by autopsy (McKeith et al., 2004). The clinical 

hallmarks of DLB include core clinical features of progressive dementia, visual 

hallucination, sleep abnormalities and Parkinsonism. In addition, supportive features, 

such as hypersomnia, hyposmia and severe sensitivity to antipsychotic drugs may 

also be present (Gurd et al., 2000, McKeith, 2006, McKeith et al., 2017, Goedert et al., 

2013, Spillantini et al., 1998, Spillantini et al., 1997). Some patients may present with 

recurrent syncope and falls, which is suggestive of the involvement of the autonomic 

nervous system in the development of DLB (McKeith et al., 2003). Moreover, 

individuals with DLB present with greater attention and visual processing deficits in 

comparison to AD patients, with relative preservation of naming and memory (Hansen, 

1997, Ferman et al., 2006). Currently, age remains the strongest risk factor for the 

development of DLB (McKeith et al., 1996).  

Similarly to PD, the most notable macroscopic characteristic of DLB is the 

depigmentation of the SN due to the loss of the neuromelanin-expressing DA neurons 

(Bozzali et al., 2005). Nevertheless, other changes similar to those observed in AD, 

such as broad cerebral atrophy can also be observed (Bozzali et al., 2005). The 

macroscopical difference between DLB and AD comes from the relative preservation 
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of the frontal lobe observed in structural magnetic resonance imaging (MRI) in DLB 

patients (Burton et al., 2009). The assessment of cortical thickness through MRI has 

also been proven effective in differentiating DLB from other dementing disorders, by 

showing atrophy pattern that primarily affects subcortical structures in DLB (Watson 

et al., 2009). The yearly cerebral atrophy rate in DLB is 1.4% that is three times higher 

than in the age matched non-DLB patients, however, this is slightly less when 

compared to AD, in which the yearly cerebral atrophy rate is 2% (O'Brien et al., 2001).  

For instance, Watson et al, found that in DLB, cortical thinning is more accentuated in 

brain regions such as posterior cingulate gyrus, inferior parietal and fusiform gyrus. In 

contrast, cortical thinning is more accentuated in parietal, temporal and frontal lobes 

in AD (Watson et al., 2015). The structural changes in DLB are consistent with the 

predominate affectation on the limbic and cortical areas, with Lewy pathology present 

in the principal glutamatergic neurons, particularly those of layer III and V of the 

neocortex (Rezaie et al., 1996) (Wakabayashi et al., 1995, Marui et al., 2003 and 

Bernstien et al., 2011).  

In practice, the clinical and pathological profiles of PD and DLB demonstrate 

considerable overlap. Many DLB cases present with parkinsonism associated with 

brainstem and midbrain pathology, indeed many PD cases present with dementia 

owing to limbic and cortical invasion by pathology, known as PDD (figure 2) (Jellinger 

and Korczyn, 2018). Currently, the differential diagnosis between PDD and DLB is 

done using the temporal profile, i.e., the time of onset of cognitive symptoms from the 

presentation of parkinsonism (McKeith et al., 2004, McKeith et al., 2017). The 

diagnosis of PDD requires the onset of dementia to occur at least one year after the 

onset of the initial PD related symptoms (McKeith et al., 2017). In contrast, if the onset 

of dementia begins within one year of the development of parkinsonism, then the 

profile is considered to be consistent with DLB (Gurd et al., 2000, McKeith, 2006, 

McKeith et al., 2017, Goedert et al., 2013, Spillantini et al., 1998, Spillantini et al., 

1997). Nevertheless, if dementia develops in the context of established PD, then it is 

consistent with PDD (McKeith et al., 2017). Generally, PDD occurs after at least 10 

years of the onset of PD (McKeith et al., 2017, Aarsland et al., 2003). However, the 

neuropsychological profile of PDD is phenotypically not very different when compared 

with DLB (Aarsland et al., 2003). Despite progress in our understanding and 

identification of the variable symptoms, which may be indicative of either PD or DLB 
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disease progression, a definitive clinical diagnosis remains difficult to achieve. At 

present, a confirmed diagnosis is only provided through post-mortem examination via 

the detection of intraneuronal inclusions, consistent with LB pathology within the 

neuronal soma and LN pathology within the neuronal processes (figure 1.2). 

 

Figure 1. 2: Topographical distribution of LBs according to Braak and 
Newcastle/McKeith scales. A In Braak stage LBs initially affects the medulla 

oblongata (stage I), then gradually spreads to Pons (stage II), midbrain (stage III), 

Hippocampus and entorhinal cortex (stage IV), and finally the neocortex (stages V-

VI). B the Newcastle/McKeith criteria differentiates between Brain stem Predominant 

(PD), Limbic (transitional DLB) and diffuse neocortical DLB. It has been proposed that 

in PD LBs spreads from caudal to cephalic regions in the neuroaxis. On the other 

hand, the topographical progression in DLB has been proposed to start from the 

cephalic to caudal regions of the neuroaxis. 

1.3 High Frequency oscillations in synucleinopathies 

The role of pathological αSyn in disrupting the synaptic integrity has been described 

in sections below. Synaptic impairment could underlie the characteristic changes in 

the neuronal network oscillations observed in many neurodegenerative diseases. This 

is supported by electroencephalograph (EEG) studies from both human patients and 

animal models (Nimmrich et al., 2015). In our Lab, we have previously demonstrated 

the involvement of the pathological αSyn in impairing the neuronal network oscillations 

and causing mitochondrial dysfunction (Robson et al., 2018b). However, the 

knowledge about the pathophysiology of the neuronal network oscillations in 

synucleopathies is still highly incomplete. 
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The mammalian EEG is a non-invasive method that record brain electrical activity by 

placing the electrodes at the surface of the scalp in physiological and pathological 

states (Lopes da Silva, 2013, Skinner et al., 1994, Wood, 1996, Berger et al., 2010). 

The measured electrical activity in the EEG is the result of the electrical potential 

difference recorded at the surface of the scalp, generated by the precise timing and 

synchronous firing of a group of neurons when processing information across different 

brain regions, which results in different frequency ranges (Wood, 1996, Light et al., 

2010). These neuronal oscillations reflect the excitatory activity of a group of neurons 

that present as rhythmic fluctuations over time. It is electrically manifested as cyclic 

changes in voltage, and it is seen as a combination of sine waves of different 

frequencies (Mathalon and Sohal, 2015, Basar, 2013)(Daniel, Et al., 2015). 

Oscillations represent synchronized activity between group of neurons within a brain 

region or across different brain regions (Mathalon and Sohal, 2015, Basar, 2013). 

Neuronal oscillations can be detected at different levels using intracranial or surface 

EEG, local field potentials (LFPs), multi-unit recordings, and intracellular recordings 

(Buzsáki et al., 2012, Sohal, 2012b). Based on frequency, cortical neuronal network 

oscillations are classified into delta (0.5-4Hz) theta (4-10Hz), alpha (8-12Hz), beta (10-

30Hz), and gamma (30-100Hz) oscillations (Buzsáki, 2005, Sohal, 2012b).  

1.3.1 Gamma frequency oscillations and cognition 

Gamma frequency oscillations are believed to be essential for cognitive function and 

different behavioural states. Crucially, many studies have found abnormal gamma 

network oscillations in a range of neurodegenerative and neuropsychiatric diseases 

(Buzsáki, 2005, Sohal, 2012b, Mably and Colgin, 2018). Therefore, it is important to 

understand how oscillatory activity might be altered in neurodegenerative disease 

such as LBDs and AD (Bonanni et al., 2008).  Alterations in network oscillations seen 

in patients with LBDs and AD, underlie the cognitive impairments observed in these 

patients (Bonanni et al., 2016, Bonanni et al., 2008, Thomas et al., 2008). In fact, 

cognitive impairment, such as fluctuations in cognitive ability and function, have been 

linked to an abnormal EEG burst patterns seen in the frontal brain regions of the DLB 

patients (Delli Pizzi et al., 2015, Cromarty et al., 2016, Peraza et al., 2018, Crystal et 

al., 1990).  
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The prefrontal cortex and the hippocampal activities orchestrate a precise interplay in 

the generation of complex cognitive functions such as memory (Preston and 

Eichenbaum, 2013, Sigurdsson and Duvarci, 2015). Although cognitive dysfunction 

linked with LBD is thought to be in nature more related to the prefrontal cortex (PFC) 

than the hippocampus, an overall slowing of the oscillation frequency to lower 

frequency bands was observed in the individuals affected with the DLB (Bonanni et 

al., 2008, Andersson et al., 2010, Morris et al., 2015). In addition, gamma frequency 

oscillations are thought to play an important role in selecting and combining inputs 

from the sensory cortex to allow the brain to process multimodal stimuli (Uhlhaas and 

Singer, 2006). Moreover, high frequency oscillations are essential for the rapid 

processing and transfer of information across different brain regions and are frequently 

implicated in the cognitive processing (Lu et al., 2012). A single neuron is not suited 

to orchestrate cognitive functions by itself. It needs the participation of multiple 

neurons to act in synchrony as a group, to generate measurable electrical fluctuations 

in the LFP that can be detected (Quiroga, 2013), in such way gamma frequency 

oscillations is detected in the LFP. 

1.3.2 The role of the inhibitory interneurons in generation of fast network 
oscillations 

The source of the gamma frequency oscillations (30-100Hz) that exceed the firing of 

pyramidal cells (1-3Hz) was not clearly understood until the implication of gamma 

amino-butyric acid (GABA)ergic interneurons, which fire at a frequency rate up to 40Hz 

(Whittington et al., 1995). GABAergic interneurons are classified into Retzius-Cajal 

cells, Martolini cells and Basket cells (Table1.2) (Sultan et al., 2013). A subgroup of 

GABAergic interneurons are parvalbumin (PV) expressing fast spiking interneurons, 

representing 40% of all GABAergic interneurons (Rudy et al., 2011) (Table 1.2). Since 

the frequency of the neuronal network, oscillations are reliant to the decay kinetics of 

GABA, GABAergic interneurons project inhibitory inputs to both inhibitory and 

excitatory pyramidal cells (Otis and Mody, 1992, Heistek et al., 2010, Lee and Jones, 

2013). Hence, based on their interaction with the two types of pyramidal cells, two 

models of gamma network oscillations generated by the GABAergic interneurons have 

been proposed (figure 3): The principal cell interneuron network gamma model (PING) 

and the interneuron network gamma (ING) (Börgers and Kopell, 2005). 
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Table 1. 2: Comparative table for interneurons population. 

 

*The table lists some of the properties of GABAergic interneurons and it is not 

completely exhaustive. References (DeFelipe et al., 2013, Ascoli et al., 2008, Markram 

et al., 2004, Kawaguchi and Kubota, 1997, Freund and Katona, 2007, Armstrong and 

Soltesz, 2012, Daw et al., 2009, Kuhlman et al., 2013). 

 

The ING model (figure 1. 3) suggests that gamma oscillations can be locally generated 

by interneurons where the oscillation cycles are stabilised by gap junctions of axonal 

plexus that provides fast electrical transmission (Traub et al., 1996, Traub et al., 1999). 

This model, however, does not clarify the gamma frequency oscillations that project 

over longer distances within the hippocampus or across different brain regions. The 

PING model (figure 1. 3) better explains these long-range oscillations.  

PING is a model that explains the interconnection between pyramidal cells and the 

interneurons. In this model, it is suggested that the pyramidal cells firing excitatory 

post synaptic potential (EPSP) occur earlier than the interneurons, in cycle, which 

causes the interneurons to generate rhythmic trains of inhibitory postsynaptic potential 

(IPSPs). This then produce an inhibitory feedback which ends the cycle of the 

excitatory cell action potential (AP) firing, and then later the pyramidal cell cycle 
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restarts once the IPSP has dissipated (Langmoen and Andersen, 1983). 

 

Figure 1. 3: A representation of the ING (left) and PING (right) models of gamma 

frequency oscillations in the CA3 region of the hippocampus. 

PV+ fast spiking interneurons are thought to play a key role in the generation of the 

gamma frequency oscillations. The involvement of these interneurons was 

demonstrated in an in vivo optogenetic study in mice, where gamma oscillations were 

abolished when fast spiking PV+ interneurons were silenced (Sohal et al., 2009). In 

rodent cornu ammonis 3 (CA3) region of the hippocampus, gamma frequency 

oscillations are also found to be dependent on the PV+ cells (Traub et al., 2000, 

Ferando and Mody, 2015, Fuchs et al., 2007). The results of these studies have led to 

the hypothesis that the reduction of number or loss in function of the PV+ interneurons, 

may be at the basis of the network connectivity impairment and the subsequent 

cognitive dysfunction (Fuchs et al., 2007), that is observed in many neuropsychiatric 

disorders, including schizophrenia (Nakazawa et al., 2012), and neurodegenerative 

disorders, including DLB (Robson et al., 2018a), and AD (Brady and Mufson, 1997). 

1.3.3 Invitro study of the gamma frequency oscillations 

The study of the association between neuronal network oscillations and their 

underlying cellular activity in a determined region of the brain can now be made 

through the investigations of the oscillations in vitro. These studies are possible thanks 

to improved protocols of the cellular preservation and viability used in the current 
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electrophysiology methods (Pietersen et al., 2009, Robson et al., 2018b). With the use 

of the interface chamber, a more persistent gamma oscillations can be induced 

successfully using cholinergic agonists such as carbachol (CCH), which activates the 

muscarinic and nicotinic receptors of the acetylcholine neurotransmitter (Traub et al., 

1992), or the ionotropic glutamatergic kainite receptor agonist kainate (KA) (Hájos et 

al., 2000, Hormuzdi et al., 2001), which provides excitation input to the network. The 

peak frequencies and the power of spontaneous, KA- and CCH-induced hippocampal 

gamma frequency models may vary, depending on the region and the layer of the 

hippocampus that is being investigated and the interneuron types that are recruited, 

due to the variability of the expression of the receptors (Pálhalmi et al., 2004, 

Vreugdenhil and Toescu, 2005).  

1.4 The molecular pathology in neurodegenerative diseases 

1.4.1 LB and LN inclusions  

LBs and LNs are insoluble proteinaceous aggregates comprised of many cellular 

components including dysmorphic organelles, vesicular structures and membranes 

(Spillantini et al., 1998, Shults, 2006, Shahmoradian et al., 2018, Braak et al., 1999). 

Whilst proteomic analysis of LBs reported over 90 potential co-aggregates, αSyn was 

identified as the most abundant constituent of the inclusion (figure 1. 4) (Spillantini et 

al., 1998, Spillantini et al., 1997, Marques and Outeiro, 2012). αSyn is ubiquitously 

expressed in the nervous system, encompasses 1% of the total cytosolic protein, and 

is predominantly located in the presynaptic terminals of neurons (Kahle, 2008). In 

immunohistochemistry studies, αSyn is found to be robustly present within the LBs 

and LNs, often forming a halo-like structure around the inclusions (Spillantini et al., 

1998, Spillantini et al., 1997, Baba et al., 1998). The involvement of αSyn in PD 

pathology was confirmed in studies of the familiar forms of PD, in which five common 

mutations. i.e., p.A30P, p.E46K, p.H50Q p.G51D and p.A53T within the αSyn gene 

(SNCA), was fund to cause the formation of LBs and LNs (Kruger et al., 2001, 

Pasanen et al., 2014, Proukakis et al., 2013, Zarranz et al., 2004, Polymeropoulos et 

al., 1997, Lesage et al., 2013, Bussell and Eliezer, 2001, Kumar et al., 2012, Albin et 

al., 1989). In addition, these intraneuronal inclusions are immunoreactive to αSyn 

antibodies and are the main histopathological features of all LBDs. Crucially, the 

differential regional and cellular distribution of aggregated αSyn distinguishes the 
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various forms of LBDs (Mattila et al., 2000, Goedert et al., 2013, Spillantini et al., 1998, 

Spillantini et al., 1997). In addition to αSyn mutations, it is now understood that 

posttranslational modifications (PTMs) impair the native state of the protein, which 

consequently induces the protein to misfold and aggregate, forming LBs and LNs 

inclusions within the nervous system (Villar-Pique et al., 2016).  

Although, the exact mechanisms that trigger pathological aggregation of αSyn and the 

consequent formation of LBs and LNs in DLB are not clearly understood, the 

assessment of disease associated PTMs of αSyn is thought to be key in the 

comprehension and elucidation of potential reasons of the aggregation (Pajarillo et al., 

2019). Moreover, understanding the anatomical and regional distribution of PTMs of 

αSyn, in line with the established neuropathological schemes of pathological 

progression, may provide an insight of the temporal sequence of the occurrence of 

toxic PTMs at different stages of the disease. For example, if αSyn modifications were 

to occur early in the subcortical regions including the medulla, olfactory tract and 

mesencephalon, prior to the axial progression to the cortical regions, may highlight the 

modification as a potential facilitator of LB and LN formation in subsequent regions, 

thus, it may help in understanding the observed differences in anatomical and 

distribution patterns of LBs as evident in various synucleinopathies (Moors et al., 2018, 

Jellinger and Korczyn, 2018). The elucidation of this mechanism of disease-causing 

PTMs on αSyn structure, function and localization may help to better aid the 

development of new treatments for LBDs.  

    

Figure 1. 4: A representation of brain histology showing LBs and LNs inclusions 

labelled by an antibody recognizing αSyn phosphorylated at serine 129 (Pser129) co 

stained with haematoxylin in the amygdala. 
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1.4.2 αSyn structure and function   

αSyn is a small 14.5kDa protein, a member of the synuclein family, which also includes 

ỿ-synuclein and ẞ-synuclein (Maroteaux et al., 1988, Ueda et al., 1993). αSyn is a 

product of the SNCA gene located at position 21 of the long arm of chromosome 4. 

This gene encodes 140 highly charged amino acid (aa) residues that do not adopt a 

defined structure in an aqueous solution (Polymeropoulos et al., 1997, Wales et al., 

2013). αSyn consists of three distinct domains: The N-terminal domain, the Central 

domain and the C-terminal domain. The N-terminal domain or the amino terminus, (aa 

1-60) contains four 11-mer repeats that have a KTKEGV consensus sequence. This 

region is predisposed to fold into alpha helices, and it is thought to be linked with the 

lipid binding capacity of the protein (Wales et al., 2013, Polymeropoulos et al., 1997, 

Marui et al., 2004). The Central domain, also called the non-amyloid beta component 

(NAC) (aa 61-95) is a particularly hydrophobic and amyloidogenic region (Maroteaux 

et al., 1988, Ueda et al., 1993). Studies have reported that this domain is associated 

with αSyn aggregation when it adopts a beta-sheet structure (Lesage et al., 2013, 

Polymeropoulos et al., 1997, Proukakis et al., 2013). Additionally, identified PTMs, 

such as phosphorylation, linked with synucleinopathies are also found in this region 

(Lesage et al., 2013, Polymeropoulos et al., 1997, Proukakis et al., 2013). Lastly, the 

C terminal domain or the carboxyl terminus (aa 96-140), provides flexibility to the 

polypeptide, because of its abundance in proline residues, which are known to disrupt 

the secondary structure of the region (Ueda et al., 1993, Maroteaux et al., 1988). This 

region is highly acidic and intrinsically unstructured, and it is believed to be the target 

of diverse PTMs (figure 1.5; 1.6) (Bussell and Eliezer, 2001, Bussell and Eliezer, 2003, 

Davidson et al., 1998). Furthermore, this region is thought to be involved in protein-

protein interactions, polyamine binding, protection from protein aggregation and 

modulation of membrane-binding properties of the protein (Oueslati et al., 2010, 

Fernandez et al., 2004, Brown, 2007, Nielsen et al., 2001, Bodner et al., 2009, Sevcsik 

et al., 2011, Park et al., 2002, Crowther et al., 1998). 

The exact function of αSyn remains a focus of intense debate and research efforts. 

Nonetheless, the predominant neuronal expression of αSyn and its localization in the 

presynaptic terminal, suggests a regulatory function in the synapse (Burre, 2015). In 

fact, changes in αSyn expression, either overexpression, knockdown or knockout led 

to alterations in synaptic vesicle trafficking and maintenance, neurotransmitter 
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compartmentalization, storage, as well as recycling and accordingly, alterations in 

synaptic activity and plasticity (Lashuel et al., 2012, Burre et al., 2013, Allen Reish and 

Standaert, 2015). Given the extensive nature of the synaptic parameters affected, it 

may be speculated that αSyn acts as an accessory protein within these processes. 

Precisely, αSyn is thought to act as a scaffold and as such, assists various proteins in 

their cellular functions. For instance, αSyn supports the soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) proteins in their role, potentially 

acting with some level of functional redundancy with cysteine stirring protein alpha 

(CSP-alpha) (Goda, 1997, Gerst, 1999). αSyn is thought to interact with the SNARE 

proteins by acting as molecular chaperone that assists in folding and refolding of these 

proteins (Burre et al., 2010) by directly binding to synaptobrevin 2 (a SNARE protein) 

to promote the formation of the SNARE complex. Its interaction with SNAREs 

ultimately leads to the regulation of the synaptic vesicle’s dynamics during the process 

of neurotransmitter release in the synapse (Burre et al., 2010). This finding is further 

supported by the study of Fortin et al. (2005), that demonstrated that during neuronal 

activity, fluorescently labelled αSyn retracts from the synaptic vesicles and returns 

progressively to the vesicles, thus regulating the neurotransmitter release. Despite 

various efforts to understand the functions of αSyn, the full extent of αSyn function 

remains poorly understood. 

1.4.3 αSyn aggregation and its role in cellular dysfunction 

αSyn aggregates are the main constituents of LBs and LNs, the neuropathological 

hallmarks of the synucleinopathies, also present in mixed neuropathological cases 

where both LBs and atypical AD beta-amyloid and tau pathology are present 

(Spillantini et al., 1998, Spillantini et al., 1997). Multiple studies have shown that 

unstructured soluble monomers of αSyn are transformed into oligomers, then the 

oligomers aggregate to form mature insoluble fibrils, to then form the LBs (Harper et 

al., 1997, Lambert et al., 1998, Miake et al., 2002, Walsh et al., 1997). An in vitro study 

demonstrated that the αSyn aggregation process occurs in three different stages, 

named respectively as the lag, elongation and stationary phases (Buell et al., 2014). 

The lag phase is defined by key structural changes that result in the formation of 

misfolded monomers, followed by monomer aggregation and oligomer formation. In 

the elongation phase, an exponential growth of oligomers into insoluble fibrils is 

achieved by a continued addition of αSyn monomers. Finally, in the stationary phase, 
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the depletion of monomeric aggregates culminates into reduction of the fibril growth 

rate (Buell et al., 2014, Invernizzi et al., 2012). This sequence of events that starts 

from the natively unfolded protein and terminates with the formation of fibrils is termed 

αSyn aggregation which forms LBs and LNs in LBDs.  

It is believed that aggregation is the core pathogenic feature of αSyn (Periquet et al., 

2007). However, it is unclear if whether the end-stage products of the aggregation 

(LBs/LNs) are the most disease relevant toxic forms of αSyn. It is widely assumed that 

the process of aggregation is critical and its intermediates including pre-fibrils and 

oligomers formed during the aggregation process may in fact be more relevant to 

disease pathology (Periquet et al., 2007). This view is supported by a study which 

showed that αSyn and ẞ-synuclein that do not contain the NAC domain (which 

promotes aggregation) are resistant to aggregation (Periquet et al., 2007). Moreover, 

αSyn oligomers and aggregated fibrils exhibit toxicity, and have been associated with 

progressive motor impairment and neuronal cell death (Periquet et al., 2007). Cell 

culture and in vitro studies in αSyn models have shown that the introduction of 

exogenous aggregated fibrils can cause further aggregation of αSyn monomers that 

consequently translocate between cells in prion-like manner (Hansen et al., 2011, 

Desplats et al., 2009, Wood et al., 1999). Likewise, aggregated αSyn was shown to 

affect various cellular pathways, by impairing the adaptation of neurons to 

endoplasmic reticulum (ER) stress, inducing dysfunction of the proteasomal 

degradation process, promoting mitochondrial dysfunction, and leading to membrane 

damage as well as loss of synaptic function (figure 1.6) (Hansen et al., 2011, Desplats 

et al., 2009, Wood et al., 1999). Overall, whether the end products of the aggregation 

(LBs and LNs) or the pre-aggregated forms of αSyn are the main pathogenic cause, 

is till elusive. In this thesis, I address this question by investigating the role of PTMs in 

synuclein pathology. 

1.4.4 αSyn and Synaptic dysfunction 

Synaptic impairment is an early event in the development of DLB and other 

neurodegenerative diseases (Schulz-Schaeffer, 2010). Considering the hypothesized 

physiological role of αSyn at the synapse, it is predicted that aggregated αSyn induces 

synaptic dysfunction and neurotoxicity. In contrast to physiological αSyn, which 

facilitates the formation of the SNARE complexes (as discussed above), oligomeric 
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species of αSyn that also associate with synaptobrevin appears to inhibit SNARE 

complex formation, preventing the fusion of the synaptic membrane with the 

cytoplasmic membrane and thus inhibiting the release of neurotransmitters (Choi et 

al., 2013). Moreover, in COS-7 cells, αSyn overexpression was shown to cause 

disruption of the Golgi apparatus, the site of synaptic vesicle formation, and led to 

synaptic dysfunction by depletion of synaptic vesicles (Gosavi et al., 2002). In addition, 

oligomeric species of αSyn were found to cause a reduction in neurotransmitter 

release by inducing premature intracellular rupture of synaptic vesicles (Figure 5) 

(Danzer et al., 2007). In a similar manner, αSyn oligomers promote increased calcium 

influx due to cell membrane permeabilization with consequent result of increased 

neuronal excitotoxicity (Danzer et al., 2007). Lastly, αSyn oligomers decrease the 

stability of microtubules (MT), which are fundamental for axonal transport of vesicles 

and organelles and the regulation of neuronal homeostasis (Goldstein et al., 2008, 

Prots et al., 2013). 

In vitro studies demonstrated that the interaction of αSyn with 3,4-

dihydroxyphenylacetaldehyde (DOPA), a toxic product of dopamine degradation, 

promotes αSyn oligomerization (Burke, 2003). The consequence of this interaction is 

permeabilization of cholesterol-rich lipid membranes, including synaptic vesicles 

(Burke, 2003). Altogether, these studies suggest a synergistic effect of DOPA 

production and αSyn toxicity, might explain the selective vulnerability of DA neurons 

to the rupture of synaptic vesicles (Lima et al., 2019, Burke, 2003, Plotegher et al., 

2017). Overall, the effects of aggregated and oligomeric forms of αSyn can be 

epitomized in decrease of neurotransmitter release, inhibition of synaptic vesicle 

recycling, and loss of presynaptic proteins and redistribution of the SNARE proteins 

(Chung et al., 2009, Garcia-Reitbock et al., 2010, Nemani et al., 2010).  

1.4.5 αSyn and Proteasome system dysfunction 

The ubiquitin proteasome system (UPS) is a major protein degradation pathway that 

contributes to cellular proteostasis by the identification and degradation of misfolded 

proteins (Tanaka and Chiba, 1998, Tanaka, 2009). The process is mediated by tri-

enzymatic reaction leading to the attachment of ubiquitin (ubiquitination) to protein 

lysine residues (Tanaka and Chiba, 1998, Tanaka, 2009). Protein poly-ubiquitination 

is associated with protein degradation by the 29s proteasome and requires substrate 
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recognition by the 19s proteasome subunit prior to the degradation by the proteolytic 

core of the 20s proteasome complex (Finley, 2009). Within the LBs, αSyn is highly 

ubiquitinated (Wakabayashi et al., 2000, Lowe et al., 1990, Hasegawa et al., 2002, 

Tofaris et al., 2003, Anderson et al., 2006b). In fact, major components of the 

proteolytic 20S proteasome are also present in LBs (Lindersson et al., 2004), and can 

therefore, be considered as sequestrated from their physiological role of proteostasis. 

The incorporation of the 20S proteasome into LBs, could be preceded by an 

impairment of its protein degradation capacity as a result of αSyn oligomer binding 

and thus blockage of the catalytic core (Nielsen et al., 2001, Tanaka, 2009). This was 

demonstrated in PC12 cells, in which the mutant A53T αSyn oligomers impaired the 

proteasomal activity (Emmanouilidou et al., 2010). This inhibition was reversed upon 

supplementation of Congo red, an αSyn oligomerization inhibitor (Emmanouilidou et 

al., 2010). Other studies have demonstrated the selective vulnerability of the 

substantia nigra to proteasome inhibition in PD patients, occur as a result of 

proteasomal inhibition by the oligomeric species of αSyn (McNaught and Jenner, 

2001, McNaught et al., 2001, Olanow and McNaught, 2006). In addition, lysosome 

mediated-autophagy contributes to proteostasis by recycling proteins and organelles, 

as lysosomes are thought impaired by toxic species of αSyn, because, αSyn was 

found to be linked with the deregulation of the autophagic lysosomal clearance 

pathways (Zhang et al., 2012). 

1.4.6 αSyn mitochondrial and membrane dysfunction  

Mitochondria are intracellular double membraned organelles and hubs of cellular 

energy metabolism and cell fate determination. Although, they contain their own 

genome, they depend critically on the protein import from the cytosol for the majority 

of their proteomes that supports their function (Xia et al., 2019). A growing body of 

evidence has confirmed the presence of endogenous and/or overexpressed αSyn 

within the mitochondria (Li et al., 2007b, Liu et al., 2009, Loeb et al., 2010, Nakamura 

et al., 2008). Some studies proposed that αSyn binds to and inhibits the function of 

translocase of outer membrane 20 (TOM20), a subunit of the mitochondrial protein 

import system (Wiedemann et al., 2004, Wurm et al., 2011, Di Maio et al., 2016). 

Rostovtseva et al. (2015) showed that, αSyn monomers reversibly inhibit the voltage-

dependent anion channel (VDAC), an outer mitochondrial membrane channel that 

regulates the flux of small hydrophilic molecules and calcium in and out of the 
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mitochondria, in a voltage dependent manner (Rostovtseva et al., 2015). Although it 

is responsible for the flux of anion from across the outer mitochondrial membrane, it 

is worthy of mention that at high membrane potential VDAC is cation specific and as 

such conduct calcium into the membrane (Rostovtseva et al., 2015). This high influx 

of calcium into the mitochondria facilitated by αSyn oligomers propels mitochondrial 

swelling, which occurs as a result of depolarisation, and retention of exogenous 

calcium in the mitochondrial matrix (Luth et al., 2014). In another study, using a 

dopaminergic SH-SY5Y cell line model, it was observed that, overexpression and 

subsequent oligomerization of αSyn led to mitochondrial fragmentation (Plotegher et 

al., 2014). Moreover, mutant forms of αSyn were also found to induce mitochondrial 

fragmentation and excessive mitochondrial recycling, mitophagy (Nakamura et al., 

2011, Choubey et al., 2011). Furthermore, toxic αSyn species are thought to cause 

downregulation of complex I in the electron transport chain (ETC) of mitochondria, 

which consequently leads to mitochondrial dysfunction and energetic imbalance (Loeb 

et al., 2010, Nakamura et al., 2008). These effects on mitochondria, importantly the 

inhibition of complex I of the ETC, is thought to induce the production of reactive 

oxygen species (ROS) and oxidative stress with the consequent upregulation of the 

apoptotic signals (Hsu et al., 2000, Ryan et al., 2015).  

The stability of the cell and its biochemical reactions rely on the integrity of the cell 

membrane that functions as a barrier between intracellular and extracellular 

environments and controls the movement of metabolites. When incubated with natural 

and synthetic phospholipids or other lipid bilayer membranes in vitro, αSyn quickly 

formed aggregates and oligomeric species (Haque et al., 2010, Grey et al., 2011). 

Extracellular oligomeric αSyn species were shown to form pores on the membrane, 

which facilitated the influx of excess exogenous calcium that precedes cellular 

disruption and death (Danzer et al., 2007). Similarly, unfolded monomeric and the 

resulting oligomeric species of αSyn were found to cause calcium dysregulation by 

interacting with the calcium membrane signalling (Angelova et al., 2016). Importantly, 

both studies demonstrated that only oligomeric species are capable of inducing cell 

death (Danzer et al., 2007, Angelova et al., 2016). Additionally, NPT100-18A, a new 

compound that can displace αSyn from the lipid bilayer membrane was found to 

reduce the toxicity of oligomeric αSyn (Wrasidlo et al., 2016). Likewise, endosulfine-

alpha, a compound that selectively binds to membrane-associated α-syn, was found 
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to block the formation of toxic aggregated forms of αSyn and reduce the death of DA 

neurons (Ysselstein et al., 2017). This suggests the interaction of toxic αSyn impairs 

cellular membrane integrity and function.  

1.4.7 αSyn and endoplasmic reticulum stress 

ER may be a primary target of αSyn toxicity, as it is the cellular site of protein synthesis, 

folding, modification and release to the secretory pathway. Perturbation at any these 

stages of ER-mediated proteostasis leads to ER stress (Hampton, 2000). In fact, ER 

stress is an event that is thought to occur early in the development of αSyn pathology 

(Smith et al., 2005). In a study using A53T αSyn mutant in PC12 cell lines, authors 

reported reduced effects of αSyn neurotoxicity in cells treated with cyclosporine A, a 

pharmacological inhibitor for ER stress and mitochondrial permeability transition 

process (Smith et al., 2005). In support of this finding, another study in SH-SY5Y cells 

showed that ER stress was linked with overexpressed αSyn (Castillo-Carranza et al., 

2012). The use of a transgenic mouse models of synucleinopathy further confirmed 

that oligomeric αSyn species trigger increased levels of chronic ER stress (Colla et al., 

2012, Colla, 2019). Furthermore, a study using a yeast model of synucleinopathy, and 

Ras-related protein 1 (Rab1), (a protein that regulates the membrane trafficking, 

associated with cytoplasmic αSyn inclusions, important in αSyn mediated 

neurotoxicity in a variety of disease models), showed that αSyn blocks ER-Golgi 

vesicular trafficking (figure 5) (Cooper et al., 2006). 

1.4.8 αSyn and Immune response 

Increased levels of aggregated αSyn trigger a neuronal protective response. Many 

studies have demonstrated that αSyn can directly affect the immune cells, triggering 

a localized response that culminates with neuronal cell death. It is believed that this 

process could also translate into a peripheral immune response (Ferreira and Romero-

Ramos, 2018). Moreover, dying neurons were shown to release toxic αSyn species 

into the extracellular space (Qiao et al., 2012). The release of extracellular αSyn is 

associated with the activation of the inflammatory response. For instance, microglia 

activation, has been observed in response to monomeric αSyn (Park et al., 2008). This 

may potentially occur via the synergic interaction with Toll-like receptor2 (TLR2), which 

is a potent microglia activator (Stivers et al., 2017, Kim et al., 2013, Qiao et al., 2012). 

In addition, the activation of microglia is also boosted by monomeric αSyn (Park et al., 
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2008). Thus, αSyn can activate the immune system to destroy the dying neurons. 
Recent evidence has highlighted the lack of chronic activation of the microglia and the 

subsequent reduction in neuroinflammation in DLB. For instance, Surendranathan et al., has 

demonstrated early microglia activation and peripheral inflammation in DLB. This was later 

confirmed by Amin et al., showed that neuro inflammation is a pathogenic aspect in DLB. 

Other studies in human post-mortem cases have also confirmed the presence of 

neuroinflammation in DLB.  (Surendranathan et al., 2018, Amin et al., 2020, Shepherd et al., 

2000, Streit and Xue, 2016). 
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Figure 1. 5: A schematic representation, of the potential mechanisms by which 
αSyn aggregates lead to neurotoxicity and cell death in neurodegenerative 
diseases. Monomeric αSyn assemble into oligomeric species that form mature fibrils. 

(i) LBs and LNs formation: fibril forms of αSyn are segregated to proteinaceous 

inclusions that contain intracellular membranes, proteins, vesicular structures as well 

as dysmorphic organelles. (ii) Proteasome impairment (iii) Mitochondrial 
impairment: Altered αSyn can translocate inside the mitochondria, causing oxidative 

stress by increasing the production of reactive oxygen species (ROS), due to 

impairment of energy production at complex I. Mitochondrial damage can also trigger 

the release of cytochrome c, which activates the cytoplasmic apoptosomes and 

initiates apoptotic response. (iv) ER dysfunction and protein trafficking inhibition: 
the depletion of ATP due to mitochondrial dysfunction, causes ER over reactivity that 

leads to and increased release of calcium in the cytosol. This also causes blockage of 

the protein trafficking from ER to Golgi, leading to Golgi fragmentation. (v) Membrane 
pore formation: toxic forms of αSyn can penetrate cellular membranes, altering their 

permeability, causing excess of calcium and other ions to enter the cytosol. (vi) 
Impaired autophagy: the adhesion of αSyn to the membrane of the lysosomes alter 

the autophagy pathway, resulting in the aggregation of the substrates. Moreover, 

impairments of the proteasome system are also reported. (vii) Release of toxic αSyn 
and other cellular components into extracellular space: toxic αSyn may be 

passively or actively released to the extracellular space by dying neurons and 

consequently be taken up by adjacent neurons, resulting in seeding aggregation and 

synaptic impairments. (viii) Defects in axonal transport: toxic αSyn triggers Tau 

hyperphosphorylation, resulting in inhibition of the modulation of microtubule assembly 

and thus impairment of the cellular transport. (ix) Synaptic terminal dysfunction: 
toxic αSyn alters the distribution of the proteins in the synaptic terminal, reduces the 

synaptic vesicle release, which leads to changes of the synaptic protein release and 

hyperexcitability. (x) Impairments in dopamine (DA) metabolism: aggregation of 

αSyn impairs the metabolism of DA, which induces ROS that increases oxidative 

stress. Figure was assembled using information from   (Shahmoradian et al., 2018, Li 

et al., 2007b, Hampton, 2000, Danzer et al., 2007, Lindersson et al., 2004, Prots et 

al., 2013, Haggerty et al., 2011). 
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1.5 The PTMs of αSyn 

PTMs are chemical modifications of amino acid residues that carry a potential to 

modify protein structure and regulate protein localization, activity, binding affinity and 

degradation (Beck-Sickinger and Mörl, 2006, Prabakaran et al., 2012, Schmid et al., 

2013). To date, the majority of αSyn PTMs have been studied in isolation and of all 

PTMs, the most studied is αSyn phosphorylation at serine 129 (pSer129) (Oueslati et 

al., 2010). Other PTMs, including ubiquitination, nitration (Oueslati et al., 2010), 

acetylation (Fauvet et al., 2012, Maltsev et al., 2012, Theillet et al., 2016), truncation 

(Li et al., 2005, Beyer and Ariza, 2013), SUMOylation (Wilkinson and Henley, 2010, 

Dorval and Fraser, 2006, Krumova et al., 2011), glutathionylation (Kim et al., 2012, 

Zhang et al., 2018), glycosylation (Spiro, 2002), and fatty acid acylation (Resh, 2016, 

Robinson et al., 1970) have also been reported (figure 1. 6). Nevertheless, the precise 

involvement of these PTMs in the pathogenesis of synucleinopathies is still not well 

understood.  

Table 1. 3:  Known PTMs in α-syn, sites, enzymes and effects.

 

*PIAS= protein inhibitor of activated STAT; CK II= casein kinase II; GRK2= G protein 

coupled receptor kinases; PLK2= polo like kinases 2; SIAH=seven in absentia 

homologue; CHIP= carboxyl terminus of Hsp 7-interacting; PIAS2= protein inhibitor of 

activated STAT 2; OGT= o-linked N-acetyl glucosamine (GlcNAc) transferase. 
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Figure 1. 6: A representation αSyn structure and the main sites of mutations and 
PTMs.  

1.5.1 αSyn Phosphorylation 

The enzymatic addition of a negatively charged phosphate group on the amino acids 

of a protein at serine (Ser), threonine (T) or tyrosine (Y) is known as protein 

phosphorylation (Manning et al., 2002a, Manning et al., 2002b). Under physiological 

conditions, protein phosphorylation is a form of reversible PTMs that plays an essential 

role in the regulation of protein function and is traditionally utilized in pathways 

including but not limited to differentiation, cellular metabolism, gene expression, cell 

cycle progression, intercellular communication, cellular motility, migration and 

cytoskeletal arrangements (Manning et al., 2002a, Manning et al., 2002b). In healthy 

individuals, the level of αSyn phosphorylation is very low, and the presence of pY39, 

pSer87 and pY125 (phosphorylated residues) are almost absent (Okochi et al., 2000, 

Anderson et al., 2012, Fujiwara et al., 2002). However, under pathologic conditions 

phosphorylation of threonine (pT125, pT133, pT135), serine (pSer87, Pser129) and tyrosine 

(pY125, pY133, pY136) was detected in αSyn aggregates (Fujiwara et al., 2002, 

Takahashi et al., 2003). Most phosphorylated residues are found on residues within 

the C terminus (Chen et al., 2010, Chen et al., 2009, Xu et al., 2015, Venda et al., 

2010). The most abundant phosphorylation PTM in post-mortem brain tissue occurs 

at pSer129, which is now considered an important marker for synucleinopathies 

(Fujiwara et al., 2002, Anderson et al., 2006a, Okochi et al., 2000, Takahashi et al., 

2003). In addition, phosphorylated αSyn, was also identified in cingulate and temporal 
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and motor cortex of post-mortem brain of PD and LBD patients (Takahashi et al., 2003, 

Zhou et al., 2011, Walker et al., 2013). In this thesis, I address the phosphorylation of 

αSyn (Pser 129) within the LBs/LNs in the corresponding region of the disease. 

Multiple lines of evidence support the idea that αSyn phosphorylation is linked to 

formation of the toxic species of αSyn that underlies the formation LBs and LNs 

(Okochi et al., 2000, Anderson et al., 2006a, Fujiwara et al., 2002, Kahle et al., 2000a, 

Kahle et al., 2000b). For instance, in PD, over 90% of endogenous αSyn is found to 

be phosphorylated at Ser129; in direct contrast to only 4% αSyn phosphorylation 

detected in healthy individuals (Kahle et al., 2000b, Fujiwara et al., 2002). Similarly, 

Pser129 was also found in post-mortem brain tissues of DLB, PD, PDD patients and in 

SH-SY5Y cells that overexpress wild type αSyn (Swirski et al., 2014). It is believed 

that Pser129 may occur in late stages of the aggregation leading to fibrillization, and it 

is crucial for the modulation of disease progression (Paleologou et al., 2010, Waxman 

and Giasson, 2011, Wales et al., 2013). In addition, other studies suggest that different 

forms of phosphorylation may upregulate each other (Paleologou et al., 2010).  

In contrast to non-phosphorylated forms, phosphorylated αSyn is linked with the 

impairment of different clearance mechanisms of the cells (Mahul-Mellier et al., 2014, 

Oueslati et al., 2013, Arawaka et al., 2017).  This suggests that normal αSyn is 

recruited to degradation machinery more readily under physiologic conditions. In 

addition, proteasomal inhibition was also reported to increase the toxicity of pS129 

αSyn, as well as its toxicity in DA neurons in PD (Chau et al., 2009). Furthermore, 

αSyn Pser129 binds to vesicular trafficking proteins, cytoskeletal proteins and other 

enzymes (McFarland et al., 2009), suggesting further disruptions of these cellular 

systems. This could also be related to Pser129 αSyn interfering with the function of 

these proteins by their sequestration into aggregates that forms LBs/LNs, echoing the 

interrelationship among these pathways in the pathogenesis of the synucleinopathy. 

Hence, it can be assumed that Pser129 αSyn, may be a key factor in LBs/LNs formation 

and LBD pathogenesis. 

1.5.2 Oxidative stress in αSyn phosphorylation 

Several studies support the idea the αSyn phosphorylation may be enhanced by 

oxidative stress (Chau et al., 2009). While non-phosphorylated forms of αSyn were 

found to co-localize with complexes I, III and IV of the mitochondrial, It is assumed that 
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any impairments of these complexes and the resulting ETC dysfunctions, leads to the 

ROS production, which consequently promotes αSyn phosphorylation (Kahle et al., 

2000b, McFarland et al., 2009). In SH-SY5Y cell line, treatment with low doses of 

rotenone, an ETC complex I inhibitor that results in ROS production, led to increased 

levels of Pser129 αSyn (Sugeno et al., 2008). Similarly, an in vitro study of a 

synucleinopathy model, demonstrated that αSyn phosphorylation increases when 

exposed to rotenone and ferrous iron (Perfeito et al., 2014). The increase of αSyn 

phosphorylation was also observed in SH-SY5Y cells upon exposure to toxic factors, 

such as, 6-hydroxidopamine, as well as epoxomycin (a proteasome inhibitor), and 

paraquat (an environmental toxin that inhibits the ETC) leading to increased ROS 

production (Ganapathy et al., 2016, Chau et al., 2009). Perfeito et al. hypothesized 

that stimuli that promote mitochondrial dysfunction and the formation of ROS, may be 

associated with mutant A53T αSyn phosphorylated at Ser129, which may underlie 

neuronal degeneration in PD and DLB. They found correlation between rotenone 

Pser129 αSyn in the formation of ROS, where the overexpression of αSyn triggered 

ROS release, as well as both the exposure of rotenone and the ROS release lead to 

greater phosphorylation of αSyn  (Perfeito et al., 2014). Hence, biochemical changes 

linked with DLB pathogenesis such as oxidative stress, mitochondrial complex I 

dysfunction and proteasome impairment, could underlie the changes in αSyn 

phosphorylation and promote pathology (Lashuel et al., 2012, Lee and Trojanowski, 

2006, Robson et al., 2018a).  

1.5.3 Phosphorylated αSyn as biomarker of synucleinopathies 

The role of phosphorylated αSyn as a potential biomarker has also been widely 

studied. The quantification of total αSyn in the cerebrospinal fluid (CSF) in patients 

diagnosed with synucleinopathies and related disorders was proposed as a potential 

biomarker (Hong et al., 2010, Mollenhauer et al., 2008). Nevertheless, Flouds et al. 

have shown that the total αSyn in the blood plasma of PD patients was similar to that 

in non-PD controls (Foulds et al., 2013). In contrast, the levels of Pser129 αSyn were 

significantly higher in PD patients when compared to non-PD controls (Foulds et al., 

2013). Another important diagnostic test that could also be used for synucleinopathies 

is the detection of phosphorylated αSyn in the peripheral nervous system. Extra-axial 

biopsies, such as skin biopsies performed in PD subjects, revealed aggregation of 

phosphorylated αSyn in large and small skin fibres (Stewart et al., 2015, Wang et al., 
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2012, Doppler et al., 2014a). Moreover, aggregation of phosphorylated αSyn was 

detected in the gastrointestinal tract of PD individuals (Pouclet et al., 2012, Hilton et 

al., 2014). These studies highlight the importance of investigation of pαSyn in the 

development of diagnostic and therapeutic strategies.  

1.5.4 αSyn ubiquitination 

Ubiquitin is a 76 residue protein that is ubiquitously expressed in the nervous system 

(Varshavsky, 2001), however, it is not limited to it, as it is present in all the tissues as 

well. Ubiquitination, is a process by which  ubiquitin is covalently conjugated to a 

substrate protein in a reaction that requires the activity of a ubiquitin-activating enzyme 

(E1-UBA), a ubiquitin-conjugating enzyme (E2-UBC) and a ubiquitin ligase (E3-UBL) 

(Stone, 2016). This process terminates in the formation of an amide bond between 

ubiquitin and lysine or in other instances with cysteine, serine or threonine residues of 

the substrate protein (Vosper et al., 2009, Wang et al., 2007a). When the conjugation 

culminates with the single molecule of ubiquitin attached to the residue protein, the 

process is referred to as monoubiquitination. If the process is not terminated at this 

stage, the addition several ubiquitin molecules lead to formation of a poly-ubiquitin 

chain (Wang and Pickart, 2005, Hochstrasser, 2006, Li et al., 2007a, Deshaies and 

Joazeiro, 2009, Maspero et al., 2011).  

Similar to phosphorylation, protein ubiquitination is a an important mechanism that 

regulates various cellular processes such as cell cycle, transcription, transduction, 

antigen presentation and apoptosis (Hershko and Ciechanover, 1998). In contrast, 

protein poly-ubiquitination (addition of four and more ubiquitin molecules in a single 

chain) leads to protein degradation primarily by the UPS. The UPS together with the 

autophagy-lysosomal pathways constitute the two major degradation pathways 

systems that direct the elimination of misfolded, aggregated and damaged proteins 

(Blasiak et al., 2019, Seglen et al., 1996, Ciechanover and Kwon, 2015, Bustamante 

et al., 2018). An alternative pathway linked to degradation of long-lived ubiquitinated 

proteins, protein aggregates and organelles is macroautophagy (Chen et al., 2019). 

UPS, chaperone-mediated autophagy and macro-autophagy are the three main 

proteolytic pathways that are believed to mediate degradation of αSyn. However, 

macroautophagy seems to be the main system involved in αSyn clearance (Bennett 

et al., 1999, Webb et al., 2003, Paxinou et al., 2001).  
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Ubiquitinated αSyn (ub-αSyn) is often present in LB inclusions. Multiple lines of 

evidence demonstrate the presence of monoubituitinated αSyn (mub-αSyn) as the 

predominant ubiquitinated species in LBs (Wakabayashi et al., 2000, Lowe et al., 

1990, Hasegawa et al., 2002, Tofaris et al., 2003, Anderson et al., 2006b). Indeed, in 

synucleinopathies such as LBDs, the cells are heavily loaded with proteasome 

subunits and ubiquitinated structures (Kuzuhara et al., 1988, Bentea et al., 2017, 

Lehtonen et al., 2019). Nevertheless, monoubiquitination mechanisms that underlie 

the modulation of αSyn aggregation are still unknown. A step towards understanding 

was achieved in a study of isolated LBs from PD patients, that demonstrated the 

presence of the seven in absentia homologue (SIAH), an E3-UBL enzyme, previously 

reported to interact with and ubiquitinate αSyn (Liani et al., 2004, Engelender, 2008, 

Lee et al., 2008). De facto, lysine 12, 21 and 23 (K12, K21 and K23) residues (figure 

1.6), the common targets of αSyn monoubiquitination, are also ubiquitinated by SIAH 

(Anderson et al., 2006a). This suggests that SIAH is involved in the pathogenesis of 

the synucleinopathies. However, these findings are a matter of debate, as some 

studies have found that only a small fraction of αSyn is ubiquitinated in LBs (Hasegawa 

et al., 2002). In this thesis, I demonstrate that αSyn Ubiquitination is present within the 

LBs/LNs within the corresponding regions affected by the disease. 

1.5.5  αSyn nitration 

Protein nitration is a nitrosative stress-related PTM that affects the tyrosine (Y) 

residues (Radi, 2004, Bartesaghi and Radi, 2018). αSyn is nitrated (n-αSyn) at its C-

terminal in residues Y125, Y133, Y136 and at N-terminal residue Y39 (these are the same 

residues that are also found to be phosphorylated) (figure.1.6) (Souza et al., 2000, 

Giasson et al., 2000). Tyrosine residues are necessary for αSyn aggregation under 

oxidative stress conditions (Souza et al., 2000). In fact, it was found that αSyn 

exposure to nitrating agents leads to the formation of covalently stabilized oligomers 

through the oxidation of tyrosine to 0, 0’-dityrosine (Souza et al., 2000). Although a 

high rate of oligomerization was observed upon n-Y39 αSyn formation, studies have 

shown that Y125 is more relevant to αSyn dimer formation (Yu et al., 2004, Olteanu 

and Pielak, 2004, Danielson et al., 2011, Takahashi et al., 2002). Moreover, fibril 

formation is increased by both, monomeric and dimeric, n-αSyn (Hodara et al., 2004).  
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1.5.6 αSyn nitration-mediated interaction with membranes and oxidative stress 

The association of αSyn with membranes may lead to peroxidation of polyunsaturated 

fatty acids. Membrane lipid peroxidation can be triggered by ROS and RNS 

(Trostchansky et al., 2006, Qin et al., 2007). αSyn incubation with 4-hydroxy-2-

nonenal (4HNE), a lipid peroxidation compound, leads to formation of αSyn-HNE 

adducts (Trostchansky et al., 2006, Qin et al., 2007). Indeed, the interaction of αSyn 

with membrane phospholipids and polyunsaturated fatty acids is necessary for the 

formation of αSyn oligomers (Assayag et al., 2007, Perrin et al., 2001, Beyer and Ariza, 

2013). In addition, αSyn promotes nitric oxide synthase (NOS) activity at the plasma 

membrane, which leads to production of excess nitric oxide (NO). NOS in turns, may 

inhibit the ETC, thus increasing the production of superoxide (Lashuel et al., 2002). 

This is thought to create a vicious cycle that facilitates nitration and oxidation that 

potentiate cellular dysfunction and loss of viability (Radi, 2004, Radi et al., 2002). 

Furthermore, αSyn oxidation and nitration impedes αSyn degradation by chaperone 

mediate autophagy, therefore inhibiting the degradation of n-αSyn (Martinez-Vicente 

et al., 2008). This resistance to degradation of n-αSyn promotes an increase in its half-

life and consequently its concentration, which boosts the toxicity of the protein 

potentially  leading to neurodegeneration (Chavarria and Souza, 2013). 

1.6 Mouse model of synucleinopathies (Thy-1A30P mouse model) 

Several missense mutations in the human αSyn gene were linked to early onset 

synucleinopathies (Polymeropoulos et al., 1997). Thus, various transgenic mouse 

lines that overexpress either human or mutant αSyn were generated for the study of 

synucleinopathies. However, in this project, I used the A30P mouse model for the 

assessment of the effects of abnormal αSyn on cortical neuronal network oscillations. 

A30P, is an autosomal dominant missense mutation in the SNCA gene where the 

guanine nucleotide substitutes a cytosine nucleotide at the position 88, which in turns, 

leads to an exchange of alanine to proline at the position 30 in αSyn protein, under the 

control of Thy-1 promoter. This mouse model was first used to study the transport of 

αSyn to synapses, where the pathological αSyn was found to preferentially 

accumulate in the soma (Kahle et al., 2000a), and seemed to show reduced tendency 

to bind the synaptic vesicles (Jensen et al., 1998). Later, the same model was used 

for the study of several synucleinopathies. In addition, the A30P mouse was proven to 
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show higher expression of human αSyn than the endogenous murine αSyn, which 

does not have the same expression and aggregation properties as the human αSyn 

(Kahle et al., 2000b). This makes the model suitable to simulate human disease. 

Furthermore, the A30P mutation is found to be linked to many pathogenic mechanisms 

such as reduced membrane binding capacity (Bussell and Eliezer, 2004), reduced 

interaction with the cytoskeleton (Esposito et al., 2007, Sousa et al., 2009), 

impairments in synaptic vesicle trafficking (Dalfó et al., 2004), and a reduced capacity 

of DA storage (Yavich et al., 2004).  

Clinically, the A30P mouse model presents with motor symptoms form the early stage 

of life and shows decline of spatial memory by 12 months of age, which turns severe 

at the age of 16 months (Ekmark-Lewén et al., 2018b). The A30P mice develop 

paralysis and die prematurely by the age of 17-18 months (Freichel et al., 2007). It 

was recently reported that the A30P mouse exhibits unsteady gait, abnormal tail 

posture and movement, and weakening of the extremities, prior to the development of 

the parkinsonian symptoms (Gaugler et al., 2012). The cognitive deficits observed in 

these mice, seems to develop independently from the motor and visual impairments. 

Freichel et al., reported cognitive decline and amygdala pathology develops 

independently of other symptoms in mouse model of synucleinopathy. It has been 

suggested that early motor disfunction was distinguished from cognitive disfunction, 

as it was demonstrated to result from the down regulation of the dopaminergic system 

disfunction in A30P mice  (Paumier et al., 2013, Freichel et al., 2007). Hence, the use 

of Thy-1 A30P mouse line appears to be clearly suited for this study. In our recent in 

vitro work, we have demonstrated a reduction in the power of carbachol-induced 

gamma frequency oscillations, and mitochondrial dysfunction in A30P mice aged over 

9 months old (Robson et al., 2018b). In opposition of the early results, it was suggested 

that the motor symptoms exhibited by the A30P mouse line are not purely parkinsonian 

in nature (Neuner et al., 2014). Authors of this study demonstrated that virally 

expressed wild type (WT) αSyn in rat SN resulted in parkinsonian symptoms, whilst 

A30P αSyn did not. The authors concluded that this may be due to A30P reduced 

binding to the presynaptic membranes of DA neurons (Gaugler et al., 2012). Hence, 

the use of Thy-1 A30P mouse line appears to be clearly suited for the study of the 

hippocampal and cortical neuronal network oscillations linked with the overexpression 

of human A30P αSyn as demonstrated in this thesis.  
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Table 1. 4: Representation of the chronological spectrum of clinical 
manifestation and oscillatory impairments in A30P mouse model of alpha 
synucleinopathy. 
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1.7 Thesis hypothesis  

This thesis addresses four major questions in the field: (i) where are different PTMs of 

αSyn distributed in the brains of LBD patients and in which regions these modifications 

take place in relation to the disease progression? (ii) What is the involvement of PV+ 

interneurons in the disease pathogenesis? (iii) What are the pathogenic correlations 

between αSyn PTMs and PV+ interneuron dysfunctions/deficits? (iv) What are the 

effects of pathological αSyn on gamma frequency oscillations?  

The main hypothesis for this thesis is: 

PTMs are one of the early events that trigger the aggregation and/or dysfunction of 

αSyn, possibly altering its physiological sub-cellular distribution (e.g., in the nucleus or 

mitochondria), causing the dysfunction of subcellular organelles such as the 

mitochondria. These changes in αSyn produce the pathogenic cascade of αSyn that 

culminates in neuronal dysfunction and death. This may primarily affect a specific 

group of neurons that are highly energy dependent such as PV+ interneurons, 

resulting in the impairments of gamma network oscillations, that underlie cognitive 

dysfunction and motor impairment which characterize the LBDs. 

 The sub-hypotheses of the work presented in this thesis are:  

• Different PTMs may occur at different stages of disease progression, 

according to Braak LB pathology / McKeith scales. These changes may affect 

more significantly brain regions such as the locus coeruleus, the substantia 

nigra, the reticular formation, the amygdala, hippocampus, thalamus and 

neocortex, due to the high sensitivity of these regions to changes in 

homeostasis. Moreover, early occurring PTMs may emerge in those regions, 

which are affected earliest in the disease according to Braak LB pathology / 

McKeith stages, and identifying those, which occur earliest, may provide an 

insight on the mechanism of disease progression. In addition, the identification 

of key modifications within post-mortem tissue may enable their manipulation 

and reproduction in animal models, allowing for an insight into both the 

mechanism of aSyn-mediated neurodegeneration and into potential 

therapeutic targets for future drug development. 

• Mouse models of synucleinopathies, such as the A30P transgenic mice, may 

develop mitochondrial dysfunction and abnormal network oscillations, in an 
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age-dependent manner. Mitochondrial dysfunction in synucleinopathies may 

occur as a result of aSyn PTMs and important mutations in the genes that 

could take place either in the mitochondrial or nuclear DNA. 

• In addition, fast neuronal network oscillations are important for cognitive 

functions and may become impaired in LBD. These oscillations are intrinsically 

dependent on the reciprocal interaction between PV+ fast spiking interneurons 

and excitatory pyramidal cells (Whittaker et al., 2011a, Robson et al., 2018b). 

Considering that fast network oscillations underlie the high cognitive and motor 

functions impaired in DLB (Zheng et al., 2016, Thomas et al., 2008), the 

malfunctioning or death of these interneurons may be causative in disease 

symptomology (Whittington and Traub, 2003). Therefore, I hypothesised that 

the number of these interneurons may be reduced in important regions of the 

brain that are essential for cognitive functions, in correlation with the presence 

of αSyn PTMs. 

1.8 Aims and Objectives 

This thesis investigates the involvement of different PTMs of αSyn as described in 

many synucleinopathies, with a particular focus on αSyn phosphorylation, 

ubiquitination and nitration, which are thought to occur in the context of 

synucleinopathies. Moreover, it studies changes in PV+ cells, and correlates these 

with an impairment in gamma frequency oscillations and an increase in αSyn PTMs in 

some regions of DLB patients’ brains. 

 Specific aims and objectives of this this thesis are: 

Aim 1: Identify disease associated PTMs of αSyn such as phosphorylation, 

ubiquitination and nitration in LBD post-mortem brain tissues and analyse their 

distribution in LBDs.  

• Objective 1.1: To determine the correlation between different PTMs.  

 

Aim 2: Quantify the distribution of PV+ fast spiking interneurons in brain tissue of LBD 

patients. 

• Objective 2.1: To determine the correlation of PV+ interneurons with 

different PTMs. 
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Aim 3: Investigate links between αSyn and mitochondrial dysfunction, its links with the 

gamma network oscillations impairment in a mouse model of alpha synucleinopathy. 

• Objective 3.1: Investigate the effects of memantine and sodium 

pyruvate treatments on gamma frequency of the network oscillations in 

A30P mice. 
• Objective 3.2: Investigate whether the inhibition of the mitochondrial 

ETC has an effect on gamma oscillation in the A30P mice. 
• Objective 3.3: Analyse the correlation of alpha synuclein 

overexpression with mitochondrial dysfunction in A30P mice. 
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Chapter 2: Mitochondrial dysfunction impairs gamma frequency 
oscillations in A30P mouse model of alpha-synucleinopathy: 

partial restoration of gamma frequency oscillations with 
memantine and sodium pyruvate 
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2.1 Introduction 

Abnormal αSyn aggregation occurs in all the stages of LBDs, as putative toxic forms 

of αSyn are ubiquitously found in the brain, including within the hippocampus and the 

neocortex (Rieker et al., 2011, Braak et al., 2003a). In pathologic conditions, such as 

DLB, αSyn is thought to cause mitochondrial dysfunction and synaptic impairment, 

concomitantly with other pathogenic cascades (see chapter 1 mitochondria and 

gamma oscillations), which together underlie the polymorphic clinical signs and 

symptoms including cognitive impairments and the significant cortical neuronal 

network alterations (Peraza et al., 2018, Bonanni et al., 2016, McKeith et al., 2017). 

Nevertheless, the link between abnormal αSyn aggregation and the impaired neuronal 

network oscillations is still not completely understood (Nimmrich et al., 2015). Despite 

the fact that many studies have demonstrated a slowing in the frequency of neuronal 

network oscillation in the EEG of AD and DLB patients, within the lower frequency 

oscillations bands, including delta (1-4Hz), theta (4-8Hz) and alpha (8-12Hz) (Bonanni 

et al., 2016, Morris et al., 2015), as well as other lines of evidence demonstrated 

impaired gamma frequency oscillations (30-100Hz) (Herrmann and Demiralp, 2005, 

Basar et al., 2016, Robson et al., 2018b), that are linked to cognitive functions 

including attention and memory (Clayton et al., 2015, Watrous et al., 2015, Zheng et 

al., 2016), the alterations of fast network oscillations bands have not been widely 

studied in DLB.  

Normal mitochondrial function is required for the generation of fast neuronal network 

oscillations, as these type of oscillations are highly energy dependent (Whittaker et 

al., 2011a). In fact, previous studies have demonstrated that an acute inhibition of 

complex I of the mitochondrial ETC in slices from normal animals can cause oxidative 

stress and impairments of gamma frequency of the neuronal network oscillations 

(Kann et al., 2011). However, the process by which mitochondrial dysfunction and the 

resulting oxidative stress may underlie gamma frequency impairments and neuronal 

cell death, remains unclear. It is currently hypothesized that abnormal αSyn can 

invade the inner mitochondrial membrane, thus impairing ETC function that then leads 

to accumulation of ROS. Additionally, the resulting oxidative stress might then promote 

membrane lipid peroxidation (Nakamura et al., 2011, Reeve et al., 2015, Devi et al., 

2008, Birben et al., 2012), adding an extra burden to the pathology. In addition, 

previous studies have shown that NMDA receptor antagonist increases the gamma 
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oscillations, since excess NMDA receptor activation can lead to excitotoxicity in 

neurons, and therefore, impairing gamma frequency oscillations (Dreyer et al., 1995, 

Tenneti et al., 1998, Okamoto et al., 2002). In line with this, I have assessed the 

mitochondrial function by blocking the ETC complex I and II, I also assessed the 

therapeutic potentials of memantine, which is an NMDA antagonist that is currently 

used in the treatment of patients with dementia, to observe whether they have any 

positive effect in gamma frequency oscillations (Lo and Grossberg, 2011). Thus, the 

experimental results presented here characterise the degree to which neuronal 

gamma frequency oscillations are dependent on the normal functioning of the 

mitochondria as well as in the integrity of the NMDA receptors, building on 

observations published in Robson et al. (2018).  

Here, I first observed that inhibition of complex I and complex IV of the mitochondrial 

ETC leads to compromised bioenergetics by depleting the availability of ATP 

production, consequently leading to a decrease of the power of the gamma frequency 

oscillations. The addition of energy supplements such as sodium pyruvate which 

enters the glycolytic pathways, produced a slight increase in the area power of the 

gamma frequency oscillations. Since I predicted that mice that overexpress toxic forms 

of αSyn would present with mitochondrial dysfunction, which would then lead to 

impairments in the fast neuronal network oscillations, specifically on the gamma band, 

and that this impairment precedes the cognitive decline. I further hypothesized that 

addition of an energy supplement pyruvate and antagonising the effects of NMDA 

receptors would help restore the deficits in the generation of gamma frequency 

oscillations. I therefore went on to assess the effects of mitochondrial blockers such 

as rotenone and KCN, to study the mitochondrial function, complemented by the 

addition of sodium pyruvate. In addition, I verified the effects of memantine on gamma 

network oscillations. Thus, the aims of the chapter are: To investigate the 

mitochondrial dysfunctions, its links with the gamma oscillations in A30P mice; To 

Investigate the effects of memantine and sodium pyruvate on gamma frequency 

oscillations, and then, investigate whether the inhibition of the mitochondrial ETC has 

an effect on gamma oscillation in the A30P mice.  
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2.2 Methods: 

All procedures described in this thesis relating to animals were carried out according 

to the UK Animals Act 1986 (Scientific Procedures), and European Union directive 

2010/63EU, with the appropriate provision project and personal licences (PPI and 

PPL).  

2.2.1 Animal model 

Transgenic (Thy-1)-h[A30P] αSyn mice C57BL/6 background, both male and female 

that overexpressed human mutant A30P αSyn under the Thy-1 CNS specific promoter 

(Kahle et al., 2000b, Neumann et al., 2002), were supplied by Dr. Khale (University of 

Tubigen). Upon arrival, the mice were transported, bred and maintained in-house in a 

homozygous colony, in the comparative behavioural centre animal facility (CBC) 

Newcastle University, on a 12-hour dark/light cycle, with lights on from 7 a.m., in an 

enriched environment with free access to food and water. All procedures done  

according to the animal research reporting of in vivo experiments (ARRIVE) 

guidelines, as described in (Robson et al., 2018b). Animals were kept in number of 1-

6 same-sex groups and aged 2-16 months old. The crossing over homozygous mice 

(Kahle et al., 2000a, Neumann et al., 2002)with C57BL/6 and wild type mice produced 

F1 generation. After ~21 days, mice were ear notched previous to the formation of two 

separate lines (wild type and homozygous A30P). Next, the samples were genotyped 

externally, and for preliminary electrophysiological studies, we used homozygous 

mice. The obtained three lines (wild type, A30P and heterozygous) were kept 

separately, and when needed, they were crossed again to be used for the subsequent 

experiments. In this thesis, all mice were divided into age groups referred to as 

WT/A30P2+ (2-6 months) and WT/A30P9+ (9-16months) and WT/A30P16+ (15-

17months) as referred in the result section. Although, based on the clinical spectrum, 

a30P mice is more suitable for PD and PDD studies, this model was chosen for DLB 

studies, mainly because of presenting overexpressed aSyn as the main causative 

factor of the different clinical phenotypes, in addition to the great degree of overlap of 

these clinical manifestations among LBDs (Ekmark-Lewén et al., 2018a, Kahle, 2008). 

In addition, moe recent evidence have been reporting a plethora of cognitive deficitis 

in A30P mice (Freichel et al., 2007, Kilpeläinen et al., 2019, Crabtree and Zhang, 

2012). The cognitive deficits observed in these mice, seems to develop independently 
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from the motor and visual impairments  (Paumier et al., 2013, Freichel et al., 2007). 

Therefore, I believe it can also be suitable for DLB studies. 

2.2.2 Brain extraction and preparation of the solutions  

Before being euthanized, the animals were anesthetized with inhaled isoflurane (100% 

w/w, Zoetis, UK), followed by an intramuscular injection of ketamine (0.25ml ≥100mg/ 

kg -1, Vetoquinol Group, Buckinghamshire, UK) and xylazine (0.25ml ≥10mg/kg-1, 

Animal care Ltd, York, UK) as previously described (Driver et al., 2007, Robson et al., 

2018b). Once the response to noxious stimuli (tail pinch, corneal and pedal withdrawal 

reflexes) were abolished, laparotomy and thoracotomy were performed, and the heart 

of the animals was exposed, to be intracardially perfused with chilled sucrose artificial 

cerebrospinal fluid (SACSF) 25~mls (for mice), ~50mls (for rats) at a rate of 

~0.5ml/sec. The composition of SACSF was 252 mM sucrose, 3.0 mM KCl, 1.25 mM 

NaH2PO4, 24 mM NaHCO3, 2.0 mM MgSO4, 2.0 mM CaCl2 and 10 mM glucose (Table 

2.1). The procedure of high sucrose perfusion in animals was proven to improve the 

viability of the fast-spiking interneurons and the brain cytoarchitecture in general 

(Aghajanian and Rasmussen, 1989). For regular artificial cerebrospinal fluid (ACSF), 

252 mM of sucrose was substituted with 126 mM NaCl. Stock solutions were kept for 

2 weeks, and fresh ACSF was prepared on a daily basis from the stock solutions. After 

SACSF solution was made, it was used within 48 hours.  

Following perfusion in SACSF cervico-myelotomy was performed, following by sagittal 

craniotomy, to remove the brain from the skull. The brain was placed in a petri dish 

containing chilled carbogenated SACSF. The brain was then excised with a razor 

blade, in coronal planes to obtain anterior cingulate (ACC) cortices, and in horizontal 

planes to obtain hippocampal slices. The respective portions of the brain were glued 

to the chuck of a Leica VT1000 microtome (Leica Microsystems, Germany) and 

covered in chilled carbogenated SACSF. 450 µm thick transverse slices were cut 

using a Leica VT1000S Vibratome. The slices were then trimmed and the hippocampal 

or ACC slices were observed. 
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Table 2. 1: Components of the ACSF solution 

 

2.2.3 Slice preparation 

Following brain extraction and slicing, the slices were transferred into a holding 

chamber containing carbogenated regular ACSF (126 mM NaCl in alternative to 

sucrose) and covered with paraffin for approximately 1 hour at room temperature to 

washout the water-soluble anaesthetics (ketamine, isoflurane and xylazine) 

(Dickinson et al., 2003). Next, the slices were transferred into a recording chamber, 

where they were maintained at an interface between regular ACSF supplied at a 

continuous flow of ~1.2 ml/min and humidified carbogen gas (95 % oxygen and 5 % 

CO2) through a Gilson Minipils3 pump at temperature ranging between 30-31ᵒC, using 

FH16-D heater (Grant Instruments Ltd, UK). The measurements of the temperature 

were taken using an infrared thermometer for the duration of the experiment. The 

slices were then left for another 30 min to equilibrate before recording. For rats, 

coronal slices of the PFC were determined using the rat and mouse brain (Franklin 

and Paxinos, 2013). 

After brain extraction, 450 μM thick coronal slices of ACC (in rats) and cornu amonis 

3 (CA3) region of the hippocampus (in mice) were obtained. ACC is associated with 

different cognitive tasks of the brain and plays an important role for modulation of 



 64 

NMDA receptors (Adams et al., 2017). The number of animals and slices are 

represented as N/n, because multiple slices can be generated from each animal. 

Whenever were possible, multiple rigs with two electrodes and one recording chamber 

were simultaneously used to maximise the use of the slices.  

Thin hippocampal slices (150-180 μM) prepared without SACSF solution, were 

previously reported to survive in a submerged holding chamber for ~4 h (Fukuda et 

al., 1995). This survival rate is enhanced through transcardial perfusion of SACSF 

because of its neuroprotective effects (Aghajanian and Rasmussen, 1989). Therefore, 

the use of SACSF in this thesis intended to prolong the viability of the acute brain 

slices during the 6 hours of slice preparation to enhance the experimental design. 

 

Figure 2. 1: (A) Schematic representation of the mouse brain and the region that the 

hippocampal slices were taken from, to be recorded in LFP. (B) Above, the diagram 

of the hippocampus showing the CA3 region where gamma oscillations were 

measured using microelectrodes.  

2.2.4 Data acquisition and recording 

Recordings of neuronal network oscillations for extracellular recordings local field 

potential (LFP) were measured using microelectrodes (1.2 mm OD,094 mm ID, 100 

mml on the 30-0050 G120TF-10, Harvard Apparatus Ltd.,UK), pulled from borosilicate 

glass P-97 Flaming/Brown puller (Sutter Instrument Co., USA) (figure 2.1), which 

produced electrodes of 2-5 MΩ resistance that were filled with normal ACSF. A silver 

chloride electroplated wire was inserted into the microelectrodes and placed in an 

electrode holder adhered to a head stage preamplifier. Each electrode was positioned 
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manually in the corresponding slides using an operated micromanipulator, in either a 

superficial or a deep layer of the region of study. Each rig had two channels and two 

micromanipulators (figure 2.1). LFPs were recorded simultaneously from each slice 

using the corresponding number of microelectrodes placed on the slices under the 

microscope (Olympus, Japan) into the desired region of the hippocampus, CA3 (in 

mice) or ACC (in rats). In our experiments, the electrodes could be placed in the same 

or separate slices, to record the oscillations. 

The signal recorded by electrodes was amplified 100 times using an axoclamp-2B 

amplifier (Axon instruments Inc., UK), and the neuronal activity was band-pass filtered 

at 0.001-0.4 kHz high-low using Neuralog external filters (figure 2.1). The background 

noise was subtracted using Humbug (Digitimer, Welwyn Garden City, Herts, UK) 

which removed 50 Hz of electrical mains noise. Signal were digitised in the Computer, 

at 10 kHz using an ITC-16 interface (Digitimer, Welwyn Garden City, UK) (figure 2.1). 

The data were converted into a digital waveform, recorded and analysed using 

AxoGraph 4.6 software (Version X, Axon instruments Inc., Union City, CA, USA), using 

a Fast Fourier Transform (FFT) algorithm, thus generating power spectrum where the 

frequency components were split from the waveform (figure 2.2). Subsequent analysis 

of the data was performed offline, using GRAPH Pad Prism 7.01 (La Jolla, CA, USA).  
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Figure 2. 2: Set up of the electrophysiology rig for LFP potentials recordings.  

2.2.5 Data Analysis 

AxoGraph 4.6 software (Axon instruments Inc., Union City, CA, USA) was first used 

to generate power spectra density by Fast Fourier Transform algorithms, by the 

analysis of 60-second epochs of recorded activity to produce a peak frequency of the 

measured oscillations. Data were plotted as frequency (Hz) over time (s) and power 

(µV2/Hz) using 8192 frequency bins. For each trace, the area under the peak (area 

power; µV2) in the power spectra between 15 and 45 Hz (representing the strength of 

the oscillations in this frequency band) were determined as the value for the area 

power (a combination of the amplitude and area). It was shown previously that gamma 

frequency oscillations in mice are 20-30 Hz lower frequency than in other primates 

(Driver et al., 2007). Frequency oscillations in mice are reported to occur  between 20-

80 Hz (Vreugdenhil and Toescu, 2005). Moreover, they are described to be 

temperature dependent in acute hippocampal slices (Dickinson et al., 2003). In this 

thesis, gamma frequency oscillations performed at relatively low temperature 30-31ºC. 

Therefore, we selected a gamma frequency band between 15-45 Hz for the recordings 

to detect all neuronal gamma frequency activity accurately. 

The amplitude of the first side peak of the autocorrelations was performed over 1 

second epoch of data to measure the value of the rhythmicity index (RI). The first side 
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peak amplitude provides a normalised RI value, giving the maximum of 1. Original 

signals were changed in time, to allow comparison of the similarity of the signals with 

the time-shifted version. To measure the time delay in milliseconds between regions 

(CA3-CA1), a cross-correlation analysis of a 1-second epoch was performed. The time 

delay between the two signals was represented by the central peak amplitude. 

2.2.6 Statistical analysis 

Data were analysed in sigma plot (v12.5) to determine whether the data are normally 

distributed. Normally distributed data were plotted as mean+-s.e.m and compared 

using t-test. Due to normal variability in the area power of the gamma frequency 

oscillations, the data were analysed using non-parametric tests on the raw data and 

described as percentage change or median and interquartile ranges (IQR). Here I 

used Mann-Whitney rank sum text when comparing two different groups. For 

comparisons before and after conditions in the same sample I used Wilcoxon signed 

rank test. Friedman’s repeated measures ANOVA was used when performing 

repeated measures on the same sample. Kruskal-Wallis one-way ANOVA on ranks 

was used when comparing multiple groups. When significant difference was observed 

in the ANOVA test, a pair wise multiple comparison (Dunn’s or Tukey) tests were 

performed to determine which parameters were significantly different. P value are 

reported significant if in the range between <0.05 and <0.001. 

2.2.7 Compounds used 

To measure the effects of mitochondrial modulation, drugs were added to the 

carbogenated ACSF that was continuously circulating to through the slices within the 

recording chamber. ACSF used for bath application in the slides was supplemented 

with the following compounds: Carbachol (10 µM); phosphate buffered saline (PBS); 

potassium cyanide (KCN, 50-100 µM); rotenone (250-1000 nM); sodium pyruvate (10 

µM); memantine hydrochloride (20 mM), kinate 800 nM (Sigma-Aldrich, Gillingham, 

Dorset, UK), phencyclidine (PCP) (10 µM) (Tocris bioscience, Avonmouth, UK). All 

water-soluble drugs were prepared in distilled water, aliquoted and kept chilled at 4ᵒC. 

Non-water-soluble drugs such as Rotenone, were dissolved in Dimethyl sulfoxide 

(DMSO) (Sigma-Aldrich, Gillingham, Dorset, UK) and stored at -20ᵒC. The storage of 

the compounds was done according to the recommendation of the manufacturers.  
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Table 2. 2: List of compounds used in the electrophysiology for the 
mitochondrial activity modulation.  

(***) means that that the catalogue number is not known.  
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2.3 Results 

2.3.1 Rotenone causes mitochondrial dysfunction and impairs gamma 
frequency oscillations in the hippocampus of A30P mice. 

The effects of mitochondrial inhibitors and their impact on the cortical neuronal network 

oscillations, was assessed in control and A30P mice. We previously reported 

impairments of gamma frequency oscillations in aged A30P mice (Robson et al., 

2018b). The impaired gamma activity seen in these mice, reflected the age-dependent 

reduction of the mitochondrial function due to pathologic αSyn accumulation. I, 

therefore, predicted that this group of mice would show a greater sensitivity to the 

inhibition of mitochondrial function. In addition, the majority of the studies on gamma 

frequency oscillations was done using acute slices from hippocampus (Kann et al., 

2011, Traub et al., 1996, Fisahn et al., 2002, Hajos et al., 2004), where persistent 

gamma activity, was induced by bath application of glutamatergic or cholinergic 

receptor agonists at lower molar concentration (Kann, 2011).  

Taking all of the above into account, I compared the effects of rotenone on gamma 

frequency oscillations in both aged control 9+ (from 9 months above) and aged 9+ 

months old A30P mice to assess the impact of blocking complex I of the mitochondrial 

respiratory chain. In this set of experiments, control oscillations (within the 15-45 Hz 

frequency) were considered stable when the measurements of the area power for at 

least three consecutive recordings were within ±10-15 % at 10-to-15-minute intervals. 

For this work, I activated the cholinergic receptors (Wojtowicz et al., 2009, Kann, 2011) 

in the hippocampus slices of A30P and control mice, as it is thought that gamma 

activity is more prominent in in this region of the brain (figure.3.2) (Kann et al., 2011). 

I then bath applied rotenone (250, 500, and 1000 nM) to the slices, to block complex 

I of the mitochondrial ETC to inhibit the mitochondrial function and compare the effects 

with normal mice. 

Gamma oscillations were induced with 10 µM carbachol, a cholinergic receptor 

agonist, and once stable values were reached, after approximately 3h of recordings 

(see methods, slice recordings), rotenone was bath applied, and its concentration was 

increased every 30 minutes with readings taken every 10 minutes (figure 2.3). I 

observed that in the control 9+ C57 group (7 mice/21 slices) there was a clear trend 

towards a concentration-dependent reduction in gamma frequency area power (figure 
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2.3). Nevertheless, not much change was observed in the frequency of the gamma 

oscillations. The values were not statistically different when compared with stable 

control levels (Friedman’s repeated measures ANOVA on ranks followed by Tukey 

post hoc multiple comparisons test p<0.05).  

In contrast, rotenone application at the higher concentration (500-1000 nM), caused a 

statistically significant decrease in the area power of gamma frequency oscillations in 

the 9+ A30P group (6 mice/18 slices) (Friedman’s repeated measures ANOVA on 

ranks followed by Tukey post hoc multiple comparisons test p<0.05). Indeed, at 1 µM 

concentration, rotenone reduced the gamma oscillation power by -29.6 ± 9.8% in 

9+C57 mice, and -41.9±8.8% in the 9+A30P mice. The significant decrease in gamma 

power of the oscillations in 9+ A30P mice by rotenone treatment, suggests that slices 

from 9+ A30P mice were more sensitive to inhibition of mitochondria complex I of the 

ETC with rotenone, suggesting an underlined dysfunction of the ETC due to the 

accumulation of pathological αSyn. 

In this experiment, I have not performed the comparisons across concentration in the 

two genotypes. Although I attempted to make a direct comparison of C57 and A30P 

mice at a higher concentration of rotenone, I was not able to finalise it. Preferably I 

would like to perform 2-way ANOVA for this experiment like on the other experiments 

in the subsequent chapters. However, the circumstances were not favourable to be 

able to access the data as the statistical analysis was performed in conjunction with 

Dr. Fiona LeBeau for the paper already published, and all the electrophysiology data 

for these experiments would require access to the electrophysiology Lab software 

system. Because of the conflict of interest, it makes it more difficult to access them. 

Thus, this is a limitation of this thesis.  
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Figure 2. 3: Effects of rotenone in area power of gamma frequency oscillations 
in the hippocampus. (A) Raw traces comparing the frequency of the oscillations in 

C57 (left) stable gamma oscillations (in blue), impaired gamma (in red). (B) Area power 

of the gamma frequency oscillations in C57 mice, carbachol (in blue) and rotenone (in 

red). (C) Raw traces comparing the frequency of the oscillations in A30P (right) mice, 

in carbachol (blue) and rotenone (red). (D) (E) Bar graph showing percentage change 

in area power and frequency in C57 mice (left), after application of an increasing 

concentration of rotenone (250 nM, 500 nM, 1000 nM) in 9+ group. (F) The frequency 
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did not change in rotenone. (G) Histogram showing the same measurements with 

rotenone in A30P mice. (H) No significant change in frequency in rotenone. The 

readings were taken in every 10 minutes for 90 minutes.  

2.3.2 Potassium cyanide causes mitochondrial dysfunction and impairs 
gamma frequency oscillations in the hippocampus of A30P mice. 

Following the hypothesis, I believe the impaired gamma activity that occurred as a 

result of mitochondrial complex I inhibition with rotenone in mice aged 9+ months old 

reflected pathologic αSyn-related reduction of the mitochondrial function. Thus, I 

predicted that the A30P mice would also show a greater sensitivity to the inhibition of 

complex IV of mitochondrial ETC, since complex IV is the last stage of the last step of 

the ETC, which transforms oxygen molecules into water, hence by blocking this last 

step all the activity of the ETC may be abolished. The links between αSyn and and 

complex IV of the mitochondria ETC has been demonstrated, it is thought that this 

interaction is associated with the mitochondrial disfunction, which is an important 

pathogenic aspect of LBDs (Elkon et al., 2002). Hence, I used KCN in a concentration 

dependent manner (25, 50, 100 µM), to block complex IV of the ETC, and 

consequently, inhibit the mitochondrial function, to then compare its effects in both 

aged control 9+ (from 9 months above) and aged 9+ months old A30P mice.  

Gamma frequency oscillations were induced with 10 µM carbachol, followed by bath 

application of KCN once the reading stabilized. KCN concentration was increased 

every 30 minutes with readings being taken every 10 minutes (figure 2.4). In control 

9+ C57 group (7 mice/21 slices), there was a clear trend towards a concentration-

dependent reduction of the area power of gamma oscillations upon KCN treatment 

(figure 3.4b), Nevertheless, not much change was observed in the frequency of the 

gamma oscillations. In fact, I observed a rapid reduction in the area power of the 

gamma frequency oscillation within 10 minutes of the bath application of KCN in both 

9+ C57 and 9+ A30P mice (4 mice/6 slices) (figure 2.4), and statistically significant 

reductions from the baseline measurements were evident at 50 µM and 100 µM KCN 

in both groups (9+ C57 and 9+ A30P) (figure 2.4) (Friedman’s repeated measures 

ANOVA on ranks followed by Tukey post hoc multiple comparisons test p>0.05). The 

power of the gamma frequency oscillations was reduced by 77 % in the 9+ C57 group 

and 82.6 ± 8.3% in the 9+ A30P mice when the final concentration was added. These 
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changes were not statistically significant when comparing both groups. The frequency 

of the gamma oscillations was abolished only when the final drug concentration was 

added, when practically no activity was seen. Hence, KCN, appeared to be effective 

in reducing the area power of the oscillations in both diseased and control mice. 

 

Figure 2. 4: Effects of KCN in area power of gamma oscillations in the 
hippocampus. (A) Raw traces comparing the frequency of the oscillations in C57 (left) 

stable gamma oscillations (in blue), impaired gamma (in red). (B) Area power of the 

gamma frequency oscillations in C57 mice, carbachol (in blue) and KCN (in red). (C) 

Raw traces comparing the frequency of the oscillations in A30P (right) mice, in 

carbachol (blue) and rotenone (red). (D) Power spectrum showing a higher peak in 
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gamma frequency in carbachol (blue) which greatly decreased when KCN (red) was 

added, in both C57 (left) and A30P (right) mice. (E) Histogram showing percentage 

changes in area power and frequency in C57 mice (left), after application of an 

increasing concentration of KCN (25 µM, 50 µM, 100µM) in 9+ group. (F) The 

frequency did not change in KCN. (G) Bar graph showing the same measurements 

with KCN in A30P mice. (H) Significant drop in frequency of the oscillations in A30P 

mice when 100 µM of KCN was added. The readings were taken in every 10 minutes 

for 90 minutes.  

2.3.3 Sodium pyruvate improves gamma frequency oscillations in the 
hippocampus of both control and A30P mice 

Since the results above described indicates impairments of the complex I and IV of 

the mitochondria, I hypothesised that they might underlie the deficits in neuronal 

gamma oscillations in A30P mice (Robson et al., 2018b). I therefore investigated 

whether, by supplementing sodium pyruvate into slices from A30P mice, would lead 

to the restoration of the observed mitochondrial impairments. Based on the 

observation of impairment in the mitochondrial ETC function in A30P mice (Robson et 

al 2018) I hypothesised that by administering an energy supplement, a cell permeable 

form of pyruvate (sodium pyruvate), might restore mitochondrial function, which could 

be reflected by an improvement in gamma frequency oscillations.  

Slices from young and aged mice (2+C57 mice (5 mice/ 13 slices) and 2+A30P (5 

mice/ 13 slices)) and aged (9+C57 mice (5 mice/ 13slices) and 9+A30P (4 mice/ 10 

slices)) were used to ascertain gamma oscillations were again induced with 10 µM 

carbachol until after approximately 3 hours when the reading stabilized. I then bath 

applied 20 µM sodium pyruvate and recorded readings every 10 minutes for the 

duration of 2h. No significant effect of pyruvate addition was seen on gamma 

oscillation frequency or area power in slices taken from 2+C57 mice (figure 2.5). In 

contrast, in slices from the 2+A30P mice the area power of the gamma oscillations 

showed a slight improvement after 30 minutes in sodium pyruvate, which then 

decreased after 110 minutes (figure.2.5). Importantly, the changes in the frequency of 

gamma oscillations between the control and A30P mice were statistically significant 

when compared the basal stable oscillations upon addition of pyruvate (Freidman’s 

repeated measures ANOVA on ranks followed by Tukey post hoc multiple 
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comparisons test p>0.05). In contrast, a significant increase was observed for the 

duration of the recordings in adult 9+C57 mice. However, the same beneficial effect 

of pyruvate was not present in the 9+A30P mice. These data suggest sodium pyruvate 

may have a small effect in improving gamma frequency oscillations specifically in old 

mice. 

 

Figure 2. 5: Line charts representing the trend in area power of the gamma frequency 

oscillations with sodium pyruvate.  Slices from young and aged mice (2+C57 mice (5 

mice/ 13 slices) and 2+A30P (5 mice/ 13 slices)) and aged (9+C57 mice (5 mice/ 

13slices) and 9+A30P (4 mice/ 10 slices)) were used to ascertain gamma oscillations 

were again induced with 10 µM carbachol until after approximately 3 hours when the 

reading stabilized. The area power of the gamma frequency oscillations shows a slight 

increase from the base line when pyruvate is added for 2h. Similar trend is observed 

in 2+A30P and 9+A30P mice where the area power of the gamma frequency 

oscillations shows also an increase when compared with the control, but with a lesser 

effect when compared to control cases. Box plot showing similar results observed in 

the line chart. 
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2.3.4 NMDA receptor antagonist memantine increases gamma frequency 
oscillations in the hippocampus of A30P mice 

In this set of experiments, I assessed the effects of memantine, which is an NMDA 

receptor antagonist, that is widely used to treat cognitive and motor dysfunction in 

patients with dementia (Litvinenko et al., 2010). As in previous experiments, I have 

demonstrated impairments in the mitochondrial function in A30P mice (Robson et al 

2018). I have also shown the effects of sodium pyruvate producing a slight increase 

in the area power of the gamma frequency oscillations. In addition, a work done in our 

lab demonstrated that young A30P mice develops early hyperexcitability, which is 

reduced in 10+ months of age mice, as seizure-like activity is reduced (Tweedy, 2019). 

In fact, some of the mice used in this work presented EEG epileptiform activity during 

the experiments, which I believe to be occurring long before the impairments of 

gamma network oscillations and the subsequent cognitive dysfunction, which is 

present in the A30P mice at 12 months of age (these hyperexcitability were not further 

explored here, as it was not the aim of this thesis). This is consistent with the recent 

study that used a similar transgenic (A53T) aSyn mouse, which showed epileptiform 

activity (Morris et al 2015), suggesting an excitatory-inhibitory imbalance due to 

hyperactivation of the NMDA receptors. Although, memantine does not improve 

cognition or gamma frequency oscillations in people with DLB, however, it was proven 

to reduce the rate of cognitive decline in Dementia (Folch et al., 2018). Therefore, I 

predicted that by antagonising the effects of the NMDA receptors with memantine in 

slices of control and A30P mice, the impaired gamma frequency oscillations may be 

restored in these mice. Indeed, in vivo studies have suggested that blocking these 

receptors with an NMDA receptor antagonist has led to an increase of gamma 

frequency oscillations in rat cerebral cortex (Pinault, 2008, Bian et al., 2009).  

To determine whether a non-competitive NMDA antagonist, has an effect on gamma 

frequency oscillation of the neuronal network. Gamma oscillations were induced with 

10 µM Carbachol for approximately 3h, in the hippocampal slices and then bathed in 

20 µM of memantine for the duration of 2 hours with readings were taken every 10 

minutes throughout the experiment in hippocampal slices of young (2+C57 mice (n 

6/10 slices) and 2+A30P mice (n 6/12 slices) mice (figure.3.5).  Memantine treatment 

induced a significant increase in the area power of the gamma oscillations in slices 

taken from 2+C57 mice, for approximately 1h:30 minutes. Although the effect seems 
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to cause a slight decrease of the area power after 1 hour, to increased again till the 

end of the experiment, the increase in the area power was clear when compared to 

the baseline oscillations. On the contrary, the frequency of the oscillations remained 

practically the same (Freidman’s repeated measures ANOVA on ranks followed by 

Tukey post hoc multiple comparisons test p>0.05) (figure 2.6). On the other hand, after 

approximately 20 minutes in memantine, there was also a significant increase in the 

area power of the oscillations in 2+A30P mice. Notwithstanding, it followed with a 

gradual decrease in the frequency of the oscillations, after approximately 30 minutes 

in memantine and after 70 minutes. In the experiments the decrease in the frequency 

of the oscillation was accentuated (figure 2.6). one-way ANOVA p>0.05), and post-

hoc analysis (Tukey pairwise comparison) showed statistically significant increase 

from the base line, in both control and A30P mice. However, the results were not 

significant when comparing both control and A30P mice, as there was a clear trend to 

an increase in the area power of the oscillations in both groups (figure 2.6).  

Following the significant effect of memantine on the younger group of 2+A30P mice 

(when compared to the baseline), I went on trying the same experiments with the 

available older group of 14+A30P mice (n4/9 slices). Because of their scarce 

availability I was only able to do it in these group of mice. Memantine treatment in the 

14+A30P mice had not significant effect on the area power of gamma oscillation when 

compared to the baseline (figure 3.6). However, we observed a clear trend to reduction 

of the frequency of the oscillations after 60 minutes of treatment in 14+A30P mice 

(Freidman’s repeated measures ANOVA on ranks followed by Tukey post hoc multiple 

comparisons test p>0.05) (figure 2.7).  

Although, I predicted that inhibition of NMDA receptors by memantine, can increase 

gamma frequency oscillatory power when compared to the baseline, the results from 

the young mice were not statistically different when comparing both disease and 

control groups, suggesting that NMDA receptor impairments may not play a key role 

in the disease pathogenesis in the young A30P mice. On the other hand, the 

experiments in the adult mice were also not finished. However, I can speculate that 

there seemed to be some trend to an increase in the area power of the oscillations, 

notwithstanding, more analyses are necessary to completely elucidate the effects of 

memantine in adult A30P mice. Overall, the study of memantine effects in the A30P 
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mice demands more experiments, as memantine results presented here it is not 

strongly suggestive of any clear change between the control and the diseased mice.  
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Figure 2. 6: Effects of memantine in area power of gamma oscillations in the 
hippocampus. (A) Raw traces comparing the frequency of the oscillations in C57 

(left) stable gamma oscillations (in blue), improved gamma (in green) with memantine. 

(B) Area power of the gamma frequency oscillations in C57 mice, carbachol (in blue) 

and memantine (in green). (C) Raw traces comparing the frequency of the oscillations 

in A30P (right) mice, in carbachol (blue) and memantine (green). (D) Power spectrum 

showing a higher peak in gamma frequency in memantine (green) comparing to 

carbachol (blue). (E) Bar graph showing percentage changes in area power and 

frequency in C57 mice (left), after application of memantine. (F) The frequency of the 

oscillations did not have a significant change in memantine. (H) Histogram showing 

the same measurements with memantine in A30P mice. (G) Significant drop in 

frequency of the oscillations in A30P mice when memantine was added. The readings 

were taken every 10 minutes for 100 minutes.  
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Figure 2. 7: Effects of Memantine in area power of gamma oscillations in the 
hippocampus of aged A30P mice. (A) Histogram chowing percentage changes in 

area power in adult A30P mice, after application of Memantine (20 µM). (B) Bar graph 

showing the frequency measurements with Memantine in 14+A30P mice. The area 

power did no change significantly after 30 minutes in the drug. However, the frequency 

seemed to reduce after 70 minutes. The readings were taken every 10 minutes for 2 

hours. C) Raw traces comparing the frequency of the oscillations in carbachol (blue) 

and memantine (green). (D) Power spectrum showing similar peak in gamma 

frequency in carbachol (blue) and Memantine (green).  
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2.4 Discussion 

2.4.1 Gamma frequency oscillations in the hippocampus 

Gamma network oscillations have been well studied in the hippocampus, which has 

now become the prototype for neuronal oscillation studies, associated to cognitive 

functions. This region is thought to play important role in spatial navigation, episodic 

memory, additionally, its simple laminated architecture is simpler than the neocortex 

cytoarchitecture, and gamma oscillations recorded in this region presents larger 

amplitudes (Lisman et al., 2017, Buzsáki and Wang, 2012). In the hippocampus, 

persistent gamma oscillations can be reliably evoked by a glutamatergic or cholinergic 

agonist (acetylcholine, carbachol), which activate the metabotropic cholinergic 

receptors. On other occasions it can also be evoked by bath application of kainic acid 

(Kainate) which activates the ionotropic glutamatergic receptors (Pietersen et al., 

2009, Dheerendra et al., 2018, Schneider et al., 2015a).  

Moreover, In vitro induction of gamma frequency oscillations in the hippocampus are 

less prominent in the dentate gyrus, weaker in the CA1 subfield and more prominent 

in the CA3 subfield of neuronal network (Akam et al., 2012, Craig and McBain, 2015). 

Hence, the CA3 is commonly known to be the hippocampal generator of high-power 

gamma frequency oscillations, although neuroenergetical and the electrophysiological 

features of the CA3 network may not relate to the gamma oscillations properties 

recorded from other regions (Akam et al., 2012, Craig and McBain, 2015, Traub et al., 

2000). Therefore, in this work, gamma frequency oscillations were studied in the CA3 

region of the hippocampus evoked by the use of carbachol. In addition, the induction 

of gamma oscillations with carbachol are dependent on the mediation of AMPA 

receptor excitatory postsynaptic potentials (Traub et al., 2000). Hence, I was able to 

evoke gamma frequency oscillations in the hippocampus as a reliable region to study 

the impairments these oscillations in DLB. 

2.4.2 Implication of mitochondrial inhibition and pyruvate supplementation on 
gamma frequency oscillations in the young A30P mice. 

Mitochondria are cellular power plants of neurons, since they are the main source of 

energy for the cells, by providing adenosine triphosphate (ATP) that results from 

chemicals that are converted through the ETC and the oxidative phosphorylation 
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(Laird et al., 2013, Sheng, 2014, Zhu et al., 2012). In the human brain, a cortical neuron 

may utilize up to approximately 4.7 billion of ATP molecules per second to perform its 

function (Laird et al., 2013, Sheng, 2014, Zhu et al., 2012). Thus, the continuous 

supply of ATP is key for the function and the survival of the neurons (Nicholls et al., 

2015), as the production of ATP helps to maintain the synapse assembly and synaptic 

transmission by buffering calcium (Medler and Gleason, 2002, Vos et al., 2010). In 

fact, it was proven that the absence of the mitochondria in the synapses causes an 

impairments in the synaptic transmission due to the insufficient ATP supply and 

impairment in calcium transients (Sheng, 2014). Therefore, normal mitochondrial 

function is required for the generation of fast neuronal network oscillations, such as 

gamma frequency oscillations, as they are thought to be highly energy dependent 

(Whittaker et al., 2011a).  

Mitochondrial dysfunction has previously been demonstrated in mice that overexpress 

αSyn (Rothman et al., 2014, Chen et al., 2015). It is currently believed that αSyn can 

translocate inside the mitochondria and modulate mitochondria morphology and 

function in mouse models of synucleinopathy (Li et al., 2014, Martin et al., 2014). In 

fact the effect of impaired αSyn in the mitochondria is  particularly worse in A53T mice 

(a different mouse model of synucleinopathy), compared to the A30P mice (used for 

my experiments) (Pozo Devoto et al., 2017). This discrepancy in study results from 

the mouse models, parallels with studies in human, in which authors showed that the 

A30P mutation is linked with the late onset of the development of synucleinopathy as 

well as the less severe clinical phenotypes of the disease (Kruger et al., 2001, 

Puschmann et al., 2009). The age-dependent reduction of mitochondrial activity and 

the resulting oxidative stress is what I believe to be associated with the age-dependent 

reduction in the area power of gamma activity observed in the hippocampal slices of 

adult A30P mice, that predates the development of cognitive deficits that arise after 

12 months of age in these mice (Neumann et al., 2002). 

Furthermore, gamma oscillations are impaired in the presence of hypoxia, oxidative 

stress, and inhibition of the mitochondrial oxidative phosphorylation, which depends 

on the normal functioning of the mitochondrial ETC (Kann et al., 2014b). The 

nicotinamide adenine dinucleotide (NADH): ubiquinone oxidoreductase also known as 

complex I, is the first enzyme in the ETC that catalyses the transfer of electrons from 

NADH produced during the Krebs cycle to coenzyme Q10 to be transferred to the 
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ETC. It also pumps protons directly into the mitochondrial intermembrane space, 

facilitating the synthesis of ATP (Baradaran et al., 2013). Inhibition of complex I of the 

ETC is therefore associated with the production of ROS and ATP depletion. 

Interestingly, inhibition of complex I in the substantia nigra, was found to be associated 

with the development of PD, as well as inhibition of the complex I in prefrontal cortex 

was found to be linked with cognitive decline (Gatt et al., 2016). Thus, significant 

impairments in mitochondrial function, linked with the impairments in the gamma 

frequency oscillations, could be consistent with the process of slow neurodegeneration 

seen in A30P mice. This is also supported by studies that have shown that complex I 

inhibition ETC with rotenone compromises the normal ATP production, while 

simultaneously triggering an increase in the production reactive oxygen species thus 

leading to elevated levels of oxidative stress (Heinz et al., 2017, Chou et al., 2010). In 

parallel with this, here I show that rotenone reduces the area power of the gamma 

frequency oscillations in a concentration dependent manner with a greater effect in 

aged A30P mice compared to aged controls. In fact, mice that overexpress misfolded 

human mutant αSyn protein (A30P), showed higher sensitivity to mitochondrial 

inhibition of complex I with rotenone, by showing a greater reduction in the area power 

of gamma frequency oscillations in adult 9+ A30P mice when compared with the 

control (9+C57) mice. suggesting that mitochondrial impairment may lead to the 

impaired gamma oscillations seen in these mice (Robson et al., 2018b).  

KCN was shown to depolarize and abolish the activity of the fast-spiking interneurons, 

by reducing the inhibitory post synaptic potential (IPSP) on the pyramidal cells 

(Whittaker et al., 2011a). The same study also showed that a high concentration of 

KCN (100 µM) had no effect on the excitatory postsynaptic potential (EPSPs) in the 

pyramidal cells. This suggests that the changes in the neuronal network oscillations 

may not be associated with the diminution in glutamatergic neurotransmission. On the 

contrary, the same study found a diminution in the IPSPs on the pyramidal cell, thus, 

disrupting the PING model of generation of gamma frequency oscillation (figure. 3.3), 

as they observed that the PV+ expressing fast spiking interneurons  were depolarised 

and their activity abolished (Whittaker et al., 2011b). Therefore, the observed changes 

in fast spiking interneurons (loss of action potential firing and the decrease of IPSPs 

amplitude) could be at the root of the reduction of gamma frequency oscillations 

observed in their studies, as well as seen in the findings that I present in this thesis.  
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The unparallel electrophysiological properties of the interneurons, particularly the high 

energy demand cells (PV+), which is reflected by their mitochondria and cytochrome 

c enriched ultrastructure, and are thought to be essential for the GABA metabolism 

and the extensive Ion transport (Kann et al., 2014b). This suggests a higher sensitivity 

of these groups of neurons (interneurons) to mitochondrial inhibition, and its 

correlation with their high metabolic demands (Kann, 2011, Kann, 2016). In parallel 

with the hypothesis that suggests that highly energized interneurons are key element 

for information processing which may be crucial for cognitive decline when the supply 

of energy is deprived or impaired, thus impairing the gamma frequency oscillations 

(Kann et al., 2011, Whittaker et al., 2011a). The evidence presented here, shows that 

treatment with KCN, which blocks the activity of complex IV, led to a greater reduction 

in area power of gamma frequency oscillations in both aged 9+C57 and 9+A30P mice. 

Indeed, previous studies have demonstrated that acute application of high 

concentration of both rotenone (1 µM) and KCN (100 µM) caused a quick collapse of 

the area power of gamma frequency oscillations (Kann et al., 2011, Whittaker et al., 

2011a). Hence, I can speculate that the impairments of the gamma frequency 

oscillations in the synucleinopathy model, may be associated the existence of toxic 

species of αSyn.   

In addition, sodium pyruvate, which is an energy supplement, is thought to possess 

positive effects in neurodegeneration, as it increases availability of brain glycogen in 

mouse brain of AD, and restores the behavioural impairments observed in AD patients 

(Koivisto et al., 2016). The preliminary results presented here in this topic, showed 

that the addition of sodium pyruvate in the neuronal network oscillations, elevates the 

tendency to produce a slight increase in the area power of gamma frequency 

oscillations in young A30P mice. Moreover, in young control and A30P mice, the area 

power of the gamma oscillations showed a slight improvement after 30 minutes in 

sodium pyruvate. However, these changes were observed in both adult control and 

aged A30P mice, casting more doubts to any possible beneficial effect of sodium 

pyruvate in restoring the gamma frequency oscillations. Although sodium pyruvate 

was shown, to have a therapeutic effect in myopathic mitochondrial DNA diseases and 

in patients with oxidative phosphorylation disorders by increasing the glycolytic 

pathways (Saito et al., 2012, Fujii et al., 2014), there are no current available literature 

studies that supports the hypothesis of positive the effects of sodium pyruvate in DLB. 
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Thus, it is unclear to whether sodium pyruvate may have any benefit effects that 

suggesting a potential therapeutic approach for the restoration of the gamma 

frequency oscillations. 

2.4.3 The effect of memantine on gamma frequency oscillations 

The results presented also demonstrate that memantine treatment leads to a slight 

increase in the area power of gamma frequency in both young control and DLB mice 

(figure 3.4). This suggests that the role of NMDA receptors needs further mechanistic 

investigations as the animals grow older. Here, I have noted an increase in the area 

power of gamma frequency in both control (C57) and A30P mice. This is consistent 

with the previous studies that showed that NMDA receptor antagonist increases the 

gamma oscillations, since excess NMDA receptor activation can lead to excitotoxicity 

in neurons (Dreyer et al., 1995, Tenneti et al., 1998, Okamoto et al., 2002). Altogether, 

these findings suggest that modulation of gamma frequency oscillations with 

memantine can be a therapeutic approach to consider in disease treatment or even 

for further studies. In addition, memantine is thought to increase long term potentiation 

(LTP) at the network and cellular level, particularly the LTP effect of memantine is 

thought to depend on the enhanced levels of tonic NMDA current (Liu et al., 2019), 

suggesting that the action of memantine in the NMDA receptor requires previous tonic 

activation of the receptor. Although, it was not an aim for this study to look at the 

changes in the receptor, I believe that this would be an interesting topic to pursue in 

the future. In fact, basal NMDA receptor mediated excitatory post synaptic currents 

(EPSCs) were shown to increase with bath application of αSyn oligomers, which 

consequently led to LTP impairments. These impairments were then rescued  with the 

application of an NMDAR antagonist (Diógenes et al., 2012). This study suggests that 

toxic forms of αSyn can lead to a prejudicial increase in synaptic transmission 

mediated by NMDA receptor activation.  

Moreover, the increase in the activation of the NMDA receptors due to exposure to 

toxic αSyn species, is also thought to be associated with the increase in the expression 

of calcium permeable AMPA receptors (Diógenes et al., 2012), which I believe to be 

related to the increase in the hyperexcitability. Additionally, gamma frequency 

oscillations in the hippocampus, that are evoked with bath application of carbachol is 

not substantially modulated by NMDA receptor antagonists (Fisahn et al., 1998). In 
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this study, I observed a significant increase of the area power in slices taken from both 

young 2+C57 and 2+A30P mice. However, the difference between control and 30P 

mice was not significant, as there was a clear increase in the area power of the 

oscillations in both groups (figure 3.6). Considering these studies together, the results 

suggest a change in NMDA receptor function, that may be detrimental to the 

generation of gamma frequency oscillations in the A30P mice. However, further 

studies are required to confirm this hypothesis. At present, it is unclear why 

memantine-induced potentiating effect in gamma frequency oscillations was observed 

in both control and the mutant mice. It has been suggested, however, that gamma 

frequency oscillations could be increased by increasing acetylcholine levels, 

independently of the blockage of an NMDA receptor (Betterton et al., 2017). As the 

data presented in this chapter shows an area power increase in both control and A30P 

mice treated with memantine, it is possible that the cholinergic drive on the NMDA 

receptor was maximal in the slices from both young groups of mice. 

2.4.4 Study limitations and future directions 

Within this study, all the recordings of gamma activity were done in the CA3 region of 

the hippocampus. Due to technical limitations of the experiments, simultaneous 

measurements within different regions of the hippocampus were not possible. I believe 

that comparing the results of simultaneous recordings with other hippocampal regions 

such as CA1, CA2 including the dentate gyrus, would offer important mechanistic 

insights on the extent of gamma oscillation impairments. Furthermore, within the 

scope of this study, I was not able to assess the impairment of mitochondrial 

impairments in young mice to compare with the results observed in adult mice.  

As some observed that, mitochondrial impairments in mice that overexpress toxic 

forms of αSyn causes a reduction in the IPSPs, suggesting a reduction of inhibitory 

input onto pyramidal cells, that consequently causes an increase of the EPSPs. This 

suggests an excess in excitations inputs from the excitatory pyramidal cells, which I 

believe to lead to hyperexcitability. This early excitatory-inhibitory imbalance ultimately 

may lead to the progressive neuronal neurodegeneration observed in older mice, 

which includes activated microglia and reduced mitochondrial function and 

impairments in gamma frequency oscillations. In a work done in our lab, my colleague 

was able to demonstrate this early hyperexcitability in the young A30P mice (Tweedy, 
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2019). Hence, I can speculate that the presence of overexpressed αSyn may indeed 

be associated with the mitochondrial dysfunctions and the impairments of gamma 

frequency oscillations. In addition to other pathogenic cascades such as, 

neuroinflammation, I believe that mitochondrial impairment is potentially a mechanism 

behind the impairments in gamma frequency oscillations observed in the mouse model 

of synucleinopathies. However, to better understand the intrinsic mechanism that 

underlie this impairment, it would be useful to study the period of the early 

hyperexcitability that was also found to precede the gamma network oscillations 

impairments. At the same time, other therapeutic experiments could also be done to 

assess whether an early therapeutic intervention could potentially delay or even 

prevent the later network changes. 

This study would also be enhanced by the assessment whether the impairment of the 

complex I is a result of an ongoing oxidative stress damage, as many studies suggest 

that oxidative damage may precede complex I impairments. In fact, some studies have 

suggested that oxidative damage, may be at the root of the development of 

synucleinopathies such as PD (Dias et al., 2013). However, it is not clear whether this 

is because of the reduction of other complex I subunits, that results from mDNA 

mutations (Keeney et al., 2006, Gatt et al., 2016). Hence, it would be worthwhile in 

future to study the impact of oxidative stress in these mouse models. 

In addition, memantine is thought to be a non-specific NMDA receptor antagonist, 

since it can act on other receptors such as 5HT3Rs or even D2Rs. I believe that the 

results with memantine could be worth comparing with other more selective NMDA 

channel inhibitor, such as MK801. Alternatively, it could be worth extending the study 

and comparing a more reliable compound with a similar agonistic effect such as 

pregnenolone sulphate. Furthermore, due to time limitations and the availability of 

resources in the lab, in this work it was not possible to answer the question on to why 

the potentiating effects of memantine on gamma frequency oscillation were not 

observed in the adult A30P mice. Therefore, further studies are necessary to compare 

these effects in adult mice. Another limitation of memantine study, is the fact that, 

memantine data are too preliminary, and its direct effects on the gamma network 

oscillations could be backed up with an experiment extended on a similar compound 

(succinate or fatty acids), which I believe would strengthen the memantine data. I 

propose a similar approach for the experiments done with sodium pyruvate.  
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2.5 Conclusions 

In this work, I hypothesized that A30P mice will develop mitochondrial dysfunction in 

an age-dependent manner. I therefore predicted that hippocampal slices from aged 

A30P mice would show greater sensitivity to lower concentrations of mitochondrial 

blockers. However, I did not find any significant differences in area power of gamma 

oscillations between aged C57 and 9+A30P upon treatment with KCN. In contrast to 

this, the results obtained with rotenone treatment, suggests a slightly higher effects on 

the mitochondrial, by reducing the area power of the oscillations and therefore 

inhibiting gamma frequency oscillations in 9+ A30P mice. In parallel to this, additional 

immunohistochemistry studies from our lab group, have shown alteration in  

mitochondrial complex IV in the adult A30P mice (Robson et al., 2018b). This suggests 

mitochondrial dysfunction in this model of synucleinopathy is linked with 

overexpression of αSyn, that may occur as a result of important mutations in the genes 

that codify the protein. To my knowledge, this is the first study reporting deficits in 

gamma frequency oscillations in the A30P mouse model of synucleinopathy. I have 

demonstrated a consistent deficit in the fast network oscillations in the aged mice that 

overexpress abnormal human mutant αSyn that precedes the reported cognitive and 

behavioural deficits and temporally correlates with the observed impairments of the 

mitochondrial function (Robson et al., 2018b). Furthermore, memantine has been 

widely used to treat cognitive and motor dysfunction in patients with dementia 

(Litvinenko et al., 2010). In my experiments, Although, memantine treatment produced 

a slight increase in the area power of gamma frequency oscillations in in vitro slices of 

A30P mice, these results are still not clear. Further studies are necessary to 

corroborate these findings. Notwithstanding, this work provides further mechanistic 

insights into the consequences of overexpression of αSyn, by confirming that 

mitochondrial dysfunction may be associated with the abnormal neuronal network 

oscillations observed in the A30P mouse model of synucleinopathies. Thus, 

suggesting that, it is possible that mitochondrial dysfunction may precede Lewy body 

pathology and contribute directly to cognitive decline. 
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Chapter 3: Parvalbumin interneurons in cortical and subcortical 
regions in A30P mouse and DLB patients 
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3.1 Introduction 

Information processing in the brain neural circuitry, demands a precise spatiotemporal 

coordination of the activity between pyramidal cells and the inhibitory interneurons 

(Castejon and Nuñez, 2016, Cardin, 2018). This is because the electrical activity of 

the pyramidal cells are heavily regulated by fast spiking interneurons such as, 

parvalbumin positive (PV+) type, which are thought to generate action potentials (AP) 

at high frequency rate (Tremblay et al., 2016). This high frequency PA from the 

interneurons reflects the high-energy utilization and demand from this neuronal 

population, thus, highlighting their vulnerability at the presence of pathologic 

conditions that impairs neuronal metabolism such as neurodegeneration (Kann et al., 

2014b, Tremblay et al., 2016). In fact, inhibitory interneurons such as GABAergic cells 

are involved in pathogenesis of many brain disorders including, neurodegenerative, 

neuropsychiatric and neurodevelopmental disorders, epilepsy and encephalopathies 

(Katsarou et al., 2017). However, this chapter focuses specifically on the vulnerability 

of PV+ cells in neurodegenerative disorders such as DLB. Although, little is known 

about the involvement of PV+ interneurons in DLB, the colocalization of 

overexpressed αSyn with PV+ fast spiking interneurons was found to be linked with 

the decrease of this group of neuronal populations in DLB (Bernstein et al., 2011b). 

This colocalization provides an insight on how the pathological burden of αSyn affects 

this group of interneurons, which affects negatively the function of the neuronal 

network oscillations, that are dependent on the normal function of these interneurons 

(Bernstein et al., 2011b). Indeed, the loss of PV+ interneurons is worthy of note, given 

their importance in forming the neuronal networks and their involvement in gamma 

rhythmogenesis, essential for cognitive and motor functions (Bernstein et al., 2011b, 

Bonanni et al., 2008, Whittington and Traub, 2003).  

 

Cognitive decline and motor impairments are major symptoms of DLB (McKeith et al., 

2017). They are thought to reflect the impairments in the neuronal network, expressed 

electrophysiologically as impaired oscillatory activity in gamma frequency oscillations, 

as observed in chapter 3 (Robson et al., 2018b, Kann et al., 2011, Kann et al., 2014b). 

Hence, the characteristic dementia profile of DLB is thought to resemble those 

impairments previously identified in the gamma frequency band (Robson et al., 

2018b). This highlights the fundamental role of PV cells in gamma rhythmogenesis 
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and maintenance under physiological conditions (Kann, 2011, Kann et al., 2014a). 

Moreover, when the excitability of the interneurons is impaired, it critically contributes 

to the impairments of the neural oscillatory synchrony and rhythms of the fast 

oscillatory frequency bands (Morris et al., 2015, Verret et al., 2012). Likewise, when 

oxidative stress occurs and energy supply is limited, PV+ interneurons are critically 

affected, leading to the neuronal network impairments (Kann, 2016). Hence, I can 

speculate that PV+ interneuron loss/dysfunction may underpin the development of 

neurodegenerative disorders such as DLB.  

Furthermore, fast neuronal network oscillations are thought to critically rely on the 

normal function of PV+ inhibitory interneurons, where they play key role by providing 

rhythm-based timing of the principal cells at multiple time scales, thus generating 

neuronal oscillations (Buzsáki and Wang, 2012, Kann, 2016). The important job of 

PV+ interneurons reside in swinging the membrane potential of principal cells by firing 

their PA in a completely restricted to perisomatic inhibition of the PV+ fast spiking 

interneurons onto the principal cells, resulting in gamma-band rhythmogenesis  

(Buzsáki et al., 2012, Buzsáki et al., 1983, Buzsáki and Wang, 2012). Hence, PV+ 

interneurons are essential for the synchronisation of the IPSPs in neuronal fast 

network oscillations (Buzsáki et al., 1983). In fact, PV+ interneurons are known to be 

very active during generation of gamma oscillations (Gonzalez-Burgos et al., 2015, 

Kann et al., 2014b). Thus, gamma activity consists of short lived rhythms emerging 

from the coordinated interaction between excitation and inhibition  signals (Buzsáki et 

al., 2012).  

The population of inhibitory interneurons in the cortex is highly diverse, and is largely  

represented by the GABAergic interneurons, in which PV+ cells represent the majority 

(Rudy et al., 2011). This group of interneurons is found to be most abundant in the 

hippocampus and neocortex (Booker and Vida, 2018, Kann, 2016). In fact, every layer 

of cortical pyramidal cells is under the specific control of a unique class of interneuron 

populations. Exceptions may be observed in the thalamus, BG and the cerebellum, 

where the degree of variability of the resident interneurons is low, consisting of few 

interneuron’s types (Pelkey et al., 2017, Buzsáki et al., 1983, Buzsáki and Wang, 

2012). It is believed that this diversity of the interneurons may be required for the 

achievement of the balance between excitation and inhibition in the cortex (Tremblay 

et al., 2016, Markram et al., 2004). Since, GABAergic interneurons are ubiquitous 
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throughout the brain, it is not surprising that fast network oscillations such as gamma, 

will appear in almost every part of the brain. This may be the reason why gamma band 

oscillations are the most ubiquitous neuronal network activity in the healthy brain 

(Buzsáki et al., 2012). Moreover, they provide important information about the 

dynamics of neuronal population in health and disease (Buzsáki et al., 2012). 

Based on the functional point of view, the inhibitory interneurons can be classified into 

three different types. First, interneurons that regulate other interneurons. Second, 

dendritic targeting interneurons control synaptic inputs into the pyramidal cells, and 

finally, the perisomatic interneurons, which control the spiking activity of pyramidal 

cells (figure 3.1). The spiking neurons were the focus of study described in this 

chapter, particularly the fast-spiking interneurons which express calcium-binding 

protein PV. Indeed, fast spiking highly energised PV+ interneurons are fundamental 

elements for information processing in cortical regions of the brain (Kann et al., 

2014b). 

               

Figure 3. 1: Schematic representation of the connections of GABAergic interneurons 

in the cortex, based on functional classification. PV= Parvalbumin, SOM= 

somatostatin, NG= neuralgiform cells.   
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DLB and other types of dementias are associated with neuronal loss across the 

cortical and subcortical structures (Mak et al., 2014). Features such as cognitive 

decline and motor impairments (McKeith et al., 2017) that characterize DLB are 

thought to resemble those impairments previously identified in the gamma frequency 

band (Robson et al., 2018b). This impairment may be a result of pathological changes 

(in the density/function) of PV+ interneurons, due to their key role in the generation of 

gamma frequency oscillations (Kann, 2016, Trojsi et al., 2018, Honkanen et al., 2014, 

Li et al., 2019). The evidence presented in this chapter suggests that the density of 

the PV+ interneuron population is significantly affected in some areas of the brain, 

including, the perineuronal nets (PNN) of the cortex. The complexity of the relationship 

between different brain regions, which are differentially affected by the disease, but 

act in synchrony with others to complement brain functions, makes it difficult to study 

all. Here, I carried out neuroanatomical quantification of the PV cells in different brain 

regions to establish in which regions the PV+ interneuron density might be affected in 

DLB. Thus, this chapter provides evidence from a quantitative neuroanatomical 

analysis, yielding insights into the involvement of PV+ fast spiking interneurons in the 

generation of neuronal network oscillations, in parallel with the electrophysiological 

results presented in chapter 3. Since DLB is a disease in which gamma frequency 

oscillations are affected in certain regions of the brain, I hypothesised that this is due 

to the impairment of PV+ interneurons. Thus, I aimed to perform quantitative analysis 

of the distribution of PV+ fast spiking interneurons in brain tissue of DLB patients; to 

compare the PV+ interneuron density with the disease progression and analyse its 

links with the impaired gamma frequency network oscillations in the progression of 

DLB. I also investigated the extracellular matrix that ensheathes the PV+ fast spiking 

interneurons (the perineuronal network (PNN)) which is essential for the regulation of 

the functions of GABAergic interneurons (Wen et al., 2018). This would help to gain 

more insight into the involvement of PV+ interneurons in LBDs, as well as ideate how 

their dysfunction affects/contributes to DLB pathology. 
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3.2 Methods  

All procedures described in this chapter relating to animals were carried out according 

to the UK Animals Act 1986 (Scientific Procedures), and European Union directive 

2010/63EU, with the appropriate provision project and personal licences (PPI and 

PPL). All human tissues were obtained from the Newcastle Brain Tissue Resource 

(NBTR) in accordance with the Joint Ethics Committee of Newcastle and North 

Tyneside Health Authority approval and following the NBTR brain banking procedures. 

3.2.1 Animals 

Transgenic (Thy-1)-h[A30P] αSyn mice C57BL/6 background, both male and female 

that overexpressed human mutant A30P αSyn under the Thy-1 CNS specific promoter 

(Kahle et al., 2000b, Neumann et al., 2002), were supplied by Dr. Khale (University of 

Tubigen). 

3.2.2 Immunohistochemistry- slice preparation 

Upon completion of the electrophysiological recordings, slices were rapidly fixed in 4% 

buffered paraformaldehyde (PFA powder; Sigma-Aldrich P-6148) solution, and stored 

at 4ᵒC, for at least 2 days. Alternatively, slices were obtained from animals following 

anaesthetics by transcardial perfusion of the brain with 4% buffered 

paraformaldehyde. Fixed brain tissues were then removed and stored in 30% sucrose 

PBS (PBS tablets; Sigma-Aldrich P4417) at temperature of 4ᵒC for few days for 

cryoprotection. Before slicing further into 40 µm thick slices, which were then placed 

into 0.3% Triton-PBS.  

In some cases, animals were anaesthetised and transcardially perfused with 4% 

buffered paraformaldehyde and the slices obtained were used for immunostaining. 

Before staining, the slices were transferred to 30% sucrose phosphate buffered saline 

for ~2-3 days for cryoprotection at 4ºC, before being sectioned to 40 µm thick slices 

with a freezing microtome or a Bright OTF 5000 cryostat and placed in a well plate 

containing 0.3% triton-PBS (TPBS; Triton X-100, Sigma-Aldrich T-8787) at room 

temperature. Then the slices were kept in 4% PBS at 4ºC. The appropriate primary 

antibody and the appropriate serum species (depending on where the antibody was 

raised) was added directly into each well plate containing PBS 4%, and stored at room 

temperature. 
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3.2.3 Immunohistochemistry staining for Anti-PV 

Slices were then stained with a mouse monoclonal anti-4-hydroxinonenal (anti-4-HNE) 

antibody (1:5000; SWANT) (see appendix), or a mouse monoclonal parvalbumin (PV) 

antibody (1:5000), prepared in 4% PBS containing 0.3% Triton X-100 (Sigma) and 

0.3% normal goat serum (S100, Vector Laboratories). Slices were incubated in 

primary antibody overnight at 4ᵒC (18-20 h) on a shaking platform in the cold room. 

Next day, slices were incubated with anti-mouse IgG (Vector Laboratories BA1000), 

which was used as secondary antibody, then slices were left incubated for 2h at room 

temperature on a shaking platform (figure 2.2). Following three 5-minute washes with 

PBS, slices were incubated in 3, 3’diaminobenzidine peroxidase (DAB) and hydrogen 

peroxidase (Vector Laboratories Inc.), for 5 minutes to visualize the morphology of the 

cells followed by three 5-minute washes in PBS. DAB substrate was prepared in water 

(2 drops of DAB in 5 ml of H2O), and the solution was added into the well plates that 

contained the slices. To stop DAB reaction, the solution was carefully removed, and 

the slices were washed 3x5 min in PBS. 

The slices were then mounted onto gelatine-subbed microscope slides (Fisher 

Scientific, Super Frost slides 26x76x1mm) and left to dry overnight at room 

temperature. The following day, when the slices were completely dried, they were re-

hydrated in dH2O for 30 seconds, before ethanol-based dehydration protocol of 

successive 5 minutes incubations with 70%, 90%, and 2x 100% ethanol.  The dry 

slides were then transferred to HistoChoice Clearing Agent I and II (National 

Diagnostics, HS200) for 10 minutes each. Next, the slides were covered with a cover 

glass (VWR cover glass 22x 50 mm, 631-0137) using an immmunohistomount 

(AgarSci, HS103) mounting solution and left to dry in the fume cupboard overnight. 

The antibody signal was captured on an Olympus BX51 stereology microscope, 

mounted with an Olympus U-TV1X-2 T2 Camera that uses Picture Frame software 

(Softonic, Spain). The same protocol was used for staining for PV interneurons except 

that the primary antibody used was anti-PV 1:5000 (the result for these experiments 

is shown in the appendix). 
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Figure 3. 1: Schematic representation of DAB peroxidase immunohistochemistry. 

3.2.4 Immunofluorescence Staining for Lectin and PV (Animal tissues). 

Brain sections were fixed with 4% PFA, after the brain removal from the animal skull. 

The tissues were sectioned in horizontal planes to obtain the hippocampal sections, 

and in coronal planes to obtain PFC sections (figures 3.2 A). Next, the sections were 

incubated in sucrose PBS for overnight, for cryoprotection. The slices were then 

transferred into the primary antibody solutions, containing anti-PV (mouse) (1:500) 

and biotinylated lectin (1:5000) to detect PNN. Non-specific binding was prevented by 

adding goat serum (3%) and 0.3% triton phosphate buffered saline (TPBS) (1 ml) was 

used as a diluent and incubated overnight at 4ºC. After washing out the primary AB 

(3x 5 minutes each) the slices were then incubated with the appropriate secondary 

antibodies (Texas red streptavidin 499 nm (1:200), which binds to biotin (for lectin), 

and goat Ab to mouse IgG 488nm (1:200) were used with TPBS as diluent) for 2 hours 

(in the dark). Subsequently, the slices were washed 3 times for 5 minutes each and 

mounted onto slides with 4’,6-diamino-2-phenylindole (DAPI) (1:10000, Sigma-

Aldrich, D9542). The sections were visualized using an epifluorescence microscope 

Axio Imager M1 (Zeiss) mounted with an AxioCam MrM camera. 
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3.2.5 Immunofluorescence staining for calbindin and PV 

For immunofluorescent analysis, hippocampal slices were fixed in 4% PFA after the 

removal of the brain from the animal or following electrophysiological recordings as 

indicated above. The brain tissue was cut to 40 µm thick slices and the selected area 

of interest was CA3 region. For staining, slices were transferred into different primary 

antibody solutions, one containing Parvalbumin (1:5000) and other anti-4-HNE 

(1:5000) and Calbindin (1:10000), respectively (Table 2.3). Non-specific binding was 

prevented by adding Goat Serum (3%) and 0.3% Triton in Phosphate Buffered Saline 

(TPBS) (1 ml) was used as a diluent and incubated for overnight in the cold room. The 

slices were then incubated with the appropriate secondary antibodies (Texas red 

streptavidin 499 nm (1:200), which binds to biotin, and Goat pAb to mouse IgG 488nm 

(1:200) were used with TPBS as diluent) for 2 hours in the dark. Subsequently, the 

slices were washed 3x 5 minutes each and mounted onto slides with 4’,6-diamino-2-

phenylindole (DAPI) (1:10000, Sigma-Aldrich, D9542) to stain the nucleus. The 

sections were visualized using an epifluorescence microscope Axio Imager M1 (Zeiss) 

mounted with an AxioCam MrM camera. 

The antibodies used for this experiment are biotinylated wisteria Floribunda Lectin, 

mouse monoclonal anti-parvalbumin, sodium-3 hydroxybotyrate; All acquired from 

Sigma-Aldrich (Gillingham, Dorset, UK); mouse monoclonal anti-calbindin (Swant, 

Marly1 CH-1723 Switzerland), mouse anti-4-Hydroxinonenal (HNE) (R&D systems, 

MAB3249) anti-Mouse IgG (Vector Laboratories, Peterborough, UK). 3, 

3’diaminobenzidine peroxidase (DAB) and hydrogen peroxidase from a kit (containing 

DAB, hydrogen peroxidase, buffer and nickel solutions; Vector Laboratories Inc.) 

(Table. 3.1). 

Table 3. 1: List of the antibodies used for free-floating IHC experiments.
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3.2.6 Tissue selection based on a neuropathological diagnosis (Human brain 
tissues) 

Pathological examination of brain tissue sourced from the Newcastle Brain Tissue 

Resource (NBTR) was carried out on selected cases that fulfilled the 

neuropathological criteria for DLB, PD, and PDD and on non-diseased control tissues 

(Table 3.2). In total, 120 post-mortem brain tissues from neuropathological and 

clinically assessed diseased and non-diseased (CTRL) individuals were studied 

including both male (number of cases 71), and female (number of cases 49) with an 

overall mean age at death of 76.10 SE±1.20 years. Brain tissue samples were sourced 

from 11 non-diseases individuals (CTRL), 22 DLB, 14 PD and 13 PDD, were used for 

TMA studies. In addition, 15 CTR and 12 DLB cases were used to study the 

colocalization of the PTMs (Table 3.2). All tissues were obtained from the NBTR in 

accordance with the Joint Ethics Committee of Newcastle and North Tyneside Health 

Authority approval and following NBTR brain banking procedures. During life, these 

patients were carefully examined by a group of board-certified old age psychiatrist and 

neurologists. The diagnosis included the evaluation of cognitive functions including 

Mini-Mental State Examination (MMSE), and cognitive decline rate was used for cases 

with multiple MMSE (Folstein et al., 1975, Olichney et al., 1998). All pathological tissue 

was staged Braak stage 5-6 and non-pathological tissues were selected from Braak 

stage 0-1 Overall, 93 brain samples from 60 donors were used for TMA studies, and 

a total of 24 brain tissues (from both male and female) were used to study the 

colocalization of the PTMs. All cases were carefully examined by a group of board-

certified old age psychiatrist and neurologist and pathologist. 
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Table 3. 2: Patient Demographics of Tissue Microarray samples. Main 

characteristic used for the cohort studies. Abbreviations: DLB, dementia with Lewy 

bodies; PD, Parkinson disease; PDD, Parkinson’s disease dementia; CTRL, control; 

Cidia, clinical diagnosis; Padia, Pathological diagnosis.  

 

*All synucleinopathy cases had clinical evidence of dementia and motor dysfunction. 

All dementias group represent all causes of dementia including DLB and PDD. There 

were no relationships between the post-mortem intervals and the pathological 

diagnostic groups or any of the subsequent measures (P>0.05). The samples were 

not always gender matched which is a limitation for this study. 

 

The diagnosis of dementia in the selected patient donors, was made according to the 

standard international clinical criteria for DLB, PD and PDD based on the presence of 

core clinical manifestations such as Parkinsonism, cognitive fluctuations, and 

persistent visual hallucinations, and suggestive features including REM sleep 

behaviour disorder, neuroleptic sensitivity and positive dopaminergic imaging 

evidenced of LBD (Emre et al., 2007, McKeith et al., 2005). Post-mortem clinical 

assessments were carried out by Professors Johannes Attems or Ian McKeith and 

validated according to standard international clinical criteria (McKeith et al., 2017). 

Apart from the clinical diagnosis, a standardised neuropathological assessment was 

performed in all cases, blind to the clinical diagnosis. The neuropathological diagnoses 

were done based on a semi-quantitative assessment of the cases (Alafuzoff et al., 
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2009, Whitfield et al., 2014), and it was determined using the conventional 

international neuropathological criteria including neuritic Braak stages (Braak et al., 

2006, Braak et al., 1999), Thal amyloid phases (Thal et al., 2002b), CERAD scores 

(Mirra et al., 1991), McKeith criteria (McKeith et al., 2017), NIA-AA scores (Montine et 

al., 2012) and cerebral amyloid angiopathy (CAA) (Thal et al., 2002a). 

 

 

Figure 3. 2: Schematic diagram indicating the location of TMA diagnostic block 
extraction from brain tissue. Samples for TMA were taken from paraffin embedded 

blocks containing PFC (Brodmann area (BA), 10/46), MFC (BA 8, 9) CC (BA 24, 32), 

TC (BA 41/42), PC (BA 22, 40), OC (BA17, 18, 19, 19/37), MC (BA 4), IC (BA4), BG 

(BA4), Amygdala and thalamus (BA 21), entorhinal cortex (BA22).  

3.2.7 Tissue microarray (TMA) Construction 

Structures of brain tissue, processed and fixed at autopsy, including the cortical 

structures of prefrontal cortex (PFC), mid-frontal cortex (MFC), cingulate cortex (CC), 

motor cortex (MC), parietal cortex (PC), occipital cortex (OC), insular cortex (IC) 

entorhinal cortex (EC), and subcortical structures of basal nucleus (BN) (often referred 

to as basal ganglia), amygdala (Agd), thalamus and white matter (WM) were 

requested for the experiments presented in this thesis. All obtained regions of the brain 
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were sectioned at 6 µm and mounted onto 4% 3-aminopropyltriethoxysilane (APES)-

coated glass slides. 

Samples for TMA were taken from paraffin embedded blocks described above 

containing the PFC (Brodman area (BA), 10/46), MFC (BA 8, 9), CC (BA 24, 32), TC 

(BA 41/42), PC (BA 22,40), OC (BA17, 18, 19, 19/37), MC (BA 4), IC (BA4), BG (BA4), 

Agd and thalamus (BA 21), EC (BA22) (figure 2.3). The paraffin blocks were warmed 

for 1 h at 37ºC to allow for brain tissue removal. Next, using a handheld tissue sampler 

(Tissue-tek Quick-ray TMA system, Sakura, CA, USA), 3 mm cylindrical tissue cores 

were taken from the predefined positions. For the procedure, the tip of the handheld 

punch was inserted through the depth of the tissue and extracted along with the 

cylindrical core of the tissue (figure 3.4b). Each core of the tissue was then inserted 

into the correct spot of the single premade regular sized TMA paraffin block recipient 

(4 cm x 3 cm - made to match perfectly the Tissue-tek Quick Ray TMA system) in a 

numerical order (figure 3.4b). Empty spots were filled with molten wax if any donor 

blocks were missing, and the missing spots were accounted for in data analysis. To 

reduce wax tissue interface during sectioning, each punch was securely pushed into 

the recipient block by hand following the incubation of the block at 37ºC. A silicone 

mould, made specifically to fit TMA recipient blocks, was preheated for 1 h at 60ºC 

and paraffin wax (2-4 ml) was placed into the base. The TMA tissue recipient block 

was placed face down onto the molten wax for 5 minutes, followed by a 15 minute 

anneal incubation at 37 ºC (figure 3.4c) before removing the silicone mould and the 

wax. The block was allowed to completely refresh. Next, the TMA sections were cut 

and mounted onto glass slides (figure 3.4d). All this preparation was done by the Lab 

Technician in NBTR (for review please see (Kampf et al., 2012). 
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Figure 3. 3: Flow chart of TMA construction. 

3.2.8 Human histology or histopathology  

Sections were examined for the presence of PV+ interneurons using standard 

immunohistochemical staining. Slides were first pre-warmed in an LEEC oven for 30 

minutes, then dewaxed and rehydrated in alcohol gradient 99%(2x), 80% and 70% for 

5 minutes each, before immunostaining. The slices were then subjected to a 

microwave boiling procedure with citrate solution (11.4 mM, pH 6 (Figure 2.5)). Next, 

sections were washed with Tris-buffered saline (TBS) pH 7.6 and Tris buffered saline 

with tween 20® (TBST) pH 7.6 3 times, 5 minutes each, then hydrogen peroxide 

(H2O2) 10% was added to block the action of endogenous peroxidases. All the slides 

were then demarcated with a pap pen to avoid leakage of the antibody solution. Anti-

PV antibody 1:500 (Abcam, UK) (Table. 2.3) was added as the primary antibody and 

incubated for 1 h at room temperature. Then, the slides were washed with TBST 3 

times, 5 minutes each, and yellow cap universal probe (Menapath) was used as the 

secondary antibody and incubated for 30 minutes at room temperature. Once the 

slices were washed with TBST, avidin-biotinylated horseradish peroxidase (HRP)-

Polymer (red) (Menapath HRP multipolymer) was added for 30 minutes at room 

temperature and slices were washed again with TBS 3 times, 5 minutes each and the 

chromogen DAB was added for 3 minutes. Next, slides were washed in running water 

for 10 minutes, and then submerged in haematoxylin (Menapath) for 20 seconds. 

Slides were then transferred into acid water (Menapath), for 2 seconds and into the 
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ammonia containing water (Menapath) for 2 seconds. Slides where washed again in 

flowing water for 2 seconds, to be then dehydrated in alcohol concentration 70% to 

99% 5 minutes each (4 steps). The sections were then transferred to clearing xylene 

1-2 (Menapath), for 10 minutes each, and then mounted with DePex destrene (DPX) 

(Menapath). For the negative controls, the primary antibodies were omitted but all 

other steps were followed as described above.  

 

 

Figure 3. 4: Schematic diagram of the pathology staining protocols. 

 

3.2.8.1 TMA – Immunohistochemical data capture and analysis 
Tissue microarray (TMA) images were captured using an automated system 

consisting of Eclipse 90i microscope (Nikon), mounted with a DsFi1 camera (Nikon) 

and processed in NIS element software v 3.0 (Nikon). For these experiments, I 

examined only freshly stained samples. The microscope was firstly positioned at the 

centre of the first tissue core at 10x magnification for guidance and brought into focus 

at 100x magnification, after a background correction. Then, the lens of the microscope 

was positioned to the first cores of the TMA slide, to be automatically mapped the NIS 

element software, macro designed to take a map of the remaining 39 images of each 
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40-tissue cores that contains in a single TMA tissue slide (figure 2.3). After mapping 

all 40 tissue cores, the microscope was directed to the mapped co-ordinates of the 

first tissue core, and images of all the tissue cores were sequentially taken 

automatically. Following the completion of data capture, regions of interest (ROI) were 

applied to each image manually to exclude any sample abnormalities such as folded 

tissues, tears, and regions consisting of white matter. A restriction threshold was then 

applied to capture all immuno-positive foci. In cases when the slides were missing a 

tissue core or simply one or some tissue cores were too damaged to be included in 

the analysis, the tissue core number and position were noted manually, and captured 

data was excluded. The immuno-positive signal in each ROI was then calculated 

automatically after application of a pre-selected threshold. The red, green and blue 

(RGB) thresholds were set separately for each PTM-specific antibody signal, and the 

thresholds were set at a level that the immuno-positive pathological structures (LBs 

and LNs) were detected. The values of RGB intensity are measured on a scale 

between 0-255 (NIS elements user guide v 3.0, 2008, Nikon, Surrey UK) and were set 

as follows: Pser129 (R25-170, G27-156, B11-126), nitrated -αSynTyr125,133 (R50-180, 

G20-168, B8-139) and ubiquitinated-αSyn (R15-161, G7-139, B4-133) to minimize 

measurement of a non-specific background signal. The percentage area of the tissue 

covered by immuno-positive LBs and LNs were subsequently calculated and 

automatically exported. Mean values were then calculated for each brain region that 

was represented by more than one tissue core. All data graphs were generated and 

exported from Graph Pad prism.   

TMA images were captured using an automated system consisting of Eclipse 90i 

microscope (Nikon), mounted with a DsFi1 camera (Nikon) and processed in NIS 

element software v 3.0 (Nikon). For these experiments, I examined only freshly stained 

samples. First, position of the first TMA section (figure 2.3) was mapped in the NIS 

element software, followed by a macro designed to take a map of the remaining 39 

(figure 2.3). Image of each 40-tissue that contains in a single TMA tissue slide were 

taken. The microscope was firstly positioned at the centre of the first tissue core at 10x 

magnification for guidance and brought into focus at 100x magnification, after a 

background correction. After mapping all 40-tissue cores, the microscope was directed 

to the mapped co-ordinates of the first tissue core, and images of all the tissue cores 

were sequentially taken automatically. Following the completion of data capture, 

regions of interest (ROIs) were applied to each image manually to exclude any sample 
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abnormalities such as folded tissue, tissue tears, and regions consisting of white 

matter. A restriction threshold was then applied to capture all immuno-positive foci. In 

cases when the slides were missing a tissue core or simply one or some tissue cores 

were too damaged to be included in the analysis, the tissue core number and position 

were noted manually, and captured data was excluded. The immuno-positive signal 

in each ROI was then calculated automatically after application of a pre-selected 

threshold. The red, green and blue (RGB) thresholds were set separately for PV-

specific antibody signal, and the thresholds were set at a level that the immuno-

positive PV+ cells were detected. The values of RGB intensity were measured on a 

scale between 0-255 (NIS elements user guide v 3.0, 2008, Nikon, Surrey UK) and 

were set as follows: PV+ (R25-170, G27-156, B11-126), to minimize measurement of 

a non-specific background signal. The percentage area of the tissue covered by 

immuno-positive PV+ cells were subsequently calculated and automatically exported. 

Mean values for each slide/case were then calculated for each brain region that was 

represented by more than one tissue core. Normally distributed data (Shapiro-Wilk 

test) were plotted as mean ±SEM and compared using t-test. Non-normally distributed 

data were analysed using non-parametric tests and described as median and 

interquartile ranges (IQR) or percentage change and analysed using non-parametric 

statistics on the raw data. P values are reported as significant <0.05. All data graphs 

were generated and exported from Graph Pad prism.   

 

3.2.8.2 Samples- Immunofluorescence data capture and analysis 
 

For immunofluorescence, the images were taken using an automated system 

consisting of Nikon Eclipse 90i microscope, DsFi1 camera and NIS element software 

v 3.0 (Nikon). Image acquisition settings were kept constant. The exposure time for 

each fluorophore was kept constant between slides to allow for comparison. Bleed-

through effects were minimized by acquiring the images exclusively by sequential 

scanning. The analysis was conducted using ImageJ, and ICY software workflow 

protocol, that generate an automatic spreadsheet that was exported to Excel software. 

For DAB analysis, ICY software was used to determine LB area staining. Images 

captured via 40 x objective were subject to intensity thresholding and subsequent size 

exclusion (items < 19794 Pixels were excluded as they were not representative of the 
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round inclusions that characterize the LBs) within a determined ROI that is 

automatically set in the Lab for the detection of LB and LN. For each section, 2 regions 

of interest where quantified and the number of immuno-positive items per section 

averaged and pooled across sections per disease category. Co-localisation analysis 

was carried out in the ImageJ software using a JACoP plugin. Captured images were 

split into RGB colour channels and intensity selected via individual constant RGB. The 

thresholds for each channel were kept between samples from the same experiment. 

Colocalisation was subsequently determined using Pearson’s, Mander’s and 

overlapping coefficients. 

3.2.9 Statistical Analyses 

All data were statistically analysed using GraphPad Prism 9 (GraphPad Software, Inc., 

version 9.1.0. USA) and Sigma Plot (Systat software, USA). Statistical significance 

was defined as significant *p<0.05, **p<0.01 and ***p<0.001. To determine the normal 

distribution of the data and equal variance, the Shapiro-Wilk test and the Brown-

Forsythe tests were used, respectively. The data were normally distributed and plotted 

as mean ± standard error of the mean (S.E.M.) as bar chart or box plot depicting 

median with interquartile range (IQR, Q1-Q3) or percentage change. When comparing 

multiple groups, I used Kruskal-Wallis one-way ANOVA. Pairwise multiple comparison 

(Dunn’s or Tukey test) was used when p value (reported as significant, <0.05 and 

<0.001) if the ANOVA test showed significance to determine which parameters were 

significantly different. For the analysis of the effects of two independent variables in 

the same sample, I used a two-way ANOVA with Bonferroni post-test, to determine 

the interaction between the disease groups and regions of the brain. Error bars 

represented standard deviation and the data were reported with F-value, degree of 

freedom an p value (reported as significant, *<0.05 and **<0.001). Sample sizes are 

shown in the respective figure legends. 
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3.3 Results 

3.3.1 Vulnerability of PV+ interneuron and PNN density in the hippocampus and 
PFC of the adult A30P mouse model of DLB 

To corroborate the dysfunction of gamma frequency oscillations in the hippocampus 

of aged A30P mice, I first compared the density of the PV+ cells in the hippocampal 

sections in both aged control (9+C57) and aged DLB mice (9+A30P). The 

immunoreactivity of the PV+ interneurons can be identified by their round or oval soma 

with a widespread arborisation of the dendritic branches (figure 3.6A). Here, sections 

obtained from the A30P mice showed a trend of reduction in number of PV+ fast 

spiking interneurons in the CA3 regions (figure 3.6A, B). The immunoreactivity was 

also largely restricted in the pyramidal cell layer of the hippocampus CA3 region. 

However, this difference was not statistically significant when compared to the control 

mice (Mann-Whitney test) (figure 3.6A, B).  

To further explore the density of PV+ interneurons in the 9+A30P mice, I determined 

the amount of PV+ cells and the density of PNN in the PFC. I hypothesized that a 

tendency to reduction in PNN density would be observed, which would correlate with 

the reduction of the PV+ cells as it was observed in the CA3 region. Consistent with 

the results observed in PV+ cells in the CA3 region of the hippocampal slices of 

9+A30P mice (figure 3.6A, B), the PFC regions of 9+A30P mice showed a slight, 

though non-significant, reduction in PNN+ and PV+ cells (figure 3.6C, D), compared 

to the 9+C57 mice (Post-hoc power analysis showed that this experiment was 

underpowered), which is a limitation of this study, therefore, this study could be 

improved in the future by increasing sample size, as changes in density of PNN and 

PV+ cells were marginal. This work was carried out in collaboration with an 

undergraduate student (Nishaal Ajmera) that I supervised for a summer project work, 

Nishaal participated in cutting the section, and helping with the staining of some slices 

and processing the images. I did the rest of the work including the statistical 

quantifications. In addition, the work was presented in a poster in the Anatomical 

society conference in London 2018. 
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Figure 3. 6: Density of PV+ cells and PNN in hippocampus and PFC of A30P 
mouse. (A) Representative immunofluorescence images at x10 magnification show 

immunoreactivity in the 9+Ctrl mice (left) (N= 3 mice, n= 6 slices) and 9+A30P (right) 

(N= 3 mice, n= 6 slices) mice in CA3 region of the hippocampus. (B) Representative 

image of the mouse brain and the area of the brain where PFC slices were taken. (C) 

Representative images of PNN and PV expression in the PFC of 9+C57 (control) (N= 

3 mice, n= 5 slices), 9+A30P (N= 3 mice, n= 8 slices). (D) Bar chart (left) shows the 

number of PV+ fast spiking interneurons in the hippocampus of 9+A30P mice 

compared to the 9+control mice. The percentage coverage of PV+ cells in both control 

and DLB were not statistically significant (P>0.05). Bar chart (right) showing the 

degree of overlap of PNN+ and PV+ cells in PFC of control and A30P mouse. 

Although, the immunoreactivity was slightly greater in the Control mice, the results 

were not statistically significant when compared to the A30P mice (P>0.05). 

 

3.3.2 Vulnerability of PV+ fast spiking interneurons in cortical regions of 
human post-mortem brain tissue  

3.3.2.1 Density of PV+ interneurons in the frontal lobe of DLB patients 
To further explore the relative status of PV+ interneurons, I quantified PV+ 

interneurons in the frontal lobe in DLB patients compared to healthy control individuals. 

Following the immunostaining with anti-PV antibody, PV+ cells with/ without neuronal 

processes were observed in PFC of brain tissues from both control and DLB patients. 

However, no significant changes were observed in the number of PV+ interneurons 

between control and DLB cases (P>0.6991, Mann-Whitney test) (figure 4.3).  

Taking into account that no loss of PV+ cells was observed in the rostral area of the 

frontal cortex, I continued to assess the neuroanatomical distribution of PV+ 

interneurons in the medial region of the frontal lobe, the mid-frontal cortex (MFC) for 

both DLB and control cases. PV+ cells were observed in this area in both control and 

DLB patients. Although there appeared to be a trend toward higher number of PV+ 

cells in control, compared to DLB cases, this difference was found to be not statistically 

significant (P>0.4641, Mann-Whitney test) (figure 3.7). I then extended the analysis to 

the motor cortex (MC). Interestingly, here I found less PV+ fast spiking interneurons 

present in the DLB compared to the control cases (figure 3.7) and the results were 
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statistically significant in the percentage change of the number of PV+ calculated in 

each ROI, between control and DLB cases (P<0.0379, Mann-Whitney test). This 

significance was even higher when the number of objects detected per ROI was 

calculated (P<0.0058, Mann-Whitney test). Although, no significant differences were 

detected in PFC and MFC, the decrease of PV cells in MC suggests that a combination 

of numerical and functional deficits of PV+ cells may contribute to the impairments in 

the neuronal network of this region of the brain in DLB patients.  
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Figure 3. 7: Changes in PV+ interneuron population in the frontal lobe of human 
post-mortem brain tissues of DLB patients. (A) Representative images from 

Newcastle brain map of brain areas where PV+ fast spiking interneurons was 

analysed. 1= PFC (BA10), 2=MFC (BA8, 6), 11=MC (BA4). The regions were 

numbered according to their location in the TMA slides. (B) Representative images 

taken at 10X magnification of both control (left) and DLB (right), showing brain regions 

(PFC, MFC and MC), arrow indicating the immunopositivity of PV+ cells. (C) Box plot 

showing the comparison of percentage coverage of PV+ interneurons distribution in 

both DLB and non-diseased patients. Both percentage coverage and the number of 

objects per ROI of PV+ cells in PFC of control (n=7 cases) and DLB (n=7 cases) were 

not statistically significant (P>0.6991). Similarly, both measurements of PV+ cells in 

MFC of control (n=7 cases) and DLB (n=7 cases) were not statistically significant 

(P>0.4641). However, it was statistically significant in Motor cortex for both percentage 

change (P<0.0379) and number of objects (P<0.0058) per ROI.  

 

3.3.2.2 Vulnerability of PV+ fast spiking interneurons in major sensory 
cortices of DLB patients 

Given the observed results in the frontal lobe of DLB patients, I proceeded with the 

neuroanatomical quantifications of PV+ cells in the sensory cortices such as the 

parietal, temporal and occipital lobes. Following the staining with anti-PV antibody, 

PV+ cells with/ without neuronal processes were observed in parietal cortex from both 

control and DLB patients. Although, under simple observation, a higher density of the 

PV+ interneuron population in the control cases compared to the DLB cases is 

discernible, there were not statistically significant results in both percentage change 

and the number of objects per ROI (P>0.4314, Mann-Whitney test) (figure 3.8). Similar 

trend was observed in temporal cortex. Where the percentage coverage and the 

number of PV+ cells/ROI, is seemed to be reduced in DLB compared to the control 

case. Non-parametric analysis (Mann-Whitney test) shows that the results were not 

statistically significant (P>0.1807) (figure 3.8). Likewise, the percentage coverage of 

and the number of PV+ cells/ROI in the occipital OC, showed a trend in reduction in 

DLB compared to control case (figure 3.8). However, the results were not statistically 

significant (Mann-Whitney test; P>0.5338).  
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Figure 3.8: Changes in PV+ interneurons population in sensory cortices of post-
mortem brain tissues of DLB patients. (A) Representative images from Newcastle 

brain map of brain areas where PV+ fast spiking interneurons where analysed. 14= 

PC (BA7), 13=MFC (BA21, 22, 38, 42, 52), 15=MC (BA17). Regions numbered 

according to their location in the TMA slides. (B) Representative images taken at 10X 

magnification of both control (left) and DLB (right), showing brain regions (PC, TC and 

OC), arrow indicating the PV+ cells. (C) Box plot showing the comparison of 

percentage coverage (left) and the number of PV+ interneurons distribution (right) in 

both DLB and control cases. Both percentage coverage and the number of objects per 

ROI of PV+ cells in PC of control (n=7 cases) and DLB (n=7 cases) were not 

statistically significant (P>0.4314). Similarly, both measurements of PV+ cells in TC of 

control (n=7 cases) and DLB (n=7 cases) and OC control (n=7 cases) and DLB (n=7 

cases) were not statistically significant (P>0.1807), (P>0.5338).  

3.3.2.3 Changes in PV+ fast spiking interneurons in Insular, Cingulate and 
Entorhinal cortex of DLB patients. 

Given the observed, changes in PV+ interneuron density in both, the frontal lobe and 

the major sensory cortices, PV+ cells with/without neuronal processes were also 

observed in the above-mentioned regions in both control (n=7 cases) and DLB (n=7 

cases) patients (figure: 4.5.). Interestingly, a significant decrease in percentage 

coverage was observed EC (P>0.0452; Mann-Whitney test). These changes were 

highly significant when I analysed the results based on the quantification of the number 

of object/ROI (P<0.0070; Mann-Whitney test) (figure:3.9). Suggesting that 

interneurons in this region of DLB patients are severely affected. I then carried on 

analysing the IC. Interestingly, here I found that PV+ interneurons are markedly 

reduced in IC of DLB patients as well (n=7 cases) (figure: 3.9). The results were 

statistically significant for both percentage change/ ROI (non-parametric Mann-

Whitney test; P<0.0140) and the number of object/ROI (non-parametric Mann-Whitney 

test; P<0.0371) compared to the control case (n=10 cases) (figure: 3.9). Nevertheless, 

PV+ interneurons were not significantly altered in the CC (DLB =7 and control=7 

cases). Although, a slight reduction was observed in both the percentage coverage of 

PV+ interneurons (P>0.5887 Mann-Whitney test) and the number of objects per ROI 

(P>0.4704) Mann-Whitney test) and the results were not statistically significant (figure: 

3.9). 
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Figure 3. 9: Changes in PV+ fast spiking interneurons in Insular, cingulate and 
Entorhinal cortex of DLB patients. (A) Representative images from Newcastle brain 

map of brain areas where PV+ fast spiking interneurons where analysed. 10= EC 

(BA20), 4=CC (BA32), 8=IC (BA43). Regions numbered according to their location in 

the TMA slides. (B) Representative images taken at 10X magnification of both control 

(left) and DLB (right), showing brain regions (EC, CC and IC), arrow indicating the PV+ 

cells. (C) Box plot showing the comparison of percentage coverage (left) and the 

number of PV+ interneurons distribution/ROI (right) in both DLB and control cases. 

The percentage coverage was statistically significant (P<0.0452) and the significance 

was higher when compared the number of object per ROI (P<0.0070) of PV+ cells in 

EC of control (n=7 cases) and DLB (n=7 cases). Similarly, in IC control (n=7 cases) 

and DLB (n=7 cases), both percentage coverage (P<0.0140) and the number of 

object/ROI (P<0.0371). of PV+ cells were statistically significant. In the contrary in CC 

control (n=7 cases) and DLB (n=7 cases) the percentage coverage of PV+ 

interneurons (P>0.5887) and the number of objects per ROI (P>0.4704) were not 

statistically significant. 

 

3.3.2.4 Vulnerability of PV+ fast spiking interneurons in the basal ganglia of 
DLB patients.  

Given the observed reduction of PV+ interneurons across different brain regions, such 

as MC, IC and EC, I decided to proceed with the neuro-anatomical quantifications of 

these cells in the outer cortical layers beneath the cerebral hemispheres that are 

assembled in nuclear masses, collectively known as the basal ganglia, to corroborate 

whether similar changes could also be observed in this region. These areas include 

structures such as caudate nucleus (CN), putamen (PTm) (both also known as 

neostriatum) and Globus pallidum (GP). Indeed, PV+ cells with/without neuronal 

processes were visible in all BG (figure. 3.10), and a clear trend in reduction in the 

percentage coverage of PV+ cells (P<0.0132. Mann-Whitney test) was evident in GP.  

The results were highly significant with the quantification of the number/ROI of PV+ 

cells (P<0.0036. Mann-Whitney test). Similar results were observed in the CN, where 

both the percentage coverage (P<0.0017 Mann-Whitney test) and the number of 

objects/ ROI (P<0.2186. Mann-Whitney test) where statistically significant as well. 

Nevertheless, no clear change was observed in the density of PV+ interneuron 
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population in the PTm, and the results were not statistically significant in both 

percentage change and number of object/ROI (P>0.05 Mann-Whitney test) (figures. 

3.10). 
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Figure 3. 10: Changes in PV+ fast spiking interneurons in Basal Ganglia of DLB 
patients. (A) Representative images from Newcastle brain map of brain areas where 

PV+ fast spiking interneurons where analysed. 6= GP, 5=CN, 7=PTm. Regions 

numbered according to their location in the TMA slides. (B) Representative images 

taken at 10X magnification of both control (left) and DLB (right), showing brain regions 

(GP, CN and PTm), arrow indicating the PV+ cells. (C) Box plot showing the 

comparison of percentage coverage (left) and the number of PV+ interneurons 

distribution (right) in both DLB and control cases. Both percentage coverage 

(P<0.0132) and the number of objects per ROI (P<0.0036) of PV+ cells in GP, (n=7 

control DLB n=7 cases) were statistically significant. Similarly, in the CN, (control n=7, 

DLB n=7 cases) the percentage coverage (P<0.0017) and the number of objects/ ROI 

(P<0.2186) where statistically significant. In the contrary, no significant changes were 

observed in the PTm for both the percentage coverage (P>0.1807), and the number 

of PV+ cells/ ROI (P>0.5338).  (control n=7 DLB (n=7 cases) and OC control (n=7 

cases) and DLB (n=7 cases). 

 

3.3.2.5 Vulnerability of PV+ fast spiking interneurons in the thalamus and the 
amygdala of human post-mortem brain tissues of DLB patients.  

Considering that, the BG forms complex network connections with thalamus and the 

neocortex, I predicted that similar changes in PV+ cellular density would also be found 

in this area. Thus, I continued with the quantification of PV+ cells in the thalamus and 

the amygdala, Here I show that in the thalamic region, the number of PV+ cells are 

relatively preserved in the control patients, however, reduced in DLB patients, and the 

results were not statistically significant when compared to control cases (P>0.05. 

Mann-Whitney test). Notwithstanding, a significant reduction was observed in the 

amygdala in both the percentage coverage (P>0.0109. Mann-Whitney test) and 

number of PV+ cells /ROI (P>0.0078. Mann-Whitney test), which was highly 

significant. Suggesting that PV+ cells are targeted by αSyn pathogenicity in this area 

of the brain (Figure 3.11). 
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Figure 3. 11: Changes in PV+ interneurons population in frontal lobe of human 
post-mortem brain tissues of DLB patients. (A) Representative images from 

Newcastle brain map of brain areas where PV+ fast spiking interneurons where 

analysed. 12=Thl, 9=Amygdala. The regions where numbered according to their 

location in the TMA slides. (B) Representative images taken at 10X magnification of 

both control (left) and DLB (right), showing brain regions (thalamus and amygdala), 

arrow indicating the immunopositivity of PV+ cells. (C) Box plot showing the 

comparison of PV+ interneurons distribution in both DLB and non-diseased patients. 

Both percentage coverage and the number of objects per ROI of PV+ cells in thalamus 

of control (n=7 cases) and DLB (n=7 cases) were not statistically significant 

(P>0.6991). However, both the percentage coverage (P<0.0109) and the number of 

PV+ cells/ROI (P<0.0078) showed statistically significant change. 

 

3.3.3 General comparison of PV+ interneurons density across brain regions in 
both control and DLB samples. 

Following the observed changes in the density of PV+ interneurons in above-

described brain regions, here I show in a heat map the changes in density per region 

studied from images taken from human post-mortem brain samples of both control 

and DLB patients (figure 3.12). The regions with higher loss of PV+ cells are 

represented in white and the areas with higher density are in purple. The higher 

density of PV+ cells is detected in the control cases, which presents more regions with 

purple colour. Whereas in DLB cases, more white regions are observed, compared to 

the purple regions. This suggests that the density of PV+ cells is reduced across 

different brain regions in DLB cases (figure 3.12). In addition, comparisons across 

cortical and subcortical brain regions were also performed, and I detected that the 

overall interaction between the disease and different cortical regions was statistically 

significant, thee immunoreactivity were particularly evident  in the Parietal, insular and 

temporal cortices (Two-way repeated measures ANOVA, followed by Bonferroni 

multiple comparison test, F (8,12) =0.6887, ***P<0.0007) (figure 3.13). In the 

subcortical regions, the interactions between the disease and regions were statistically 

significant. These differences were more evident in the Caudate, Globus pallidum, and 

the thalamus were the most affected regions (Two-way RM ANOVA, followed by 
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Bonferroni multiple comparison test F (5,12) =1.127, ***P<0.0003) (figure 3.14). 

Hence, I can conclude  that, the density of PV+ cells may be severely reduced in some 

regions of the brain, during DLB pathogenesis. 

 

Figure 3. 12: Changes in PV+ interneuron number in human post-mortem brain 
tissues of DLB patients. Heat map showing the changes in density per region studied 

(left) Representative images of human post-mortem brain where slices were taken 

(right). 
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Figure 3.13: Changes in PV+ interneuron number in cortical regions of human 
post-mortem brain tissues of DLB patients. Bar chart showing changes in density 

of PV+ cells per region studied in the cortex. The interaction between disease and 

region with PV+ cells were significantly different in some regions of the DLB group, 

and among the regions, the Insular, Parietal and Temporal cortices showed the 

highest immunoreactivity (***P<0.0007). 

 

Figure 3. 14: Changes in PV+ interneuron number in subcortical regions of 
human post-mortem brain tissues of DLB patients. Bar chart showing changes in 

density of PV+ cells per region studied in the sub cortex. Higher interaction between 

the disease and region was observed, in relation to the density of PV+ cells. Among 

the subcortical regions, Caudate, GP, and the thalamus were the most affected 

regions (***P<0.0003). 
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3.4 Discussion 

The findings presented in this chapter, indicate that, while the density of PV+ 

interneurons remain relatively unchanged in some areas of the brain, such as (PFC, 

MFC, PC, TC, OC, CC, PTm and Thalamus). Significant reductions in the numbers of 

PV+ interneurons were clearly observed in regions such as the MC, EC, IC, CN, GP 

and the amygdala. In this work I have hypothesized that pre aggregated forms 

(fibrillary, mutated, and PTMs) of αSyn may accumulate in the PV+ cells, thus 

impairing their functions, with the subsequent neuronal cell death that leads to loss to 

the neuronal connectivity, impairments of the inhibitory synaptic inputs, resulting in 

abnormal neuronal network activity. Since, the neuronal network oscillations are 

impaired in DLB, as observed in the previous chapter (Robson et al., 2018b), I assume 

it could be a shadowing the impairments/reduction of PV+ interneurons, that results in 

loss of synapses of connecting neurons, thus impairing the rhythm of the neuronal 

oscillations which represents the cognitive and motor functions.  

The significant reduction detected in the above-described regions, specifically the IC 

and EC, which are regions reported to be implicated with the development of 

prodromal stages of DLB (Roquet et al., 2017, Elder et al., 2017), may suggest a 

development of early pathogenic cascade that affect PV+ interneurons. This is 

supported by a study in young (2+A30P) mouse model of synucleinopathies, that 

shows that this group of mice tend to develop early hyperexcitability/ or interictal 

activity in the neuronal network oscillations (Tweedy, 2019). In the neuronal networks, 

hyperexcitability is a result of reduced IPSPs from inhibitory cells and increase of 

EPSPs from the pyramidal cells (Kann et al., 2014b). Meaning that, if the input from 

the pyramidal cells is not efficiently being suppressed due to the lack of inhibition input, 

which can be a result of dysfunctional /loss of inhibitory cells, the neuronal network 

oscillations, will be impaired. Thus, the observed changes in fast spiking interneurons 

(loss of action potential firing and the decrease of IPSPs amplitude) could be at the 

root of the impairments of gamma frequency oscillations in DLB as I demonstrated in 

the previous chapter.  

Normal fast network oscillations (at beta and gamma frequency bands) are important 

for cognitive and motor functions in the brain (Bonanni et al., 2008, Bernstein et al., 

2011a). In fact, Impairment of the oscillations specifically at the gamma band, underlie 
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the cognitive and motor dysfunctions observed in cognitive disorders (Mably and 

Colgin, 2018). This shows that PV+ cells may play an important role in the 

development of the synucleinopathies. This is a novel finding, as to my knowledge, no 

literature available have done a comprehensive study on the distribution of the PV+ 

cells across the human brain. However, besides the sample size, one reason that the 

result of some regions presented in this chapter were not statistically significant, could 

be due to the regional variability of PV+ interneurons, which adds complexity to the 

neuro-anatomical quantifications. Because some regions of the brain may have lower 

density of these cells in the first place or simply because of the variability of the control 

samples. Overall, the present study shows PV+ interneurons (and perhaps other 

neuronal types as well) are vulnerable in the mouse model and post-mortem brain 

tissue of DLB.  

3.4.1 Parvalbumin expressing Interneurons in DLB 

The brain neural circuitry demands a precise spatiotemporal coordination of the 

activity of pyramidal cells, organised by the inhibitory interneurons for the Information 

to be processed (Castejon and Nuñez, 2016, Cardin, 2018). The whole process is 

thought to rely heavily on the activity of the fast spiking interneurons, which are thought 

to generate PA at high frequency rate, reflecting the high-energy utilization demand 

from these neuronal population (Tremblay et al., 2016). The large diversity of 

interneurons in the cortex is represented by the GABAergic interneurons, in which PV 

expressing cells form the majority (Rudy et al., 2011). In fact, GABAergic interneurons 

are involved in pathogenesis of brain disorders including neurodevelopmental 

disorders, epilepsy and encephalopathies and neurodegeneration (Katsarou et al., 

2017). A study using microarray analysis, showed that GABAergic neuronal function 

is altered in DLB and a possible dysfunction of the calcium binding protein GAD65/67 

was shown in their immunohistochemistry studies (Khundakar et al., 2016). It is 

important to highlight that all interneurons secrete GABA as their neurotransmitter, 

except the stellate cells, which are thought to use glutamate instead, and are present 

in the fourth layer of the cortex (Sultan et al., 2013). Inhibitory/ GABAergic interneurons 

are classified into Retzius-Cajal cells, Martolini cells and Basket cells (Sultan et al., 

2013). The later type has axonal branches that surround the soma of the pyramidal 

cells and is the focus of this chapter (figure 4.1). A subgroup of GABAergic 
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interneurons are PV expressing fast-spiking interneurons, representing 40% of all 

GABAergic interneurons (Rudy et al., 2011). However, little is known about their 

involvement in DLB pathogenesis. This chapter shows that PV+ cells are affected in 

regions associated with the heavy presence of DLB histopathological hallmarks. 

Indeed, the co-localisation of αSyn with PV+ expressing fast spiking interneurons was 

found to be linked to the decrease of this group of neuronal populations (Bernstein et 

al., 2011b). Although, a study suggests that PV+ interneurons are LB-free (Bernstein 

et al., 2011b), the loss  PV+ expressing interneurons is worthy of note, given their 

involvement in the generation of neuronal gamma frequency oscillations which are 

essential for cognitive functions, as mentioned above (Bernstein et al., 2011b, Bonanni 

et al., 2008, Whittington and Traub, 2003). Moreover, the absence of LBs and LNs 

inside PV+ cells does not exclude the presence of pathological αSyn inside the cell, 

since αSyn constitute 1% of the total cytosolic proteins across the nervous system 

(Spillantini et al., 1998). I believe that pre-aggregated forms of the protein that are 

disordered or post-translationally modified may start to cause damage to the cell, 

before they form LBs/LNs inclusions. This may explain why in the work presented here 

PV+ interneurons, although devoid of LBs are found to be reduced in some areas of 

the brain of DLB patients. 

Moreover, PV is a low molecular weight (12 kDa) calcium binding protein that is 

abundant in the cytosol of non-pyramidal cells (Tremblay et al., 2016, Plogmann and 

Celio, 1993). Although, little is known about the physiological significance of these 

proteins, as the understanding of their function is relatively vague, their involvement 

of calcium buffering and homeostasis and the consequent protection against 

excitotoxicity has been verified (Rintoul et al., 2001). Indeed, the efficient buffering of 

calcium by PV proteins and its significant expression in interneurons is thought to be 

fundamental for a proficient inhibition of the cortical neuronal network (Schwaller, 

2010, Plogmann and Celio, 1993). In addition, in PV expressing cells, calcium is found 

to be normally bound to parvalbumin or calbindin buffering proteins in the endoplasmic 

reticulum and mitochondria (Schwaller, 2010, Schwaller, 2007). The excess entry of 

calcium, which is one of the causes of excitotoxicity, may impair these structures, with 

consequent cellular dysfunction and death (Celsi et al., 2009). Furthermore, the 

increased production of reactive oxygen species, such as, superoxide anion, hydroxyl 

radicals and hydrogen peroxide, which are generated when oxygen molecules are 
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reduced to water during oxygen and electron transport (Collin, 2019), causes damage 

of the cell by peroxidation of the cell lipid membrane. This is thought to increase 

membrane permeability in energy-depleted cells such as interneurons (Marambaud et 

al., 2009, Uttara et al., 2009). These are common pathogenic features of neuronal 

degeneration (see figure 1.6) Therefore, PV+ cells presents high vulnerability at the 

presence of metabolic stress, which one of the key pathogenic pathways in 

neurodegenerative diseases (Kann et al., 2014b).  

In addition, cognitive decline, a core symptom of DLB (McKeith et al., 2017), is thought 

to reflect the impairments of gamma oscillations (Robson et al., 2018b, Kann et al., 

2011, Kann et al., 2014b), which are dependent on the healthy function of the PV+ 

fast spiking interneurons (Kann, 2011, Kann et al., 2014a). Altered interneuron 

excitability, due to inability to buffer calcium critically contributes to the impairments of 

the neural oscillatory synchrony and rhythms (Morris et al., 2015, Verret et al., 2012). 

One study has shown that early treatment for PV+ interneurons by activity restoration 

is effective in preventing hyperexcitability and memory loss in the mouse model of AD 

(Hijazi et al., 2019). In fact, in AD optogenetic manipulation of PV+ cells was found to 

selectively restore gamma oscillations impaired by amyloid beta (AB) oligomers (Park 

et al., 2020). Thus, αSyn may impair the PV protein ability to buffer calcium causing 

the death of the interneurons, which leads to the dysfunction of the network 

oscillations, highlighting the crucial position of these cells for the maintenance of brain 

functions such as movements and the cognition, which are severely affected in DLB.  

3.4.2 Density of Parvalbumin expressing interneurons in the frontal Lobe of 
DLB patients 

Pyramidal cells and the interneurons compose the neural circuitry in the neocortex. 

Pyramidal cells represent the most abundant type and are present in higher density in 

the motor cortex (Baker et al., 2018a, Baker et al., 2018b), in contrast to the primary 

sensory areas where the presence of the pyramidal cells are lower (Baker et al., 

2018a, Baker et al., 2018b). On the other hand, the population of inhibitory 

interneurons in the cortex is highly diverse, about 30% of neocortical neurons are 

GABAergic interneurons (Xu et al., 2010). Indeed, every layer of cortical pyramidal 

cells is under the specific control of a unique class of interneuron populations. 

However, some variability can be observed in regions such as thalamus, basal ganglia 
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and the cerebellum, where the degree of variability of the resident interneurons is 

relatively low, consisting with just few interneuron types (Pelkey et al., 2017, Buzsáki 

et al., 1983, Buzsáki and Wang, 2012). PV expressing interneurons represent the 

major group within the GABAergic interneurons in the cortex and they are found to be 

most abundant in the hippocampus and neocortex (Booker and Vida, 2018, Kann, 

2016). Here I quantified PV+ interneurons in key areas of the brain affected in DLB, 

including frontal cortex (FC), which composes 25-33% of the brain, and is known to 

be the area responsible for the higher cognitive, executive functions and voluntary 

movements (Stuss and Craik, 2019). Due to the different functions performed in 

different areas of the frontal cortex, I divided this area in 3 main regions, i.e., PFC, 

MFC and MC, as discussed below.  

The PFC establishes extensive connections with almost all regions of the brain, 

including the amygdala and mediodorsal thalamic nucleus (Ouhaz et al., 2018). It is 

responsible for gathering input information from all other areas of the brain, to produce 

complex cognitive functions, including thoughts, judgements, long-term plans, 

foresight and socially accepted behaviours, which are functions affected in DLB 

clinical profile (Hoffmann, 2013, Gross et al., 2013, McKeith et al., 2004, McKeith et 

al., 2017). Moreover, widespread histopathological hallmarks (LBs and LNs) of 

synucleinopathies are also observed here (Alafuzoff et al., 2009, Braak et al., 2003a, 

Braak et al., 1999). In the present work, I have not observed significant differences in 

the distribution of PV interneurons between DLB and control cases in PFC, which 

suggests a relative preservation of the density of the PV+ cells in DLB patients. 

Although changes in the structure and physiology of PV+ interneurons in the PFC  has 

been reported as important factors in  psychiatric disorders (Marín, 2012), no study to 

date reported changes in number of PV+ cells in the PFC in DLB, and the results 

presented here seems to show the same conclusion.  

In parallel with the findings in PFC, although there was apparently less PV+ fast 

spiking interneurons in MFC from the DLB cases the difference was not significant 

compared to the control (figure 4.3). MFC, which is the association area responsible 

for the complex and flexible patterns of behaviour, also affected in DLB (Breukelaar et 

al., 2017, Peavy et al., 2013). The relative preservation of PV interneurons of the 

number of PV+ cells may/may not suggest that this group of cells are intact because 

dysfunction may occur without overt cell death. However, significant reduction in PV+ 
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cells was observed in the MC, which is the area of the frontal lobe responsible for 

planning, control and initiating voluntary movements (Nardone et al., 2006, Takahashi 

et al., 2010). This is in agreement with a study by Nardone et al., that showed less 

pronounced dysregulation of inhibitory interneurons of the intracortical GABAergic 

interneurons in the MC of DLB patients (Nardone et al., 2006). In addition, pathogenic 

features such as hypoperfusion of MC is reported to be present in the development of 

parkinsonian symptoms in DLB (Nardone et al., 2006, Takahashi et al., 2010). 

Although, no significant changes were observed in the rostral and medial regions of 

the frontal lobe, the reductions in the number of PV+ cells in the MC may indeed 

influence the neuronal network of the supplementary and association areas, as they 

receive great amount of input from the primary motor area which resides in the motor 

cortex. 

3.4.3 Parvalbumin interneurons in the cingulate cortex 

Beneath the frontal lobe lies the CC, which is part of the limbic system, and is thought 

to be associated with emotions and pain related activation (Rolls, 2019). This region 

is found to be severely affected in DLB. In fact, αSyn levels are high in this region 

(Patterson et al., 2019). In addition this region is found to be hypoperfused in DLB, 

and is thought to be involved in the generation of visual hallucinations (Heitz et al., 

2015). Although there was a trend in reduction of PV+ cells in the CC, the results 

presented in this work, however, show no significant changes, indicating a relative 

preservation of the PV+ interneurons in the CC of DLB patients. Because CC receives 

input from different brain areas, this prompted further analysis on other aspects that 

influences the neuronal network in this area. Since PV+ interneurons are embedded 

in a specialised form of extracellular matrix, commonly known as PNN, I thought they 

would be affected as well. Thus, using the A30P I further explored the viability of the 

PNN in CC. Nevertheless, similar results were also observed.  

PNNs are essential for the regulation of the functions of GABAergic interneurons (Wen 

et al., 2018). In fact, the connectivity of PV+ interneurons is thought to be regulated 

by the PNN, an extracellular matrix that is frequently found surrounding PV+ cells 

(Alcaide et al., 2019). PNN selectively surrounds the PV+ interneurons, providing them 

protection against excitotoxicity (Cabungcal et al., 2013b, Cabungcal et al., 2013a, 

Morawski et al., 2004). The absence of significant numerical changes in this area, 
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revives the question about quality vs quantity, as it is possible that PV functions are 

impaired in this region before the numerical deficits of the cells are observed. 

Unfortunately, there is not currently available literature that explored the viability of 

PV+ cells and PNN in the CC, to compare with the results I present here. Another 

aspect of this study on the PNN is that the samples were underpowered, as the 

availability of 30P, mice were limited.    

3.4.4 Parvalbumin interneurons in major sensory cortices 

PC is the region responsible for processing sensory information, subdivided into two 

regions: the primary somatosensory and association cortex. It lies posterior to the 

central sulcus, and is believed to participate in the regulation of emotions as well (Kropf 

et al., 2019). This region forms anatomical connections with various subcortical 

regions including the basal ganglia, thalamus, and is involved in various cognitive 

functions such as attention and episodic memory (Metzger et al., 2013). PC processes 

sensory information such as space, perception, size, reading, writing and 

mathematical thinking (Bueti and Walsh, 2009, Sun and Wang, 2013). In DLB, this 

area is known to present loss of cortical tissue, associated with LBs related neuronal 

loss (Whitwell et al., 2007). Although, I observed a trend in numerical reduction of PV+ 

cells, no statistically significant reduction was observed in the PC. It has been reported 

that the density of PV+ interneurons is not changed in this region and in most of the 

cortical area. However, the PV protein levels inside the interneurons are known to 

decrease with age (Ueno et al., 2018). This is accompanied with the reduction of the 

size of the soma in the sensory cortices such as PC, in contrast, the density of the 

PNN is increased with ageing in PC (Ueno et al., 2018). Thus, the functional deficits 

in these cells may underlie the impairments in this region, which leads to the 

dysfunction of the neuronal networks. 

In addition, temporal and occipital lobes are also reported to be affected in the DLB 

(Kenny et al., 2012). TC is known to house the primary auditory cortex and processes 

sensory information, converting it into meaningful information, language and emotions 

(Baker et al., 2018b). Neuropathological studies have shown atrophy of medial regions 

of the temporal cortex of DLB patients (Chavoix and Insausti, 2017). In my study no 

significant numerical changes in PV+ interneurons were found in this region. Similar 

results were also observed in the OC which is the visual centre of the brain, containing 
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the primary visual cortex and receiving stimulus from the lateral geniculate nucleus 

(Blumberg and Kreiman, 2010). Patients with DLB often experience a complex, well-

formed and recurrent visual hallucination (RCVH), which is one of the core symptoms 

of the disease (McKeith et al., 2017, Outeiro et al., 2019). In MRI studies of DLB 

patients, reduction in functional activation and deficits in blood perfusion of this area 

were detected (Taylor et al., 2012). Indeed, abnormality in occipito-parietal region in 

DLB has been reported (Khundakar et al., 2016). Similarly, microarray analysis 

showed that GABAergic neuronal function is altered in DLB and a possible dysfunction 

of the calcium binding protein GAD65/67 was also shown in their 

immunohistochemistry studies (Khundakar et al., 2016). Here, the PV expressing cells 

in the occipital cortex remain unchanged, suggesting that another interneuron 

population may be affected instead. Overall, no significant reduction in the number PV 

expressing interneurons was observed in the major sensory cortices in DLB, however 

the observed trend toward reduction may suggest functional deficits of these cells. 

3.4.5 Parvalbumin interneurons in the basal ganglia, amygdala and the 
thalamus 

The BG is considered the largest subcortical collection of neurons located on both 

lateral sides of the thalamus and is implicated in tuning and the execution of the motor 

responses. It includes structures such as the caudate, the putamen (both known as 

neostriatum) and the Globus pallidum (Figures: 4.6.1; 4.6.2; 4.6.3) (Lanciego et al., 

2012). It is important to highlight here that, the term BG “ganglia” is a misnomer, since 

the term ganglia refers to a group of neurons located in the peripheral nervous system. 

However, when the collection of neurons within intra-cortical structures of the SNC is 

usually called nucleus. Thus, I think the term basal nucleus would be anatomically 

more applicable. Nevertheless, the term BG is used in this thesis for consistency with 

the published literature. BG forms a complex feedback circuitry with the motor cortex, 

by providing important modulatory input to the cortex (Lanciego et al., 2012). Indeed, 

the importance of BG in movement control is highlighted by the devastating 

consequences in neurodegenerative diseases that progresses with basal ganglia 

dysfunction such as PD and DLB (Yanagisawa, 2018, Braak and Del Tredici, 2017, 

Braak et al., 2003a). Although it has been  reported that PV+ interneurons in the BG 

are altered in neuropsychiatric disorders (Kalanithi et al., 2005), very little is known 

about their involvement in neurodegenerative diseases. In this work I observed no 
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significant changes in the density of PV+ interneuron population in the putamen in 

DLB. However, highly significant reduction in the number of PV+ cells was detected in 

the GP and CN of post-mortem brain tissue of DLB.  

CN and PTm are known to be the input stage of the BG, as they receive glutamatergic 

excitation from the cortical neurons (Lanciego et al., 2012, Obeso et al., 2008). PTm 

receives mostly sensorimotor input, so it regulates motor activity, whereas CN 

receives its input from the frontal cortex, regulating mostly higher-order cognitive 

process (Leisman et al., 2014). This parallel adjustment explains the role of the BG in 

cognition and motor processing. GABAergic neurons from the neostriatum project their 

input to the GP thus inhibiting its activity. In turn, GABAergic neurons from GP project 

to and inhibit the thalamus (Leisman et al., 2014). On the other hand, thalamus (which 

is historically considered a part of the basal ganglia), is a major sensory relay and 

integrating centre of the cerebrum, as it receives all types of sensory input with the 

exception of smell (Hwang et al., 2017, Haber and Calzavara, 2009). Its inhibition by 

GP decreases the flow of excitation input from the thalamus to the cortex. The resulting 

increase of the excitation input from the cortex provides excitation input to the 

neostriatum, which then inhibits GP, thus resulting in disinhibition of the thalamus. 

Thus, the BG inhibits the thalamo-cortical pathway until instructed otherwise. The 

results presented in this chapter suggest that the density of PV+ cells are somewhat 

affected in the BG and thalamus and could thus compromise the normal functioning 

of this circuitry (Haber and Calzavara, 2009, Bhatia and Marsden, 1994). In fact, the 

importance of the BG in DLB is emphasized by the impairment in motor control 

presented as Parkinsonism, which is one of the core symptoms of the disease 

(McKeith et al., 2017). In addition, neurons from the SN project input to the neostriatum 

to elevate its activity. Thus, the loss of dopaminergic neurons may also contribute to 

the fall of the overall striatal activity, producing less inhibition to the GP. The resulting 

increase of GP activity produces excess inhibition to the thalamus decreasing the 

excitatory input to the cortex, resulting in hypokinesia (Alexander, 2004). The 

decrease in density or a functional impairment of the PV+ cells in these regions of the 

brain could perpetuate this vicious cycle of excitation inhibition imbalance, causing the 

development of DLB clinical profile. 

The amygdala is considered a part of the limbic system and is involved in the 

regulation of the emotional response and plays a fundamental role in the acquisition 



 133 

and storage of memories. In DLB, αSyn is predominant in the amygdala (Alexander, 

2004, Sorrentino et al., 2019). Although the expression of αSyn varies across inhibitory 

synapses, the density of PV+ interneurons has been reported to be decreased in the 

amygdala and αSyn was found to be colocalized in PV+ cells as well (Flores-Cuadrado 

et al., 2017). This is in agreement with the results present here, as I show significant 

reduction in the number of PV+ cells in DLB. This highlights the importance of the 

amygdala in DLB pathogenesis  

3.4.6 Decrease in PV+ interneurons in Hippocampus, entorhinal and Insular 
cortex of DLB 

The temporal cortex is known to house the primary auditory cortex, and processes 

sensory information, converting it into meaningful information, language and emotions 

(Baker et al., 2018b). A neuropathological study of the region reported atrophy of 

medial regions of the temporal cortex of DLB patients (Chavoix and Insausti, 2017), 

which contains the primary auditory cortex (BA 41 and 42), located in the superior 

temporal gyrus. The language, visual perception and memory processing is located in 

the middle and inferior temporal gyri (Brugge et al., 2008, Reale et al., 2007). These 

are some of the most affected regions in neurodegenerative diseases including DLB 

and AD (Gómez-Isla et al., 1999). The temporal lobe also contains the entorhinal, 

hippocampal and parahipocampal cortices located in the infra-cortical layers of the 

medial temporal lobe (Eichenbaum and Lipton, 2008). In addition, declarative 

memories are also encoded in this area (Davachi and Dobbins, 2008).  

The hippocampus and EC cortices are two of the earliest affected regions in DLB 

(Whitwell et al., 2007). Indeed, the EC is thought to be a key region for prodromal 

stages DLB, as it is shown to be atrophied in the early stages of the disease (Roquet 

et al., 2017). Here I observed a relative reduction of the PV+ cells in the hippocampus 

of A30P mice; however, the results were not statistically significant. Indeed, it has 

been reported that PV+ cells are partially reduced in the hippocampal cortex of DLB 

patients (Bernstein et al., 2011b), which may have consequences in the gamma 

oscillatory frequency as observed in the A30P mouse model of DLB (Robson et al., 

2018b). Unfortunately, the data presented in the A30P were underpowered; therefore, 

it could influence the results, as their significance are sample size dependent. Thus, 

this study could have benefited with an increased sample size. Moreover, the 
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presence of PV+ fast spiking interneurons in other regions of the hippocampus such 

as, CA1 and CA2 were not quantified in this thesis, as they were not part of the 

investigations, considering the observed impaired gamma frequency oscillations, as 

previously reported (chapter 3). So that these gamma frequency impairments can be 

correlated with the quantification of the PV+ cells, it was fundamental to restrict the 

study in the same region where these oscillations were impaired. Additionally, the high 

variability of the sample data suggests, that a larger sample size could help determine 

whether the observed difference, although no significant, could correlate with the DLB. 

Likewise, feedforward inhibition mediated by PV+ interneurons is thought to control 

the output signals from the deep layers of the EC cortex (Willems et al., 2018) that are 

transferred to the hippocampus (Ye et al., 2018). Since here I demonstrate that PV+ 

cells are significantly reduced in this region, this suggests impairments in the output 

signals from the EC, resulting in excessive output from the EC with pathological 

relevance in the development of DLB.  

Furthermore, αSyn pathology has been observed in the IC (Fathy et al., 2019), which 

subserves a variety of functions in human brain, such as, sensory processing, affection 

and cognition (Uddin et al., 2017). Interestingly, this region is thought to be key for 

prodromal stages DLB, as it is shown to be atrophied in the early stages of the disease 

(Roquet et al., 2017). In parallel with EC cortex, here I demonstrate that PV+ 

interneurons are markedly reduced IC of DLB cases. As in the other regions studied 

in this chapter, there is no currently available literature that studied PV+ cells in this 

region. Overall, the relative vulnerability of the PV+ cells in the hippocampus, together 

with its significant reduction in the EC and IC that I present in this chapter, suggests 

that pathological affectation of the αSyn burden in PV+ cells in these regions. 

3.4.7 The significance of decreased density of PV+ interneurons in DLB  

In DLB, neuronal cells respond to pathological stimuli by forming aggregates (LBs and 

LNs) of the cell constituents within the soma and axons that consequently leads to the 

death of the nerve cell (Hijaz and Volpicelli-Daley, 2020, Outeiro et al., 2019, Wales 

et al., 2013). Neurons are interdependent cells, therefore, damage to one nerve cell 

leads to the death of the others, and thus the subsequent tissue atrophy (Castelli et 

al., 2019). While the density of PV+ interneurons remain unchanged in some regions 

analysed in this chapter, showing non-significant trend towards reduction in PV+ 
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interneuron density, the significant reduction detected in the IC, EC, MC, GP, CN 

thalamus and the amygdala, suggests impairments in the neuronal networks that are 

heavily dependent on and regulated by PV+ cells. For the reason that PV+ interneuron 

impairments, affects the synchronisation of the oscillatory rhythms, thus, impairing the 

generation of gamma oscillations in these regions of the brain. Because gamma 

frequency oscillations generated from the network circuits of these cells, forms 
complex of relationships between different brain regions, differentially affected, but act 

in synchrony with each other, to complement brain functions. The pertinent question 

that arises however, is whether the pathogenic effect of these interneurons relies on 

the reduction of their numbers or simply in the qualitative changes of the protein 

composition within their soma that influence their function such as their AP firing rate. 
As in pathological conditions such as epilepsy, alterations in PV+ fast spiking 

interneurons or the increase of high calcium permeability, due to the activation of the 

ionotropic glutamatergic receptors, is thought to cause the cytosolic calcium overload, 

that is believed to enhance ROS production (Moga et al., 2002, Rogawski, 2011). In 

parallel with the impairment of the antioxidant mechanisms, this may lead to higher 

levels of oxidative stress in PV+ fast spiking interneurons, compared to the other 

neuronal subpopulations, causing devastating consequences to the neuronal network 

activity. Peculiarly, most PV+ fast spiking interneurons seems to be surrounded with 

extracellular PNN polianionic matrix that provides them protection against the 

oxidative stress, which may then explain the vulnerability of these interneurons to the 

metabolic changes and oxidative stress (Cabungcal et al., 2013b, Steullet et al., 2017, 

Steullet et al., 2010). Thus, it may be possible that functional deficits play major role 

in disease pathogenesis over numerical deficits. Unfortunately, in this study, we did 

not have any data regarding cortical layers as the heterogeneity of the cytoarchitecture 

may contribute to the understanding of its functional organization, hence this is one of 

the limitations of this study. 

3.4.8 Implication of PV+ cell loss for gamma frequency oscillations 

Cognitive decline and motor impairments are core symptoms of DLB (McKeith et al., 

2017), and gamma oscillations are thought to underlie these brain functions (Uehara 

et al., 2015, Robson et al., 2018b). The generation of these fast neuronal network 

oscillations relies heavily on the IPSPs from the interneurons where PV+ cells play an 
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essential role (Tremblay et al., 2016, Pelkey et al., 2017). Indeed, altered interneuron 

excitability is thought to critically contribute to impairments of the neural oscillatory 

synchrony and rhythms (Cardin, 2018, Gonzalez-Burgos et al., 2015, Gonzalez-

Burgos and Lewis, 2008). In cortical networks, GABA neurotransmitter mediates 

inhibition signals form the interneurons, at the same time placing these interneurons 

in crucial position for the maintenance of the cognitive functions (Kann et al., 2014b). 

PV+ interneurons display expanded mutual connections among themselves with 

strong inhibitory synapses, therefore, forming a fully functional network of 

interneurons, suited for the synchronization of the spiking activity with high temporal 

fidelity in cortical and subcortical regions (Tremblay et al., 2016, Pelkey et al., 2017, 

Krause et al., 2017). The PA depolarised from these interneurons form a subsequent 

synchronous IPSPs that inhibit multiple EPSPs and sometimes other IPSPs in the 

network (Kann et al., 2014b, Berger et al., 2010). This feature of connectivity facilitates 

the synchronous inhibition of multiple pyramidal cells in the network, therefore 

reflecting an intense GABAergic feedforward and feedback inhibition control over the 

pyramidal cells (Berger et al., 2010, Buzsáki and Wang, 2012, Tikidji-Hamburyan et 

al., 2015, Traub et al., 1996, Zheng et al., 2016). This GABAergic perisomatic and 

synchronous inhibition is thought to affect almost all pyramidal cells in the network, 

which will then reflect as the typical gamma frequency oscillations in the LFP 

recordings (Buzsáki and Wang, 2012, Tikidji-Hamburyan et al., 2015, Traub et al., 

1996, Zheng et al., 2016). Thus, PV+ interneurons are thought to control the pattern 

and the timing of PA of the pyramidal cells. In fact, selective modification of glutamate 

receptors in PV+ interneurons affect the synchrony of gamma frequency oscillations, 

resulting in impairments of the cognitive functions (Mathalon and Sohal, 2015, Sohal, 

2012b, Sohal et al., 2009). In contrast, pyramidal cells also contribute to the 

propagation of gamma frequency oscillations due to their specific activity patterns  into 

downstream cortical and subcortical regions (Rotaru et al., 2012). Thus, it can be 

argued that gamma oscillations are the result of high PA, high synaptic efficacy and 

different local connectivity of the PV+ fast spiking interneurons, contrasting the lower 

spiking frequency and efficacy, but higher number of the pyramidal cells. In a 

coordinated manner the excitation and inhibition inputs are dynamically regulated and 

balanced by the interaction between PV+ and pyramidal cells (Kann et al., 2014b). 

The reduction of PV+ cells as observed here in this chapter in some regions of the 
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cortex, could hinder the gamma frequency rhythmogenesis, and thus affect the 

synchrony with other brain regions in DLB patients, resulting in the motor impairments 

and cognitive dysfunctions. 

In addition, the changes in the glutamatergic excitatory activity or GABAergic inhibitory 

input to the excitatory cells, propels a sustained abnormal excessive discharge of 

synchronous activity of a large group of neurons that manifests as epileptic seizures 

(Aird and Gordon, 1993). Interneurons that contain GABA control the activity of the 

pyramidal cells, by restricting their excitatory input in both feedforward and feedback 

manner (Pelkey et al., 2017, Wendling et al., 2002). From the GABAergic interneuron 

subpopulations expressing calcium binding proteins calbindin D-28 (CB) and PV, 

specifically the PV+ chandelier cells are thought to play an essential role in controlling 

the excitability of the pyramidal cells (Woodruff et al., 2011, Berg et al., 2018, 

Rajkowska et al., 2007). In doing so, these neurons are thought to play important role 

in regulating and controlling the propagation of seizure activity (Sessolo et al., 2015).  

Although there are no currently available studies that have reported impairments on 

gamma frequency oscillations in individual living with DLB, as most of the studies was 

carried out in animal models of synucleinopaties. Some studies have reported fast 

neuronal network abnormalities in individuals living with DLB. In fact, the changes in 

neuronal network oscillations are found to be pronounced in DLB in relation to other 

neurodegenerative dementias (van der Zande et al., 2018, Robson et al., 2018a). 

Alteration in the cortico-basal ganglia-thalamic loop in DLB has been reported to be 

associated with fast neuronal network impairments (Schumacher et al., 2019). This is 

in parallel with the finding presented in this chapter, as I demonstrate that PV+ cells, 

which plays essential role in gamma rhythmogenesis (Kann et al., 2014b), are reduced 

in the some brain regions of DLB patients, More specifically affecting the affecting the 

cortico-BG- thalamic loop. In fact, in the previous chapter I have shown that gamma 

oscillations are impaired in the DLB (A30P mouse model) due to mitochondrial 

dysfunction. Impairments of the interneuron functions or its consequent death, is 

thought to lead to neuronal network hyperexcitability (Kann et al., 2014b, Sun et al., 

2012). This hyperexcitability underlie gamma network oscillations impairments 

(Tweedy et al., 2021). In fact, it is thought that altered interneuron excitability critically 

contributes to impairments of the neural synchrony and rhythm of the fast network 

oscillations (Cardin, 2018, Gonzalez-Burgos et al., 2015). Notwithstanding, the relative 
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preservation in PV+ cell numbers in some regions presented in this chapter, it is 

possible that interneuron function is significantly altered before neuronal cell death, 

due to the in ability of PV proteins to buffer calcium. This could lead to calcium overload 

in the neuron and the subsequent hyperexcitability, which underlie the impairments in 

the gamma frequency band, as demonstrated in the previous chapter, which parallels 

with the findings presented in this chapter. A limitation to this study is that it was not 

possible to quantify the amount of PV protein presented in a single PV+ cell in DLB 

and compare it with non-DLB cases. It is important to highlight as well, that the 

exclusive focus on gamma frequency oscillations in my research does not undermine 

the importance of other slower neuronal network oscillations for higher brain functions.  
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3.5 Conclusions 

In this chapter, I predicted that the number of parvalbumin expressing interneurons 

would be reduced in regions that are affected with pathological burden of αSyn, and 

the results presented showed that the density of PNN and PV+ some regions of the 

brain of patients with DLB, as well as in the hippocampus and PFC of 9+ A30P mouse 

are altered. Parvalbumin expressing cells are significantly altered in areas such as the 

motor cortex, Globus pallidum, caudate nucleus thalamus and the amygdala, including 

the insular and entorhinal cortices, which are areas associated with the development 

of prodromal stages of the disease and are associated with higher LBs Burden. 

Despite some results presented no statistical significance, it is clear that in some cases 

there is trend to reduction in the PV interneurons. In fact, the loss of interneurons and 

the subsequent, impairments of gamma frequency oscillations have been reported in 

other neuropsychiatric disorders. The deficits presented in this chapter parallel those 

findings in the neuropsychiatric and other neurodegenerative diseases as the neural 

desynchrony observed in these studies are found to be associated with loss of PV+ 

cells (Uhlhaas and Singer, 2006, Uhlhaas and Singer, 2012). I believe these slight 

changes in the density of this interneuron populations can have negative impact in the 

normal functioning of these cells. The deficits may be functional either by protein 

dysfunction or cellular atrophy, not necessary translated in the reduction of cellular 

numbers. Moreover, in biological terms statistical insignificance of the results does not 

automatically reject the null hypothesis, as the quantification of the cells may not 

explain the αSyn-related damage into these highly sensitive and metabolism-

dependent cells. Therefore, the results presented in this chapter are still biologically 

relevant, as there was clear differences and tendencies in the results above described. 

Moreover, no studies related to the neuroanatomical quantification of PV+ 

interneurons in most regions analysed in this chapter have been published so far. To 

my knowledge, this is the first study attempting to quantify the PV+ interneurons in 

different brain regions of individuals affected with DLB.  
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Chapter 4:  Distribution of posttranslational modifications in Lewy 
body dementias 
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4.1 Introduction 

As previously mentioned, LBs and LNs are intracytoplasmic deposits abundant with 

αSyn protein, which has become misfolded and aggregated, and is considered the 

main constituents of these inclusions (Nemani et al., 2010). Although, the precise 

mechanisms that trigger these aggregations are still unclear, it is known, that toxic 

forms of αSyn underlie the formation of these inclusions. Indeed, Normal αSyn is 

involved in synaptic vesicle trafficking and function (Lashuel et al., 2012). 

Nevertheless, pathological αSyn can form aggregates and trigger a series of 

pathogenic cascades typical of neurodegenerative proteinopathies (see chapter 1)  

(Obeso et al., 2010, Lin and Beal, 2006, Robson et al., 2018b). Whether the 

pathogenic consequences of DLB arise from the pre-aggregated forms of αSyn, i.e. 

before LBs/ LNs formations, or after, is still an object of an ongoing debate. To 

enlighten this, several literatures have reported that αSyn is subjected to monumental 

PTMs such as ubiquitination, nitration and phosphorylation. These changes are 

thought to modify the structure and function of the protein in pathological conditions 

(Junqueira et al., 2018, Barrett and Timothy Greenamyre, 2015, Omenn et al., 2016). 

In fact, Nitrated and phosphorylated αSyn have been found in brains of PD patients 

and phosphorylation at residue serine129 was found to be the most prevalent form of 

PTMs in αSyn (Fujiwara et al., 2002, Neumann et al., 2002, Rocha et al., 2018). This 

is also supported by studies using transgenic mouse models that overexpress human 

mutant αSyn (A30P, A53T) and also those overexpressing wild-type human αSyn, 

showing phosphorylation of αSyn at serine129 (Kahle et al., 2002, Wakamatsu et al., 

2007). In addition, other studies have reported phosphorylation at amino acids tyrosine 

and threonine (Cozzone, 2005, Santos and Lindner, 2017, Rocha et al., 2018). 

Nevertheless, in regarding to phosphorylation, the results presented in this chapter 

focuses on αSyn phosphorylation at serine 129 (Pser 129). Furthermore, nitration and 

ubiquitination are also found to be process of PTMs in αSyn. For instance, nitration 

may lead to fibrillogenesis by affecting αSyn solubility (Giasson et al., 2000). Indeed, 

high levels of nitrated αSyn contained in LBs were found to be linked to oligomer 

formation, mitochondrial dysfunction and neuronal apoptosis (Liu et al., 2011, Giasson 

et al., 2000). On the other hand, ubiquitination can affect protein degradation, therefore 

influencing protein localization, folding, concentration and aggregation. In a similar 

manner, the function of αSyn protein and its conformation may also be influenced by 
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phosphorylation, by inducing pathological conformational changes that potentiate the 

addition of other PTMs such as Ubiquitination and thus, impairing the subcellular 

localization of the protein (Reviewed in Tenreiro et al., 2014).  

Despite the intensive studies to decipher how Phosphorylation, Ubiquitination and 

Nitration can influence αSyn toxicity, the exact mechanism that triggers its aggregation 

and pathogenicity is still to be unveiled. Assuming that, PTMs play an important role 

in the disease’s pathogenesis, further study is needed, to unveil the impact of these 

PTMs on the synucleinopathies, in particular in LBDs, for better therapeutic strategy 

and intervention. The work presented here sheds some light in the involvement of 

these PTMs in αSyn dysfunction and aggregation. I hypothesized that αSyn PTMs are 

one of the early events that trigger the aggregation and/or dysfunction of the protein, 

possibly altering its physiological sub-cellular distribution (e.g., the nucleus or 

mitochondria), which in turn affect the normal function of neuronal cells. These 

changes may facilitate the formation of toxic forms of the protein that will then lead to 

neuronal cell death of a vital group of neurons such as those that plays key roles in 

the generation of the fast neuronal network oscillations, namely PV+ cells. Moreover, 

different PTMs may occur at different stages of the disease progression. Hence, 

identifying those most common and the ones that occur earliest may give us an insight 

of which PTMs, alter the function of the protein and their distribution. In LBDs, these 

PTMs may affect important cortical and subcortical structures, such as, locus 

coeruleus, the substantia nigra, the reticular formation, hippocampus, thalamus and 

the neocortex, commonly known to be affected in LBDs. Furthermore, early occurring 

PTMs may emerge in different brain regions at different stages of the diseases, 

depending on the relative vulnerability of each regions and the specificity of each 

diseases among the LBDs. Specifically, those regions, which are affected earliest in 

the disease according to Braak LB pathology / McKeith scale, I believe, they would 

present these PTMs earliest. Therefore, here I assessed the involvement of these 

PTMs of αSyn in post-mortem brain tissue of LBDs patient. This investigation is key 

to aid the comprehension and discernment of potential reasons for the pathological 

aggregation and the observed preference of distribution patterns seen in LBDs, in 

comparison with other synucleinopathies, as well as it provides an insight to achieve 

the efficacy in the therapeutic approach.  
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4.2 Methods 

4.2.1 Human brain tissues  

Tissue microarray (TMA) sections from different brain regions were examined for 

phosphorylated, nitrated and ubiquitinated αSyn using standard immunohistochemical 

staining. Two methods of antigen retrieval were first used (EDTA-based and Citrate-

based) to determine the most appropriate for each experiment, although most sections 

reacted well to the EDTA. These methods were selected according to the 

manufacturer’s recommendations, depending on the antibody specificity. To start with 

the experiments, slides were first pre-warmed in LEEC oven for 30 minutes, then 

dewaxed and rehydrated in alcohol gradient 99%(2x) 80% and 70% for 5 minutes 

each, before immunostaining. The slides were submerged into a boiling EDTA solution 

(2.86 mM, pH 8) within a pressure cooker for 8 minutes followed by a 2-minute heating 

at full pressure. After, the boiling procedure, all slides were washed 3 times for 5 

minutes each with Tris buffered saline (TBS) pH 7.6 and Tris buffered saline with 

tween 20® (TBST) pH 7.6. Then Hydrogen peroxide (H2O2) 10% was added to block 

the action of endogenous peroxidases, and then the slides were demarcated with a 

pap pen. Next, nitrated αSyn antibody 1:200 (Thermofisher, UK) specific to nitration 

modification 1:50 (αSyn Tyr133,125), phosphorylated αSyn protein (αSyn Pser129) or 

anti-ubiquitin antibody 1:500 (Abcam, UK), were added as the primary antibody and 

incubated for 1h at room temperature. Next, the slides were washed with TBST 3 times 

for 5 minutes each, then yellow cap universal probe (Menapath, UK), was used as the 

secondary antibody and incubated for 30 minutes at room temperature. Once the 

sections were washed with TBST, avidin-biotinylated horseradish peroxidase (HRP)-

Polymer (red) (Menapath HRP multipolymer), was added for 30 minutes at room 

temperature and sections were washed again with TBS 3 times for 5 minutes each 

and the chromogen DAB was added for approximately 3 minutes. Next, slides were 

washed in running water for 10 minutes and then submerged in Mayer’s haematoxylin 

solution (Sigma Aldrich,UK) for 20 seconds. Slides were then washed in water, 

differentiated with 1% hydrochloric acid, in 70% ethanol for 2 seconds and then blued 

with 1% ammonia water for 2 seconds. Slides where washed again in normal flowing 

water for 2 seconds, to be then dehydrated in alcohol concentration 70% 80% and 99 

% (2x) 5 minutes each. The sections were then transferred to clearing xylene 1 and 2, 

for 10 minutes each and then mounted with DePex destrene (DPX, Cellpath, Newton, 
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UK). For the negative controls, the primary antibodies were omitted but all other steps 

were followed as described above.  

4.2.2 Data capture and analysis 

TMA images were captured using an automated system consisting of a Nikon Eclipse 

90i microscope, mounted with a DsFi1 camera (Nikon) and processed in NIS element 

software v 3.0 (Nikon). For the experiments here presented, I examined only freshly 

stained samples. First, position of the first of the cores on a TMA slide (figure 2.3) was 

mapped in the NIS element software, followed by a macro designed to take a map of 

the remaining 39 (figure 2.3). Image of each 40-tissue cores that contains in a single 

TMA tissue slide. The microscope was firstly positioned at the centre of the first tissue 

core at 10x magnification for guidance and brought into focus at 100x magnification, 

for background correction. After mapping all 40-tissue cores, the microscope was 

directed to the mapped co-ordinates of the first tissue core, and images of all the tissue 

cores were sequentially taken automatically. Following the completion of data capture, 

regions of interest (ROIs) were applied to each image manually to exclude any sample 

abnormalities such as folded tissues, tears, and regions consisting of white matter. A 

restriction threshold was then applied to capture all immuno-positive foci. In cases 

where the slides were missing a tissue core or simply one or some tissue cores were 

too damaged to be included in the analysis, the tissue core number and position were 

noted manually, and captured data was excluded.  

The immuno-positive signal in each ROI was then calculated automatically after 

application of a pre-selected threshold. The red, green and blue (RGB) thresholds 

were set separately for each PTM-specific antibody signal, and the thresholds were 

set at a level that the immuno-positive pathological structures (LBs and LNs) were 

detected. The values of RGB intensity are measured on a scale between 0-255 (NIS 

elements user guide v 3.0, 2008, Nikon, Surrey UK) and were set as follows: p-

αSynSer129 (R25-170, G27-156, B11-126), n-αSynTyr125,133 (R50-180, G20-168, B8-

139) and ub-αSyn (R15-161, G7-139, B4-133) to minimize measurement of a non-

specific background signal. The percentage area of the tissue covered by immuno-

positive LBs and LNs were subsequently calculated and automatically exported into 

an excel spreadsheet. Mean values were then calculated for each brain region that 

was represented by more than one tissue core. All data graphs were generated and 
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exported from GraphPad prism (GraphPad Software, Inc., version7. USA) (Please see 

chapter 3).   

The reported findings, are specific for aSyn PTMs at Pser129, because the 

recombinant Anti-alpha synuclein antibody (EP1536Y) used in this work was reported 

to have the highest specificity and sensitivity for detecting Pser129 αSyn in LBs (Delic 

et al., 2018). Similarly, the sensitivity and specificity of the Anti-Ubiquitin antibody was 

also reported (Meng et al., 2020). Although LBs are composed of more than 90 

proteins, the detected signals for phosphorylation and Ubiquitination are specific for 

aSyn.  Nevertheless, for the nitration Antibody, it seemed to pick non-specific signals, 

that fit the standard criteria of our Lab, selected for LBs and LNs. 

4.2.3 Statistical Analyses 

All data were statistically analysed using GraphPad Prism 9 (GraphPad Software, Inc., 

version 9.1.0. USA) and Sigma Plot (Systat software, USA). Statistical significance 

was defined as significant *p<0.05, **p<0.01 and ***p<0.001. To determine the normal 

distribution of the data and equal variance, the Shapiro-Wilk test and the Brown-

Forsythe tests were used, respectively. The data were normally distributed and plotted 

as mean ± standard error of the mean (S.E.M.) as bar charts or box plots depicting 

the medians with interquartile range (IQR, Q1-Q3) or percentage change. When 

comparing multiple groups, I used Kruskal-Wallis one-way ANOVA. Pairwise multiple 

comparison (Dunn’s or Tukey test) was used when p value (reported as significant, 

<0.05 and <0.001) in the ANOVA test showed significance, to determine which 

parameters were significantly different. For the analysis of the effects of two 

independent variables in the same sample, I used a two-way ANOVA with Bonferroni 

post hoc test, to determine which parameters where particularly different in the 

interaction between the disease groups and regions of the brain in study. Error bars 

represented standard deviation and the data were reported with F-value, degree of 

freedom an p value, which was reported as significant, *<0.05 and **<0.001. Sample 

sizes are shown in the respective figure legends. 
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4.3 Results 

4.3.1 Regional comparison of phosphorylation of αSyn in post-mortem LBD 
cases.  

Here I started with the analyses of the overall regional Interactions between disease 

groups and cerebral regions. The results presented, showed that cortical regions from 

LBDs were significantly different from the cortical regions in the control cases, with the 

cingulate cortex being the most affected region in DLB and the IC in PDD (Two-way 

ANOVA followed by Bonferroni Multiple Comparison post hoc test F (3,24) 

=2.053***P< 0.0001). Significant differences were also observed among the disease 

groups, with higher immunoreactivity circumscribed between DLB and PDD (Two-way 

ANOVA followed by Bonferroni Multiple Comparison post hoc multiple comparison test 

F (3,24) =4.642 *P< 0.0134). Nevertheless, in the subcortical regions, the interactions 

were even more markedly evident between regions from LBDs compared to control, 

particularly in the amygdala, where the highest immunoreactivity were observed in 

LBDs (Two-way ANOVA followed by Bonferroni Multiple Comparison post hoc test F 

(3,15) =1.844***P< 0.0001). Similarly, very significant differences were also observed 

between the disease groups, compared to control cases with higher immunoreactivity 

circumscribed in DLB (Two-way ANOVA followed by Bonferroni Multiple Comparison 

post hoc test F (3,15) =11.21***P< 0.0002). Thus, suggesting that the 

immunoreactivity of phosphorylated αSyn is high in LBD cases (Figure 4.6 and 4.7). 
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Figure 4. 1: Widespread phosphorylation is observed across cortical brain 
regions of LBD patients. A Representative image from Newcastle brain bank 

indicating the regions where the sections were extracted for this study. B Bar chart 

showing the comparison of percentage coverage of αSyn Pser129 immunoreaction in 

cortical region. CC is the most affected region in DLB, whereas the IC is the most 

affected region in PD and PDD.  
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Figure 4. 2: Widespread phosphorylation is observed in subcortical regions of 
LBD patients. A Representative image from Newcastle brain bank indicating the 

regions where the sections were extracted for this study. B Bar chart showing the 

comparison of percentage coverage of αSyn Pser129 immunoreaction in cortical region. 

The amygdala is the most phosphorylated region in LBDs. 

 

4.3.2 αSyn is phosphorylated in prefrontal and midfrontal cortices but not in 
motor cortex of LBD patients.  

Following the interaction analysis, I wanted to explore the specificity of these 

affectations per region of the brain. In similitude with the previous chapter, I started 

with the analysis of these pathological hallmarks in the frontal lobe of post-mortem 

brain tissue from healthy control and LBD cases. This region was divided into three 

areas (the PFC, MFC, MC) according to their organization in the TMA slide. Here, I 

predicted that the density of phosphorylated αSyn at serine129 would be increased in 

these regions of post-mortem brain tissue of individuals that were clinicopathologically 

diagnosed with LBDs. Indeed, following the histochemical staining using the 

antibodies specific for αSyn phosphorylation (Pser129), intra-neuronal inclusions (LBs) 

with/without dystrophic neuronal processes (LNs) were observed brain tissues of DLB, 
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PD and PDD patients. A widespread phosphorylation of αSyn was observed within all 

LBDs in PFC, and the overall comparison between disease group showed statistically 

significant differences compared to control cases (Kruskal-Wallis test ANOVA followed 

by Dunn’s Multiple Comparison test *P<0.0108). However, they were highly significant 

in DLB cases when compared to control and other disease groups (**P<0.0051), as 

no significant differences was observed in the number of LBs/LNs between PD and 

PDD cases (figure 4.1).  

Considering the significant presence of phosphorylated αSyn observed in the rostral 

area of the frontal cortex. I assessed the neuroanatomical distribution of Pser129, the 

MFC of LBD cases. Here I show that the distribution of phosphorylated αSyn is 

significantly increased in MFC tissues from LBD cases compared to control (Kruskal-

Wallis test ANOVA followed by Dunn’s Multiple Comparison test **P<0.0078). The 

changes were more evident in DLB and PDD compared to control and PD cases, 

where no statistically significant changes were observed in the number of LBs/LNs. 

Having found significant changes in PFC and MFC, of LBD patients, I extended the 

analysis to the MC. Here, the distribution of phosphorylated αSyn was not significantly 

increased in LBDs cases compared control (Kruskal-Wallis test ANOVA followed by 

Dunn’s Multiple Comparison test P>0.0709), and no significant changes was observed 

in the number of LBs/LNs between the LBD group (Kruskal-Wallis test ANOVA 

followed by Dunn’s Multiple Comparison test post P>0.05) (figure 4.1).  
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Figure 4. 3: Widespread phosphorylation is observed in frontal Lobe of DLB, but 
not in PD and PDD post-mortem cases. (A) Representative images from Newcastle 

brain Map, showing brain regions PFC=1, MFC=2 and MC=11 where the sections 

were taken for this study according to their organization in TMA slides. (B) Images 

showing phosphorylated LBs/LNs in from number of sections of PFC, MFC and MC of 

post-mortem brain tissue of LBD, at 10 X magnification. The arrows (in red) indicating 

the LBs. (C) Box plot showing the comparison of percentage coverage of LBs/LNs 

distribution in both LBD and control patients. The percentage coverage of LBs/LNs 

inclusions that are phosphorylated in PFC of control (n=7 cases), DLB (n=5 cases), 

PD (n=6 cases), PDD (5 cases), was statistically significant in LBD cases (*P<0.0108) 

compared to control. Similarly, the percentage coverage of LBs/LNs inclusions that 
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are phosphorylated in MFC of control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), 

PDD (5 cases), was statistically significant in LBD cases compared to control 

(P>0.0078). However, the percentage coverage of LBs/LNs that are phosphorylated 

in MC of control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), was 

not statistically significant in LBD when compared to control cases. 

 

4.3.3 Widespread phosphorylation of αSyn in major sensory cortices of LBD 
cases.  

The quantification of Pser129 in sensory cortices including the PC, TC and OC is shown 

in figure 4.2. Under simple examination a higher density of phosphorylated LBs/LNs, 

inclusions were observed in PC of LBD patients. The changes in PC of LBD cases 

where statistically significant when compared to control (Kruskal-Wallis test ANOVA 

followed by Dunn’s Multiple Comparison test *P<0.0402). However, the results were 

not statistically significant within the LBDs groups. Similar results were observed in 

TC. Here it was evident that Pser129 phosphorylated αSyn is significantly expressed in 

LBD cases, compared to control (Kruskal-Wallis test ANOVA followed by Dunn’s 

Multiple Comparison test *P<0.0159). Statistically, significant results were evident In 

DLB when compared to other PD, PDD and control cases. Likewise, in the OC, I found 

that phosphorylated αSyn is significantly increased in LBD cases, compared to control 

(Kruskal-Wallis test ANOVA followed by Dunn’s Multiple Comparison test *P<0.0196). 

However, the difference was evident in DLB cases when compared to PD, PDD and 

control (*P<0.0420). Overall, the number of αSyn Pser129 were significantly increased 

in major sensory areas of post-mortem brain tissue of LBD patients. 
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Figure 4. 4: Widespread phosphorylation in major sensory cortices of LBD 
cases. (A) Representative images from Newcastle brain Map, showing brain regions 

PC=14, TC=13 and OC=15 where the sections were taken for this study according to 

their organization in TMA slides. (B) Images showing phosphorylated LBs/LNs in from 

number of sections of PC, TC and OC of post-mortem brain tissue of LBD cases, at 

10X magnification. The arrows (in red) indicating the LBs/LNs. (C) Box plot showing 

the comparison of percentage coverage of LBs/LNs distribution in control (n=7 cases), 

DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), was statistically significant for LBD 

cases when compared to control in PC (*P<0.0402). However, in TC, the percentage 

coverage of LBs/LNs distribution in control (n=7 cases), DLB (n=5 cases), PD (n=6 

cases), PDD (5 cases), although, was statistically significant for all LBD cases 
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(*P<0.0159), post-hoc test showed that this difference was more accentuated in DLB 

cases, but not for PD and PDD (ns). Similarly, the percentage coverage of LBs/LNs in 

control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases) in the OC, was 

statistically significant in all LBD cases compared to control (P<0.0159), and post-hoc 

test showed that the significance was evident in DLB cases, but not for PD and PDD.  

 

4.3.4 Phosphorylation of αSyn is increased in infracortical structures of LBD 
cases.  

These regions include the EC, CC and IC. Here, I found that that, in the EC, 

immunoreaction to LBs/LNs by antibodies specific for αSyn Pser129, were observed 

brain tissues of LBD cases. The widespread phosphorylation of αSyn was markedly 

observed within DLB and PD, with statistically significant results among the LBDs. 

This difference was highly significant when compared to control cases (Kruskal-Wallis 

test ANOVA followed by Dunn’s Multiple Comparison test **P< 0.0016). Similarly, in 

the CC LBs/LNs immunoreactivity to αSyn Pser129 within the LBDs were highly 

significant when compared to control cases (Kruskal-Wallis test ANOVA followed by 

Dunn’s Multiple Comparison test **P< 0.0023). Within the disease group, statistically 

significant differences were observed in DLB and PDD, but not in PD cases. Identical 

results were observed in the IC, where highly significant differences were observed 

between the LBDs and the control cases. However, among the disease groups (within 

the LBDs) the differences where only statistically significant in DLB and PDD cases, 

similar to the observations in the CC (Kruskal-Wallis test ANOVA followed by Dunn’s 

Multiple Comparison test **P< 0.0030). The high significance observed in these 

regions that are involved in the early development of DLB, sheds light on the temporal 

occurrence of these changes in the LBDs (Figure 4.3).  
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Figure 4. 5: Widespread phosphorylation of αSyn in EC, CC, and IC of LBD 
cases. (A) Representative images from Newcastle brain Map, showing brain regions 

EC=10, CC=4 and IC=8 where the sections were taken for this study according to their 

organization in TMA slides. (B) Images showing phosphorylated LBs/LNs in from 

number of sections of EC, CC and IC of post-mortem brain tissue of LBD, at 10 X 

magnification, the arrows (in red) indicating the LBs/LNs. (C) Box plot showing the 

comparison of percentage coverage of LBs/LNs distribution in EC, control (n=7 cases), 

DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), the results were statistically 

significant for LBD cases when compared to control (**P< 0.0016). Post-hoc test 

showed that this was more accentuated in DLB cases and PD, but not for PDD.  Similar 

results observed in CC, were the percentage coverage of LBs/LNs distribution in 

control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), was 
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statistically significant for all LBD cases, compared to control (**P<0.0023) post-hoc 

test showed that this was more accentuated in DLB cases and PDD, but not for PD. 

Similarly, the percentage coverage of LBs/LNs in control (n=7 cases), DLB (n=5 

cases), PD (n=6 cases), PDD (5 cases) in the IC, was statistically significant in all LBD 

cases compared to control (**P<0.0030). Post-hoc test showed that the statistical 

significance was evident in DLB cases and PDD, but not for PD.  

 

4.3.5 Extensive phosphorylation of αSyn in the basal ganglia of LBD patients.  

Next, I analysed the subcortical structures included in the basal ganglia comprising 

the, CN, PTm and GP. Here I observed that immunoreaction to αSyn Pser129 Antibody, 

was markedly evident in the whole BG. Areas such as GP, showed highly significant 

difference between the LBDs and control. However, post-hoc analysis showed that 

the difference among the disease groups was highly significant in DLB and PDD but 

not in PD. (Kruskal-Wallis test ANOVA followed by Dunn’s Multiple Comparison test 

**P< 0.0012). Similar results were observed in CN, which also showed overall 

significant differences between LBDs and control cases. Nevertheless, the changes 

among LBDs were only significant in DLB (Kruskal-Wallis test ANOVA followed by 

Dunn’s Multiple Comparison test **P< 0.0050). Identically, PTm, immunoreactivity to 

αSyn phosphorylation, was highly significant in LBDs when compared to control cases. 

The difference was also observed within the LBDs where highly significant results was 

observed in DLB and PDD but not in PD cases (Kruskal-Wallis test ANOVA followed 

by Dunn’s Multiple Comparison test **P< 0.0020) (Figure 4.4).  
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Figure 4. 6: Extensive phosphorylation of αSyn in the basal ganglia of LBD 
patients. (A) Representative images from Newcastle brain Map, showing brain 

regions GP=7, CN=5 and PTm=6 where the sections were taken for this study 

according to their organization in TMA slides. (B) Images showing phosphorylated 

LBs/LNs in from number of sections of GP, CN and PTm of post-mortem brain tissue 

of LBD, at 10 X magnification. The arrows (in red) indicating the LBs. (C) Box plot 

showing the comparison of percentage coverage of LBs/LNs distribution in control 

(n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), was statistically 

significant for LBDs cases when compared to control in GP (**P<0.0012), with highly 

significance in DLB cases. However, in CN, the percentage coverage of LBs/LNs 

distribution in control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), 

was statistically significant for all LBD cases (**P<0.0050), nevertheless, post-hoc test 

showed that this was more accentuated in DLB cases, but not for PD and PDD. 
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Similarly, the percentage coverage of LBs/LNs in control (n=7 cases), DLB (n=5 

cases), PD (n=6 cases), PDD (5 cases) in PTm, were significant in all LBD cases 

compared to control (**P<0.0020), and post-hoc test also showed significance in DLB 

cases, but not for PD and PDD.  

 

4.3.6 αSyn is phosphorylated in the amygdala and the thalamus of LBD 
patients. 

In the thalamus, there were significant differences between the LBDs and control 

cases, and post-hoc analysis showed that the difference among the disease groups 

was highly significant in DLB, but not in PD and PDD cases. (Kruskal-Wallis test 

ANOVA followed by Dunn’s Multiple Comparison test post hoc multiple comparison 

test *P< 0.0122). Identical results were observed in the amygdala, where significant 

differences were observed between LBDs and control, and αSyn Pser129 

immunoreactivity was markedly evident in the DLB cases (Kruskal-Wallis test ANOVA 

followed by Dunn’s Multiple Comparison test *P<0.02082). I finally tested the 

immunoreactivity of Pser129 antibody in the white mater, however, no evidence of LBs 

was observed, as these inclusions are usually found within the neuronal populations 

in the cortex (Figure 4.5).   



 158 

 

Figure 4. 7: αSyn is phosphorylated in the amygdala and the thalamus of LBD 
patients. (A) Representative images from Newcastle brain Map, showing brain 

regions Thalamus=12, Amygdala=9 and White matter=2 where the sections were 

taken for this study according to their organization in TMA slides. (B) Images showing 

phosphorylated LBs/LNs from number of sections of Thalamus and Amygdala of post-

mortem brain tissue of LBD, at 10 X magnification. The arrows (in red) indicating the 

LBs/LNs. (C) Box plot showing the comparison of percentage coverage of LBs/LNs 

distribution in control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), 

was statistically significant for LBDs cases compared to control in Thalamus 

(*P<0.0012), with highly significance in DLB cases. Similarly, the percentage coverage 

of LBs/LNs in control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases) 

in the amygdala, where the results were significant in all LBD cases compared to 
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control (*P<0.0159), and post-hoc test also showed significance in DLB cases, but not 

for PD and PDD. No sign of LBs immunoreactivity was observed within the white 

matter. 

 

4.3.7 Regional comparison of ubiquitination of αSyn in LBD post-mortem 
cases.  

Similar to phosphorylation analysis, the overall ubiquitination analysis for the 

interactions between the cortical regions in LBDs were significantly different from the 

controls, with the OC being the most affected region in DLB and the MC in PD and 

PDD (Two-way ANOVA followed by Bonferroni Multiple Comparison post hoc test F 

(3,24) =2.450**P< 0.0001). Significant differences were also observed among the 

disease groups, with higher immunoreactivity circumscribed between DLB (Two-way 

ANOVA followed by Bonferroni Multiple Comparison post hoc test F (3,44) =4.50*P< 

0.0134). Nevertheless, in the subcortical areas, the regional interactions were even 

more evident between regions from LBDs compared to control. The GP was the region 

with the highest immunoreactivity in DLB and PD (Two-way ANOVA followed by 

Bonferroni Multiple Comparison post hoc test F (3,15) =2.117**P< 0.0034). Similarly, 

very significant differences were also observed between the disease groups, 

compared to control cases with higher immunoreactivity circumscribed in DLB (Two-

way ANOVA followed by Bonferroni Multiple Comparison post hoc test F (3,36) 

=2.774**P< 0.0002).  
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Figure 4. 8: Widespread Ubiquitination is observed across cortical brain regions 
of LBD patients. A Representative image from Newcastle brain bank indicating the 

regions where the sections were extracted for this study. B Bar chart showing the 

comparison of percentage coverage of αSyn Ubiquitination in cortical region. OC 

seems to be the most ubiquitinated region in DLB, whereas CC and MC are the most 

ubiquitinated regions in PD and PDD. 
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Figure 4. 9: Widespread Ubiquitination is observed in subcortical of LBD 
patients. A Representative image from Newcastle brain bank indicating the regions 

where the sections were extracted for this study. B Bar chart showing the comparison 

of percentage coverage of ubiquitination of αSyn. DLB and PD seems to be the 

diseases with the most ubiquitination and Putamen and Globulus pallidus the most 

affected subcortical regions.  
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4.3.8 αSyn ubiquitination is not pervasive in the cortical regions of LBD 
patients.  

After the analysis of the overall interaction between disease and region, I assessed 

the specificity of ubiquitination per each region. The presence of ubiquitinated αSyn in 

the same regions where phosphorylation was assessed showed immunoreactivity to 

anti-ubiquitin antibody was not significantly different in PFC, MFC and MC of LBD 

cases compared to control (Kruskal-Wallis test ANOVA followed by Dunn’s post hoc 

multiple comparison test P> 0.05). However, in MFC, DLB cases presented 

statistically significant results when compared to control cases (Kruskal-Wallis test 

ANOVA followed by Dunn’s post hoc multiple comparison test *P<0.0446, Mann-

Whitney test) (figure 5.8). Similar analysis was performed in the major sensory 

cortices. Although some immunoreactivity was observed, no statistically significant 

result in PC, TC, and OC in across LBD cases, compared to the control (Kruskal-Wallis 

test ANOVA followed by Dunn’s post hoc multiple comparison test P> 0.05) (figure 

4.8). 
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Figure 4. 10: αSyn ubiquitination is not pervasive in the frontal lobe of LBD 
cases. (A) Representative images from Newcastle brain Map, showing brain regions 

PFC=1, MFC=2 and MC=11 where the sections were taken for this study according to 

their organization in TMA slides. (B) Images showing ubiquitinated LBs from sections 

of PFC, MFC and MC of post-mortem brain tissue of LBD cases, at 10 X magnification. 

The arrows (in red) indicating the LBs. (C) Box plot showing the comparison of 

percentage coverage of LBs distribution in both LBD and control patients. The 

percentage coverage of LBs inclusions that are ubiquitinated in control (n=6 cases), 

DLB (n=10 cases), PD (n=5 cases), PDD (4 cases), were not significant among all 

cases and regions, except for the difference between the control and DLB case in 

MFC that was statistically significant (P>0.0446).  
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Figure 4. 11: αSyn ubiquitination is not pervasive in major sensory cortices of 
LBD cases. (A) Representative images from Newcastle brain Map, showing brain 

regions PC=14, TC=13 and OC=15 where the sections were taken for this study 

according to their organization in TMA slides. (B) Images showing ubiquitinated LBs 

from sections of PC, TC and OC of post-mortem brain tissue of LBD cases, at 10 X 

magnification. The arrows (in red) indicating the LBs. (C) Box plot showing the 

comparison of percentage coverage of LBs distribution in both LBD and control 

patients. The percentage coverage of LBs inclusions that are ubiquitinated in control 
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(n=6 cases), DLB (n=10 cases), PD (n=5 cases), PDD (4 cases), were not significantly 

different from the control cases among all cases and regions (P>0.05).  

 

4.3.9 αSyn is ubiquitinated in the insular cortex, but not in the cingulate and 
entorhinal cortices of LBD patients. 

Analysis of αSyn ubiquitination in the EC and CC showed that immunoreactivities were 

not statistically significant among LBD cases when compared to control cases in these 

regions (Kruskal-Wallis test ANOVA followed by Dunn’s post hoc multiple comparison 

test P>0.05). However, immunoreactivity was greater in DLB compared to controls 

(P>0.0051, Mann-Whitney test). Interestingly, statistically significant results were 

observed in all LBDs when compared to the control cases in IC, (Kruskal-Wallis test 

ANOVA followed by Dunn’s post hoc multiple comparison test **P<0.0098). 
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Figure 4. 12: Ubiquitination of αSyn in the insular cortex, but not in the cingulate 
and entorhinal cortices of LBD patients. (A) Images from Newcastle brain Map, 

showing brain regions EC=10, CC=4 and IC=8 were the sections were taken for this 

study according to their organization in TMA slides. (B) Images showing ubiquitinated 

LBs from sections of PC, TC and OC of post-mortem brain tissue of LBD cases, at 10 

X magnification. The arrows (in red) indicating the LBs. (C) Box plot showing the 

comparison of percentage coverage of LBs distribution in both LBD and control 

patients. The percentage coverage of LBs inclusions that are ubiquitinated in control 

(n=6 cases), DLB (n=10 cases), PD (n=5 cases), PDD (4 cases), were not significant 

among all cases and regions (P>0.05), except in the insular cortex, where statistically 

significant differences were observed between LBD cases and control (**P<0.0098). 
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4.3.10 Ubiquitination of αSyn is not pervasive in the subcortical regions of LBD 
patients.  

The analysis was then extended to the subcortical structures of the encephalon such 

as BG, thalamus, amygdala and the white mater. Here, I expected to find similar 

changes as observed in phosphorylation. However, the immunoreactivity to anti-

ubiquitin-antibody was not statistically significant across these brain regions within the 

LBDs either when compared to control cases (Kruskal-Wallis test ANOVA followed by 

Dunn’s post hoc multiple comparison test P>0.05).  

 

Figure 4. 13: Ubiquitination of αSyn is not pervasive in the basal ganglia of LBD 
patients. (A) Representative images from Newcastle brain Map, showing brain 

regions GP=7, CN=5 and PTm=6 where the sections were taken for this study 
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according to their organization in TMA slides. (B) Images showing ubiquitinated LBs 

in from number of sections of GP, CN and PTm of post-mortem brain tissue of LBD, 

at 10 X magnification. The arrows (in red) indicating the LBs. (C) Box plot showing the 

comparison of percentage coverage of LBs/LNs distribution in control (n=7 cases), 

DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), was not statistically significant for 

LBDs cases when compared to control in GP (P>0.05).  

 

Figure 4. 14: Ubiquitination of αSyn is not pervasive in the amygdala and 
thalamus of LBD patients. (A) Representative images from Newcastle brain Map, 

showing brain regions Thl=12, Agd=9 and WM=2 where the sections were taken for 

this study according to their organization in TMA slides. (B) Images showing 

ubiquitinated LBs/LNs in from number of sections of Thl and Adg of post-mortem brain 

tissue of LBD, at 10 X magnification. The arrows (in red) indicating the LBs/LNs. (C) 
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Box plot showing the comparison of percentage coverage of LBs/LNs distribution in 

control (n=7 cases), DLB (n=5 cases), PD (n=6 cases), PDD (5 cases), was not 

statistically significant for LBDs cases when compared to control in Thl (P>0.05).  

4.3.11 αSyn nitration across brain regions of LBD patients 

I also assessed the extent of nitration in the same regions studied for phosphorylation 

and ubiquitination. However, Due to the lack of specificity of the nitration signals 

quantification of the results was difficult across all brain regions. In fact, nitration 

signals were similar in both control and the disease samples. Although I have 

attempted to determine the amount of LBs/LNs observed, the results for nitration were 

still unclear, as the antibody appeared to be over reactive even in the control cases 

(figures: 4.15; 4.16; 4.17). The figures bellow represents all the areas that were 

assessed, and it is clear that there was consistent pattern, and it is difficult to 

determine in any clear changes between disease groups and controls (Two-way 

ANOVA followed by Bonferroni Multiple Comparison post hoc test).  
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Figure 4. 15: Examples of Nitration images of LBD at 10X magnification showing 

unspecific signals due to the lack of specificity of the immunoreactivity. No significant 

changes were observed.  

 

Figure 4. 16: Bar chart showing the comparison of percentage coverage of Nitrated 

αSyn immunoreaction in cortical region (Top) and subcortical regions (Bottom)  
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4.3.12 Summary comparison of different PTMs across brain regions in control 
and LBD cases. 

The heat map shows the changes in different PTMs per region studied from images 

taken from human post-mortem brain samples of both control and LBD cases. 

 

Figure 4. 17: Heat maps representing the distribution of phosphorylated, 
ubiquitinated and nitrated αSyn. Here we can observe that the area with the more 

colour intensity, represents the most affected areas, and for both Phosphorylation and 

Ubiquitination, DLB cases are the most affected. Nitration signals show a mosaic 

pattern of colorations, with no clear specificity of the immunoreactivity (see the 

appendix 3). 
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4.4 Discussion 

Protein accumulation in the human brain is often associated with ageing. However, 

this age associated phenomena is yet to be elucidated, as the underlying pathogenic 

mechanisms have not been thoroughly studied (Mattson and Magnus, 2006, Mattson 

and Arumugam, 2018). LBDs are age related disorders that progress with pathologic 

aggregation of proteinaceous inclusions (LBs/LNs), mainly composed of aggregated 

toxic species αSyn, and they constitute the neuropathological basis for the 

classification of these diseases (Shults, 2006, Nemani et al., 2010, Spillantini et al., 

1998). Whilst it is unclear if the end-stage products of aggregation (LBs/LNs) are the 

most relevant toxic forms of αSyn, it is widely assumed that the process of aggregation 

is critical and perhaps its intermediates (prefibrils and/or fibrillary oligomers), formed 

during such a process, may indeed be more relevant in the disease pathogenesis 

(Periquet et al., 2007, Hansen, 1997, Desplats et al., 2012). It has been confirmed 

that, under pathological conditions, αSyn can form aggregates and trigger a series of 

pathogenic cascades pathognomonic of LBDs and other neurodegenerative 

proteinopathies (Obeso et al., 2010, Lin and Beal, 2006, Robson et al., 2018b). 

Although, the very presence of LBs/LNs in patients with LBDs indicates their link with 

the disease, their exact role in developing LBDs clinical symptoms is still to be 

elucidated, as the question that remains to be answered is to whether the pathogenic 

consequences of LBDs arise from the pre-aggregated forms of αSyn (i.e., before LBs/ 

LNs formation), or after. Because in some cases, patients with LBs/LNs, do not 

develop the clinical symptoms observed in LBDs (Outeiro et al., 2019, Dickson et al., 

2008, DelleDonne et al., 2008). 

Multiple lines of evidence have now indicated that pre-aggregated toxic species of 

αSyn, are responsible for the pathogenic cascades of LBDs, as they are known to 

cause mitochondrial dysfunction, oxidative stress, impairments in UPS, alteration in 

autophagy and triggers inflammatory response (Robson et al., 2018, Obeso et al., 

2010, Lin and Beal, 2006). The sequence of events that proceeds this toxicity and the 

formation and distribution of LBs/LNs may be associated with αSyn PTMs, such as, 

phosphorylation, nitration and ubiquitination, in fact, alterations in these αSyn PTMs 

has been proposed to be among the major pathogenic features of LBDs (Fujiwara et 

al., 2002, Wakabayashi et al., 2003, Lowe et al., 1990). Indeed, recent studies have 

reported that αSyn is subjected to monumental PTMs such as ubiquitination, Nitration 
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and phosphorylation. These changes are thought to modify the protein structure and 

function, thus impairing the protein capacity to recognise and degrade damaged 

proteins through proteasome and lysosomal routes. This ultimately leads to the 

aggregation of abnormal proteins and the formation of LBs/LNs, as the 

neuropathological basis of LBDs (Junqueira et al., 2018, Barrett and Timothy 

Greenamyre, 2015, Omenn et al., 2016). In this chapter, the observed regional 

distribution of these PTMs of αSyn, may inform on the temporal sequence of PTMs 

occurring across different stages of the disease. That is to say PTMs appearing early 

in initial site of the CNS pathology e.g., infracortical structures, limbic system, and the 

amygdala, may develop prior to further spread into the neocortex. Thus, highlighting 

those PTMs of αSyn as potentially inducing the formation of toxic species of αSyn, 

which consequently facilitate the formation of LBs/LNs. The typical distribution of 

PTMs in affected regions of LBDs, and the significant differences between the disease 

groups and control cases as observed across almost all brain regions studied in this 

chapter, elucidate their functional implication in the LBDs pathogenesis. Since, the 

antibodies used for this study have been demonstrated to have high sensitivity and 

specificity for PTMs within a specific aminoacid sequence of αSyn protein (Meng et 

al., 2020, Delic et al., 2018), It is important to highlight that in this chapter, I have only 

analysed the PTMs of αSyn within the LBs and LNs inclusions. The non-aggregated 

αSyn were not analysed in this study, because it was not part of our laboratoy standard 

threshold settings for LBs and LNs detection. The function of the physiological and 

pathological differences of the brain regions outlined in this chapter was previously 

mentioned (see chapter 3).  

4.4.1 αSyn phosphorylation in LBDs 

αSyn phosphorylation is the most common PTMs studied in LBDs. it is known to be a 

reversible enzymatic addition of a negatively charged phosphate group from ATP to 

the amino-acids serine, threonine or tyrosine residues of αSyn. This causes 

conformational changes in the protein with consequent activation/inactivation of the 

protein function, increasing its tendency to misfold and aggregate or recruit other 

proteins (Manning et al., 2002a, Manning et al., 2002b). This is in accord with the fact 

that, LB/LNs are known to contain dysmorphic organelles, cellular membranes as well 

as other proteins (Shahmoradian et al., 2018), thus, it is plausible that αSyn 

phosphorylation may trigger this recruiting cascade to form the inclusions. Indeed, the 
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widespread phosphorylation observed in the regions analysed in this chapter provides 

clues about their involvement in LBs formations. Studies have shown that four serine 

residues (PSer87 and Pser129) are the predominant phosphorylation sites, of which 

Pser129, is the most commonly studied. Indeed, αSyn phosphorylation is largely limited 

at ser129, although some evidence also supports a minor contribution of serine 87. 

Under physiologic condition, Pser129 is indeed very low; nevertheless, it is highly 

increased primarily at serine129 in LBs/LNs containing fractions (Paleologou et al., 

2010, Paleologou et al., 2008). Moreover, αSyn phosphorylation at ser87 was also 

found to be low in controls but increased in LBs/LNs. Furthermore, αSyn 

phosphorylation is also observed in the related granular cytoplasmic inclusion of MSA 

(Paleologou et al., 2010, Invernizzi et al., 2012). This is in agreement with the findings 

here presented that showed, phosphorylation of αSyn within the LBs was widespread 

in the corresponding region of LBDs. Interestingly, here, the levels of phosphorylated 

αSyn were pervasively increased in the amygdala, in comparisons with other regions 

studied here. This is also in accord  with studies that showed abnormal aggregation of 

αSyn in the amygdala as a primary pathogenic role in DLBs and is disease selective 

of the synucleinopathies, however, not restricted to them (Popescu et al., 2004). 

Because of this regional predominance in LBDs, it is suggested that the amygdala 

may indeed be prone to initiate the development of αSyn pathology (Sorrentino et al., 

2019). In fact, the amygdala is shown to contain a unique strain like variation of 

pathologic αSyn which is thought to be determinant of the disease progression 

(Sorrentino et al., 2019). Thus, the results presented here support the important 

involvement of this region in the development of the disease. 

Among the disease groups presented in this chapter, DLB and PDD seems to be the 

most affected with Pser129 within the LBDs. However, within the cortical regions, the 

MC is more affected in DLB. Whereas IC is the most phosphorylated region in PD and 

PDD, confirming the hypothesis of widespread phosphorylation in these disease 

groups. Despite the evidence of prominence of Pser129 in LBs/LNs, and the preferential 

phosphorylation of fibrillary αSyn at Ser129, several studies suggested that this 

phosphorylation may be a late event in LBs formation, as Pser129 phospho-mimetics 

reports slower/inhibited aggregation kinetics that wild type (WT) αSyn (Paleologou et 

al., 2010, Waxman and Giasson, 2011, Wales et al., 2013). Nevertheless, the 

evidence presented in this chapter suggests that, Phosphorylation of α-syn, 
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particularly at residue 129, may indeed be a key factor in LBs formation and LBD 

pathogenesis. This could be due to Pser129 interfering with the functions of degradation 

enzymes as well as utilizing such proteins as co-aggregates (McFarland et al., 2009). 

Thus, the observed spectrum of distribution of these PTMs across affected regions in 

in LBDs, provides clues about their temporal occurrence in the disease progression, 

as it informs about αSyn toxicity in LBs. Furthermore, αSyn phosphorylation is 

dependent on the action of the kinases and phosphatases (Arawaka et al., 2017, 

Pronin et al., 2000). The temporo-spacial balance of these enzymes is key, as the 

concentration of these enzymes within the cell, determine the size of its 

phosphorylated protein. Thus, modulating these enzymes could be a potential next 

generation target for therapeutic of LBDs. 

4.4.2  αSyn ubiquitination In LBDs 

The molecular mechanism associated with the clearance of αSyn aggregates, are also 

key to understand αSyn related toxicity. Ubiquitin and its related enzymes are found 

in LBs/LNs (Engelender, 2008), and multiple lines of evidences have reported the 

presence of monoubituitinated α-syn as a predominant species in LBs (Wakabayashi 

et al., 2000, Lowe et al., 1990, Hasegawa et al., 2002, Tofaris et al., 2003, Anderson 

et al., 2006b). It is known that αSyn ubiquitination can affect the protein degradation 

system, therefore influencing the protein localization, folding, concentration and 

aggregation (Tenreiro et al., 2014). Despite, some studies have suggested that αSyn 

ubiquitination is not required for LBs/LNs formation. More recent studies suggest that 

αSyn ubiquitination, in association with other PTMs could represent an unsuccessful 

attempt in folding or depredating misfolded proteins, through a process that may not 

require polyubiquitination (Lopes da Silva, 2013). Because, αSyn ubiquitination 

dependent degradation may not be a major physiologic  mechanism of αSyn, rather  

that this s process may only represent ubiquitination of toxic forms of αSyn (Zhang et 

al., 2019). Thus, the ubiquitination of αSyn may represent a disease specific pathway.  

Although, some studies suggested that αSyn ubiquitination is not a prerequisite for 

LBs formation in synucleinopathies (Sampathu et al., 2003), in the work presented 

here, the ubiquitinated LBs were significantly increased within the regions of LBDs 

compared to the control cases. Among the disease group, DLB and PD were the most 

affected. The GP and Ptm in the subcortical regions were also highly affected. 
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However, in cortical regions, DLB registered high affectations in the OC. Nevertheless, 

in PD and PDD, the MC was the most ubiquitinated region. The observed widespread 

ubiquitination is in agreement with number of studies that shown that Ubiquitin 

including the enzymes system of ubiquitin are found in LBs inclusions and are disease 

specific of the synucleionpathies (Walden and Muqit, 2017, Betarbet et al., 2005, Mund 

et al., 2018, Bedford et al., 2008). Although, ubiquitinated α-syn is often present in the 

LBs inclusions. The mechanisms that underlie the ubiquitin modulation of α-syn 

aggregation are still unknown. In addition, multiple enzymes are, however, found to 

be associated with this process. A study of isolated LBs from PD patients detected the 

presence of the seven in absentia homologue (SIAH), an E3 ubiquitin ligase enzyme, 

previously reported to interact with and ubiquitinate α-syn (Liani et al., 2004, 

Engelender, 2008, Lee et al., 2008). De facto, lysine 12, 21 and 23 residues, the 

common targets of α-syn monoubiquitination, are also ubiquitinated by SIAH 

(Anderson et al., 2006a). This suggests that SIAH is involved in pathogenesis of the 

synucleinopathies. However, this remains to be unveiled, because some studies have 

found that only a small fraction of α-syn is ubiquitinated in LBs (Hasegawa et al., 2002). 

This may explain the fact that the size of the LBs observed in the ubiquitinated images 

presented here, are relatively small, compared to what was observed with 

phosphorylated LBs. Nevertheless, the widespread Ubiquitination of αSyn observed 

in LBDs group, sheds light about their involvement in the disease pathogenesis. 

4.4.3  αSyn Nitration 

Nitration is also found to be process of PTMs in LBDs. αSyn nitration is an oxidative 

protein modification that usually occurs in tyrosine residues of αSyn. In LBDs, 

oxidative stress is evidenced by the increased of oxidised proteins, lipids and DNA as 

a direct indication of failure of the compensatory antioxidant mechanism. The primary 

source of these nitrating reactions is the NOS, which modifies the biochemical 

properties of the amino acid residues, subsequently leading to significant changes in 

the structure and functions of αSyn. In LBDs, αSyn nitration is thought to cause αSyn 

fibrillogenesis by affecting the protein solubility (Giasson et al., 2000). Indeed, high 

levels of nitrated αSyn contained in LBs was found to be linked with the oligomer 

formation, mitochondrial dysfunction and neuronal apoptosis (Liu et al., 2011, Giasson 

et al., 2000). 
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LBDs is an age related disorder that course with decline in mitochondrial function and 

the antioxidant defences (Spano et al., 2015). This increases the chances of the 

oxidative injury to occur, leading to αSyn nitration (Spano et al., 2015, Yin et al., 2014b, 

Yin et al., 2014a). The question that arises is to whether αSyn nitration is an important 

early PTMs or simply a by-product that occurs later in LBDs pathogenesis and further 

worsens the disease. This I was not able to address with the experiments presented 

in this chapter, as incongruously, the nitration results were not consistent, because 

the control and diseased groups were unclear and possibly lacked specificity in 

detection of true positivity. Although most antibodies (monoclonal/polyclonal) can 

specifically recognise aminoacid residues within αSyn residue, the antibody used 

here, seems to lack specificity as it detected large number of non-specific signals in 

both LBDs and control groups. It is possible that specific sites or epitopes of nitration 

were obscured within the extracellular deposits, or simply the experimental design was 

not the appropriate. 

4.4.4 The distribution of PTMs in LBDs 

While the presence of LBs/LNs in brain stem and cortical regions has been widely 

identified, their biological significance for the development of the clinical signs and 

symptoms in LBDs still needs elucidation. Although, studies have suggested that 

oligomeric and protofibrillar αSyn are cytotoxic and underlie the formation of LBs/LNs 

inclusions (Ahmed et al., 2020), αSyn PTMs are typically observed in LBDs, may be 

the structural substrate of a failed cellular self-preservation mechanism designed to 

confine and eliminate toxic proteins (Zhang et al., 2019). Like other proteinaceous 

deposit, the PTMs of αSyn may induce a host response to a complex but mostly 

unknown upstream pathogenic cascade and distribution underlying these 

proteinopathies (Stefanis, 2012, Pajarillo et al., 2019).  

Moreover, the existing Braak/Mckeith LBs staging used to classify the 

synucleinopathies is still incomplete, as it would benefit with the understanding of the 

underlying PTMs that progresses with LBs formation. In view of the findings discussed 

above, the PTMs distribution, may serve as a framework for current and future 

perspective of the clinico-pathologic studies, in trying to define the morphological 

substrates and the possible pathophysiologic correlates of LBDs. Although recent 

studies indicate that LBs/LNs are indeed progressive (Luk et al., 2012), I believe the 
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assessment of regional PTMs distribution patterns may help evaluated stage of their 

generation and toxicity. Furthermore, the topographic mapping of LBs/LNs as 

discussed in Braak/Mckeith scales, apparently have no relevance for cases with 

predominant dementia such as DLB and PDD (Braak et al., 1999, Braak and Del 

Tredici, 2017, Braak et al., 2003b, McKeith et al., 2017). Because it is unclear whether 

LBs/LNs inclusions are solidly relevant pathology in these diseases. Although their 

presence is pathognomonic of αSyn pathologic process, they are usually found in both 

symptomatic and asymptomatic patients with LBDs (van Duinen et al., 1999). Thus, 

LBs by itself may not represent reliable surrogate markers for LBDs, as they may be 

a late event in the disease. Conversely, LBDs may rather reflect one of several 

response patterns of the human brain due to dysregulated αSyn metabolism, 

influenced by PTMs, which would lead to synaptic and cellular dysfunction that would 

then translate into clinical symptoms even before the LBs aggregates are formed. 

Indeed, in previous chapter I demonstrated that a group of fast spiking interneurons 

(PV+cells) are reduced in DLB, and LBs are not present in this group of cells. This 

suggests that the direct impact of synaptic impairments that results from toxic forms 

of αSyn may result in neuronal cell death, and this in turns may translate into the 

clinical symptoms observed in LBDs.  

The role of phosphorylated αSyn as a potential biomarker has been addressed in 

several studies. The quantification of total αSyn in the cerebrospinal fluid (CSF) in 

patients with synucleinopathies related disorders has been proposed as a potential 

biomarker (Hong et al., 2010, Mollenhauer et al., 2008). In fact, plasma αSyn is thought 

to be sensitive specific potential diagnostic biomarker for LBDs (Wang et al., 2019). 

Although, Pser129 αSyn was detected in human plasma, the same study reported that 

Pser 129 αSyn was not detected in CSF in LBDs (Cariulo et al., 2019). Similarly, 

Flouds et al. have shown that the total αSyn in the blood  plasma of PD patients was 

similar to the findings in non-PD controls, in contrast, they found that  the levels of 

αSyn Pser129 was undoubtedly higher in PD patients, in comparison to non-PD 

controls (Foulds et al., 2013). The detection of phosphorylated αSyn in the peripheral 

nervous system was also reported. Skin biopsies performed in PD subjects, revealed 

aggregation of phosphorylated αSyn in large and small fibbers (Stewart et al., 2015, 

Wang et al., 2012, Doppler et al., 2014a). In addition, aggregation of phosphorylated 

αSyn was found in the gastrointestinal tract of PD individuals (Pouclet et al., 2012, 



 180 

Hilton et al., 2014). Furthermore, the total αSyn in the exosome has been suggested 

as a potential biomarker, as it is associated with the degree of severity of PD (Cerri et 

al., 2018). Thus, the studies presented in this chapter, adds to the existing literature 

by confirming a widespread phosphorylation of αSyn in LBs inclusions present in 

anatomically affected regions of individuals with LBDs. 

4.5 Conclusion 

αSyn posttranslational modifications are early events that trigger the pathogenic 

cascade of LBDs, by possibly altering the physiological function of αSyn and their 

distribution, which in turn affect the normal function of neuronal cells. These changes 

may facilitate the formation of toxic forms of the protein that will then cause neuronal 

cell death of important group of neurons such as those that play key roles in the 

generation of the fast neuronal network oscillations. Moreover, different PTMs may 

occur at different stages of the disease’s progression. Their distributions across 

different brain regions may provide a clue about their temporal occurrence. Thus, the 

assessment of disease associated PTMs of αSyn is key to aid the comprehension and 

discernment of potential reasons for the pathological aggregation and the observed 

preference of distribution patterns seen in LBD, in comparison with other 

synucleinopathies. Although, the precise mechanisms that trigger αSyn aggregation 

are still unclear. Assuming that, alpha synuclein PTMs play an important role in the 

disease’s pathogenesis, the studies presented in this chapter unveils the impact of 

phosphorylation and Ubiquitination in LBDs. Moreover, the assessment of the patterns 

of these PMTs in LBDs and most importantly how these PTMs are related to the 

disease progression may validate them as biomarkers for LBDs. In general, there is 

no correlation between the density of LBs and neuronal loss, which together with 

associated synaptic dysfunction could represent a more suitable surrogate indicator 

of the pathogenesis, caused by dysregulated αSyn metabolism that results in the 

formation of fibrillar and non-fibrillar forms or PTMs of the protein. At a more basic 

level, we need a better understanding of the pathologic significance of αSyn PTMs in 

LBs and its relations to neuronal loss most suitably in a prospective clinical 

pathological setting for better therapeutic strategy and intervention.  

 



 181 

Chapter 5: Relationship between alpha synuclein Posttranslational 
modifications and parvalbumin cell loss  
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5.1 Introduction 

The study of the physiologic and pathologic functions of aSyn continues to attract the 

attention of many researchers, as the exact mechanism by which aSyn aggregates to 

form the proteinaceous inclusion is still to be unveiled. In previous chapter, I proposed 

that, the protein’s tendency to form aggregations, may be influenced by  several post-

translational modifications (PTMs), in a process that ends up destroying the native 

state of the protein, precipitating the protein to become toxic to the nerve cell as 

mentioned in the studies referenced here (Villar-Pique et al., 2016, Fujiwara et al., 

2002, Hodara et al., 2004, Paleologou et al., 2008). These PTMs occur when an amino 

acid residue of the protein is modified by covalent bonds, leading to changes in protein 

properties, in conformity with the developmental or physiological requirements (Beck-

Sickinger and Mörl, 2006, Prabakaran et al., 2012). Thus, PTMs such as 

phosphorylation, nitration and ubiquitination may be at the root of the toxic properties 

of aSyn that ultimately causes neuronal dysfunction and death (Chen and Feany, 

2005, Oueslati et al., 2010). To date, the PTMs have been studied separately and 

mostly in PD cases (Oueslati et al., 2010, Paleologou et al., 2010). However, very little 

is known about their involvement in DLB. Here I compared and assessed the co-

localization of the PTMs to address the question whether these changes interact with 

each other to increase aSyn toxicity, leading to synaptic dysfunction and neuronal cell 

death.  

In addition, this chapter also presents the comparison of the different brain regions 

affected by phosphorylation and ubiquitination, in relation to the PV+ cell loss. This is 

important, as it may help to understand the degree of involvement of these PTMs in 

DLB when comparing to controls, including the affected stages of the diseases in 

relation to the PV+ interneuron loss. It may also help to create a clear topographic 

distribution of the PTMs. As previously hypothesised, although, LBs/LNs are 

pathognomonic of the synucleinopathies in general, these inclusions may probably be 

a late event in LBDs pathogenesis, as the presence of clinical symptoms may not be 

a direct consequence of LBs/LNs inclusions. In fact, aSyn may already be toxic to the 

neurons prior to inclusion formation, specifically, those neurons that have key roles in 

the neuronal network such as interneurons. Thus, the analysis presented in this 

chapter may shed light on the degree of involvement the PTMs in causing neuronal 

cell death in DLB and the synucleinopathies in general.  
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5.2 Methods 

Since the results presented here are a continuation of the previous chapters, to assess 

how the methods were performed for the histochemical analysis for PD, PDD and DLB 

please see chapter 3 and 4. To avoid repetitions, here I have only the described the 

methods for the colocalization analysis for DLB alone which I performed 

independently, as these studies differ from the analysis performed in LBDs.  

5.2.1  Immunohistochemistry statistical analysis 

Although, in the chapter 3 and 4 I analysed the presence and interactions between the 

PTMs and PV+ cell loss. Here I analysed the correlations between the variables. 

Pearson’s correlation test and Two-way MANOVA were used to test for presence of 

an interaction between PTMs and PV (I assessed whether they co-vary across brain 

regions and disease groups) with p-values and F-ratios obtained from Pilai’s trace 

adjustment. All data were statistically analysed using Stata (StataCorp LLC). The data 

were reported with F-value, degree of freedom and p value, which was reported as 

significant, *p<0.05, **p<0.01 and ***p<0.001. Sample sizes are shown in the 

respective figure legends.  

5.2.2 Immunofluorescence double-labelling  

Post-mortem brain tissues from 16 neuropathological and clinically assessed non-

diseased (control) and 19 clinically diagnosed DLB cases, were obtained from 

Newcastle brain tissue resource (NBTR) centre. For the Immunofluorescence 

experiments, I used samples from the Cingulate and Temporal cortex of Controls and 

DLB cases. In total 64 samples from DLB with Braak stage 5-6 and 58 control samples 

without LBs were used. They were immunostained for the presence of nitrated, 

ubiquitinated, phosphorylated and total αSyn protein. This was done using 

immunofluorescence double labelling techniques. Samples were warmed in LEEC 

oven for 60 minutes, and then dewaxed in xylene1-2, to be then rehydrated in alcohol 

gradient 99%-70%. Then sections underwent pressure cooker antigen retrieval with 

EDTA for approximately 10 minutes, after that, the slices were incubated in 10% 

Normal goat serum in TBS for 1h, prior the addition of the primary antibodies (see 

Table 6.1). Sections were then incubated overnight at 4°C. Next, the samples were 

washed with TBS and the secondary antibodies, Goat anti-mouse 488 and Goat anti-

rabbit 594 (Table 6.1), were added and incubated for 1h. Slides were then washed 
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again with TBS, H2O and dipped in ethanol 70% and 1% Sudan black for 10 minutes, 

then dipped again ethanol 70% and washed in water, and mounted with DAPI. For the 

negative controls, the primary antibodies were omitted but all other steps were 

followed as it is described. 

5.2.3 Data capture for colocalization, and statistical analysis  

The images were taken using an automated system consisting of Nikon Eclipse 90i 

microscope, DsFi1 camera and NIS element software v 3.0. For these experiments, I 

examined only freshly stained samples. Once the slides were placed in the microscope 

and the correct position found, images were captured at different magnification. For 

statistical analysis, I selected 20x and 40x magnifications. For immunofluorescence, 

exposure time for each fluorophore was kept constant between slides to allow for 

comparison. Sample sizes are shown in the respective figure legends. For 

colocalization analysis, ImageJ software with JACoP plugin was used for 

quantification. Captured images were split into RGB colour channels and intensity 

selected via individual constant RGB thresholds for each channel was kept constant 

for the same experiment and magnification settings. Co-localisation was subsequently 

measured, using Pearson’s, Mander’s and overlapping coefficients, which are widely 

used to quantify the degree of colocalization between the fluorophores. In brief note, 

for the colocalization test (Pearson, Manders and overlap coefficients) in this 

immunofluorescence analysis, was used to confirm if the emission by the 2 

fluorophores (red and green channel) occupies the same pixel of the same image. In 

this case I applied Pearson’s coefficient which determines the correlation between the 

red and the green channel. Its values range between -1 and +1, where values equal 

to 1  would show a positive linear correlation, -1 negative linear correlation and 0 no 

correlation at all (Adler and Parmryd, 2010). Mender’s coefficient determines the 

positional relation between the 2 biological objects or processes that are being 

analysed. In another words, it indicates an actual overlap of the signals, it represents 

the true degree of co-localization, its values goes from 0-1.0; where M1 and M2 of 1.0 

and 0.3 for red and green channels suggests that red pixels co-localize with green but 

only 30% of green pixels co-localizes with red (MANDERS et al., 1993). Manders A is 

performed before threshold and Manders B after a threshold is applied. Finally, I 

performed the overlap coefficients K1 and K2, which splits the value of the co-

localization into 2 parameters. This test allows to determine the contribution of each 
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antigen to the areas with co-localization. Nevertheless, Its value varies (Adler and 

Parmryd, 2010). K1 is performed before threshold and K2 after a threshold is applied. 

The graph was generated using Microsoft excel and Graph Pad Prism. 

 

Table 5. 1 List of the antibodies used for immunofluorescence studies 

Antibody Supplier  Dilution 

Anti-nitration AB Thermofisher  1:200/1:50 

Anti-Ubiquitin Abcam 1:500 

Total aSyn AB Abcam 1:500 

aSyn PSer129 Abcam 1:200 

Goat anti-mouse 488 Abcam 1:500 

Goat anti-rabbit Abcam 1:500 
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5.3 Results 

5.3.1 Correlations between ubiquitinated, phosphorylated αSyn and PV+ 
interneurons in DLB. 

Different from previous chapter where I analysed the correlations between PTMs and 

PV+ interneurons in different brain regions per disease groups separately. Because 

PV+ data is only available for DLB and control cases, I first compared whether PV+ 

interneurons, phosphorylation and Ubiquitination shows covariance in DLB and control 

cases across different brain regions. First, I performed Pearson correlation test, to 

analyse the presence of correlation between dependent variables PV+ cells, Pser129 

and ubiquitination. I observed negative correlation between the 3 variables in study 

(PV+ cells, Pser129 and ubiquitination). This implies that when Pser129 was highly 

expressed, PV+ cells were lower and vice-versa. However, the correlation was not 

significant (all p-values >0.05), as shown in the correlation matrix bellow (Table 5.2). 

Table 5.2, Correlation matrix of PTMs and PV+ cell loss. 

 

Note: Total number of observations, N (Sample size) = 201; Top value within each cell 
represents the correlation coefficient (-0.0859) and the value below is the p-value 
(0.2251)  

 

Considering the results presented above, I proceeded to test for statistical differences 

between PV+ cells, Pser129 and ubiquitination simultaneously. Thus, I used two-way 

MANOVA test, to test for the disease status and brain regions (i.e the substructures) 

              
                 0.2480   0.5952
Ubiquitina~n    -0.0819  -0.0369   1.0000 
              
                 0.2251
     Pser129    -0.0859   1.0000 
              
              
          PV     1.0000 
                                         
                     PV  Pser129 Ubiqui~n
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and the interaction effects of brain region and disease status. The interaction effect 

determines whether the effect of disease status is consistent across the different brain 

regions. The results I present in the table below, shows the results test for main effects 

and interaction effects for DLB. The overall model was significant, (MANOVA F 

(29,171) =2.72, p<0.0001). The results show a statistically significant interaction 

between disease status and brain region, (MANOVA F (14,171) =1.53, P-

value=0.0197). This implies that the effect of the disease status on the dependent 

variables is not the same in the different regions of the brain. I further observed that 

PV, PSER and ubiquitination covary across the different brain regions (MANOVA F 

(14,171) =2.08, P<0.0001) and are differentially expressed between control and DLB 

(MANOVA, F (1,171) =55.92, P=0.0001) (Table 5.3). 

Table 5.3 Interaction between the disease status and brain regions 
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I then proceeded to analyse the correlation between phosphorylation and 

ubiquitination in PD, PDD and control and across different brain regions. Similar to 

DLB, here I first performed Pearson correlation test, to analyse the presence of 

correlation between dependent variables, in this case Pser129 and ubiquitination. Here 

I observed a positive correlation between the 2 variables in study, i.e., Pser129 and 

ubiquitination (corr=0.1141, p-value=0.0196). This implies that when Pser129 were high 

whenever ubiquitination was high, as shown in the correlation matrix bellow (Table 

5.4). 

Table 5.4, Correlation matrix of phosphorylation and ubiquitination. 

 

Note: Total number of observations, N (Sample size) = 418; Top value within each cell 
represents the correlation coefficient (0.1141) and the value below is the p-value 
(0.1141); * shows significance at the 5% level. 

 

Considering the results presented above, I proceeded to test for statistical differences 

between Pser129 and ubiquitination simultaneously, using Two-way MANOVA with 

interaction, to test simultaneously for statistical differences between Pser129 and 

Ubiquitination. I tested for main effects of disease status and brain region and 

interaction effects of brain region and disease status. The results for main effects and 

interaction effects for disease status (PD, PDD and Ctrl) and brain regions 

(substructures), shows that the overall model was significant, (MANOVA, F (44,373) 

=2.32, p<0.0001). The results show that interaction between disease status and brain 

region was not statistically significant (MANOVA, F (28,373) =1.13, P-value=0.2458). 

This implies that the effect of the disease status on the dependent variables was 

              
                 0.0196
Ubiquitina~n     0.1141*  1.0000 
              
              
     Pser129     1.0000 
                                
                Pser129 Ubiqui~n



 189 

similar in the different regions of the brain. I further observed that Pser129 and 

ubiquitination covary across the different brain regions (MANOVA, F (14,373) =2.28, 

P=0.0002) and are differentially expressed between control and PD and PDD 

(MANOVA, F (2,373) =23.11, P<0.0001) (Table 5.5). 

Table 5.5 Interaction between the disease status and brain regions 

 

 

5.3.2 Colocalization of different PTMs in Dementia with Lewy bodies. 

5.3.2.1 Colocalization of Nitrated and phosphorylated aSyn in CC and TC of 
DLB patients. 

Given the observed changes in αSyn phosphorylated at serine129, so far described. I 

further performed colocalization analysis between the PTMs in the CC, from the 

immunofluorescent studies. This region was the focus because it is one of the most 

phosphorylated regions observed previously in DLB (see chapter 4). Moreover, the 

CC is within the limbic circuit loop, thus if there is a pathology in the amygdala, this 
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region is likely to be affected as well, I also assessed sections from the TC. The 

immunoreactivity of unmodified aSyn that contained detectable levels of nitrated 

protein was assessed immunofluorescence double labelling against phosphorylated 

aSyn. Here, I first used the same primary antibody concentration for anti-nitration 

antibody (1:200, figure 3). However, obtained result were not as clear as when we 

repeated the experiment at a higher concentration of the antibody (1:50), which was 

the final concentration for nitration antibody used for the rest of the experiments. The 

co-localization between nitrated and phosphorylated LBs/LNs was statistically 

significant in both Mander’s and Pearson’s test (*P<0.05,). However, this was not the 

case in all LBs, as some LBs that are phosphorylated, did not co-localise with the 

nitrated LBs. Furthermore, the degree of overlap for these two PTMs was not 

statistically significant when compared to controls (figure 5.3). It is important to 

highlight that in these experiments I assessed the colocalization of the two PTMs 

within the LBs, rather than regional or disease comparisons as it was performed in the 

histological studies. The co-localization coefficients and the sample size used for each 

these analyses are represented in the graphs and described in the figure legends as 

well.  
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Figure 5. 3: colocalization of nitrated and phosphorylated aSyn in DLB. (A) 
Representative images from Newcastle brain Map, showing the CC and TC where the 

slices were taken for the study (B) Images showing nitrated (green) and 

phosphorylated (red) and merged (orange) LBs in the CC of DLB cases, at 20 X 

magnification. The arrows (in black) indicating the LBs. (C) Bar chart (left) and 

corresponding scatter plot (right), showing the degree of colocalization under different 

colocalization tests (Pearson, Manders and the overlap coefficient) in control (n=10 

cases) and DLB (n=10 cases). 

 

5.3.2.2 Colocalization of Nitrated, ubiquitinated and Total αSyn in CC and TC 
of DLB patients 

Further analysis was performed to corroborate whether the changes observed with 

phosphorylation would also be seen with the ubiquitination. Interestingly, the degree 

of colocalization between Ubiquitination and nitrated antibodies where not statistically 

significant in all three tests used (P>0.05,) (figure 5.4). Since the observed 

immunoreaction to anti ubiquitin antibody overlapping with the nitration antibody, was 

not statistically significant, I decided to correlate the nitration signal with another pan 

antibody that detects total cytosolic aSyn. Similarly, no significant differences were 

observed between the correlation of nitrated aSyn and total aSyn (P>0.05,) (figure 

5.4). 
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Figure 5. 4: Colocalization of nitrated and ubiquitinated aSyn in DLB. (A) 
Representative images from Newcastle brain Map, showing the CC and TC where the 

slices were taken for the study (B) Images showing nitrated (green) and Ubiquitinated 

(red) and merged (orange) LBs from number of sections of CC of post-mortem brain 

tissue of DLB cases, at 20 X magnification. The arrows (in black) indicating the LBs. 

(C) Bar chart (left) and corresponding scatter plot (right), showing the degree of 

colocalization, using different colocalization tests (Pearson, Manders and the overlap 

coefficient) in control (n=10 cases) and DLB (n=10 cases). 
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Figure 5. 5: Colocalization of nitrated and total aSyn in DLB. (A) Representative 

images from Newcastle brain Map, showing the CC and TC where the slices were 

taken for the study (B) Images showing nitrated (green) and Ubiquitinated (red) and 

merged (orange) LBs from number of sections of CC of post-mortem brain tissue of 

DLB cases, at 20 X magnification. The arrows (in black) indicating the LBs. (C) Bar 

chart (left) and corresponding scatter plot (right), showing the degree of colocalization, 

using different colocalization tests (Pearson, Manders and the overlap coefficient) in 

control (n=10 cases) and DLB (n=10 cases) 
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5.4 Discussion 

5.4.1 Relationship between αSyn PTMs in LBDs  

In this chapter, I have shown the correlations between ubiquitinated and 

phosphorylated αSyn in cortical and subcortical regions of LBDs cases. Since, in 

chapter 4 I have demonstrated that αSyn in LBs/LNs are widely phosphorylated and 

ubiquitinated in LBDs. Here, I tested correlations and colocalizations of the 

neuroanatomical distribution of the PTMs in LBDs, to corroborate their temporal 

occurrence to induce the formation of toxic forms of αSyn that leads to aggregations. 

Although, most research on αSyn PTMs is carried are studied individually (Zhang et 

al., 2019), phosphorylated αSyn have previously been shown to be targeted for 

ubiquitination in the synucleinopathies (Hasegawa et al., 2002). The results presented 

in this chapter supports this by showing positive correlation between phosphorylation 

and ubiquitination across brain regions affected with LBDs. To my knowledge, this is 

the first study that makes these comparisons of both PTMs in LBs/LNs involving 

different but neuroanatomically related brain structures reported to be affected in 

LBDs. Most studies that have analysed regional distribution of αSyn pathology used 

the conventional methods such as immunohistochemistry and haematoxylin eosin 

staining to detect αSyn aggregates in form of LBs/LNs inclusions (Del Tredici et al., 

2002, Braak et al., 1999, Sandmann-Keil and Braak, 2005). Similar techniques were 

applied here, but using TMA slides (see chapter 3, 4 and 5). Here, the differences 

between the control and the disease status were highly significant. However, no 

significant differences were observed between the distinct regions within the disease 

and control groups. This lack of difference in the affected regions of DLB suggests that 

an association between phosphorylation and ubiquitination is occurring, as the impact 

within the region is quite similar for LBs detected in each region.  

The analysis presented for this data is by no means exhaustive. As there are many 

more parameters to explore. For instance, it would be ideal to analyse how these 

associations affects each brain region per disease status. However, this would require 

a more complex and sophisticated analysis. I would argue that one way to do this, 

could be by analysing the interaction between the brain regions using some form of  

two-way ANOVA (which I tried before, I believe to be not adequate for the main 

question I am addressing in this thesis) or other forms of multiple regression analyses. 
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due to the time limitations, the complexity and extensiveness of my data, it was not 

possible to perform all the analysis I desired to do in this chapter, to answer all the 

possible questions, which is a limitation for this thesis. The analysis presented here 

are restricted to simply address the main questions of the thesis. Notwithstanding, I 

am still working on other analysis, which in the article for publication. Thus, for the 

purpose of the thesis, I have only shown this data.  

5.4.2 Colocalization of Nitrated and phosphorylated αSyn in CC and TC of DLB 
patients. 

Given the above described changes in PTMs and their degree of co-localization with 

Nitration, here Instead of examining all the regions, I focused on the CC and TC, as 

these regions are shown to be one of the cortical regions with high physiological levels 

of αSyn, in addition largely affected with Lewy body pathology (Erskine et al., 2018). 

In agreement with this, the results presented in this thesis shows that TC and CC is 

one of the regions where both phosphorylation and ubiquitination was observed in 

DLB (see chapter 5). The few sections from TC were used to corroborate the results 

obtained with CC; this was not the case with other brain regions, as there were not 

enough resources to acquire other samples from other brain regions, hence I have not 

included them in this study. To my knowledge, this is the first attempt to study the co-

localisation of the three forms of PTMs of αSyn in DLB. 

In the neocortex, MC and CC are the most affected regions for both ubiquitinated and 

phosphorylated αSyn, whereas within the subcortical regions the amygdala resulted 

to be the region with the highest affected for both ubiquitination and phosphorylation. 

Similar results were also found in PD and PDD cases. This is in accordance with a 

study that shows abnormal αSyn aggregation in MC CC and the amygdala of DLB 

patients (Popescu et al., 2004, Braak et al., 1999, Sandmann-Keil and Braak, 2005, 

Braak et al., 2004, Braak et al., 2003b). Saito et al., demonstrated that αSyn toxicity 

begins  in the medulla oblongata or the amygdala specially when associated with AD 

to then extend to the cortical regions (Saito et al., 2003) In fact, amygdala involvement 

is thought to be selective in DLB. However, it is not restricted to this disease alone, as 

it is also found in DLB variant of AD (Popescu et al., 2004). Thus, the results presented 

here, suggests that αSyn immunoreactive inclusions that are phosphorylated and 

ubiquitinated have also predilection for specific cortical and subcortical regions (Braak 
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et al., 1999, Sandmann-Keil and Braak, 2005, Saito et al., 2003). Moreover, the strong 

relationship between ubiquitination and phosphorylation in LBs, implies that there is a 

possible interaction interrelation between phosphorylation and ubiquitination, leading 

to αSyn toxicity and aggregation. With this in mind, I may speculate that the PTMs of 

αSyn has strikingly higher expression in brain regions that are prone to Lewy 

pathology. Hence, the vulnerability of the Lewy body pathology may be the product of 

the neuro anatomical connections between these regions in associations with their 

regional autonomous factors.  

 

The immunoreactivity of unmodified αSyn that contained detectable levels of nitrated 

protein was assessed immunofluorescence double labelling for phosphorylated, 

ubiquitinated and Total αSyn. I showed that the degree of co-localization between 

nitrated and phosphorylated LBs/LNs were significant. However, this was not the case 

in all LBs, as some LBs that are phosphorylated, do not co-localise with the nitrated 

LBs. Furthermore, overlap for these PTMs was not de same in the controls and 

patients. In agreement with the results presented here, a similar study using 

immunofluorescence double labelling antibodies against Pser129 and nitrated αSyn 

have shown colocalization between these two forms of αSyn PTMs within the soma of 

DA neurons of a primate, as a result of a normal ageing. This co-immunoreaction was 

not observed in younger primates (McCormack et al., 2012).  

Although, the reasons for the marked co immunoreaction between phosphorylation 

and nitration remains elusive, the results shown here does suggests that they may 

contribute in the αSyn toxicity, as almost no immunoreactivity was observed in control 

cases. On the other hand, the degree of co-localization between nitration and 

ubiquitination was not significant. Although, some degree of co-immunoreactivity can 

be found in some cases for these PTMs, the majority of the immunoreactivity were not 

co-localised with nitration. Since the observed immunoreaction to anti ubiquitin 

antibody overlapping with the nitration antibody, was not statistically significant, I 

decided to correlate the nitration signal with another pan antibody that detects total 

αSyn in the cytosol. Similarly, no significant differences were observed between the 

correlation of nitrated and total αSyn. One reason for the lack of significance may be 
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because they are pan antibodies as they are widely present even in normal cells, so 

they could be immunoreactive even to physiological αSyn and ubiquitin.  

PTMs are known to compromise the biological activity of the proteins, with the potential 

to form toxic species of these proteins. For instance, αSyn phosphorylation is thought 

to bind with membrane phospholipids and other proteins, and αSyn nitration is thought 

to induce adaptive immune response and causing microglia activation (Paleologou et 

al., 2008, Pronin et al., 2000, Benner et al., 2008). Thus, the co-localization of these 

PTMs may likely be of pathological relevance in age related disorders such as DLB. 

Although, in this study, I cannot establish whether the co-localization of the PTMs have 

a direct causative role in the development of DLB. The widespread phosphorylation 

and the observed co-localization with nitration, together with other changes such as 

αSyn mutation, indicate that they are relevant in the disease pathogenesis. 

Furthermore, it was shown that phosphorylated and nitrated αSyn are less susceptible 

to be degraded by CMA, compared to the unmodified αSyn (Martinez-Vicente et al., 

2008). Hence, the PTMs changes observed here may contribute to the αSyn 

accumulation.   

In the histochemical studies (chapter 4) nitration experiment did not show signals that 

were indicative exclusively for LBs/LNs, as the antibody did not seem to be specific. 

However, this was not the case with the immunofluorescence, for the reasons that 

remains to be elucidated. After different adjustment in the antibody concentration, for 

the immunofluorescence studies, the results were somehow positive and 

immunopositive signals for LBs could be observed. Therefore, I decided to carry on 

with the investigations onto how they would correlate with the other PTMs. Another 

limitation for this study were that Nitration antibodies were uniquely made in mouse so 

the second antibodies that work with mouse were (Igg 488) which colour for green. 

The other antibodies would not work for this second antibody as they were made in 

different species. Thus, I had difficulties to find the right manufacturer that could 

provide Pser129 and ubiquitinated antibodies that would work with this secondary 

antibody. 

5.4.3 Parvalbumin cells and posttranslational modifications of αSyn. 

The results obtained with αSyn PTMs and their colocalizations, prompted me to 

analyse them, to see whether they correlate with the observed changes in of PV+ cells 
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as observed in chapter 4. Multiple lines of evidence have been emerging, providing 

evidence of the involvement of PV+ interneurons to be a key for the development of 

dementia (Kann et al., 2014b, Raz et al., 2016, Verret et al., 2012, Fernández-Suárez 

et al., 2012, Uehara et al., 2015). Therefore, I believe that the biological relevance of 

PV+ interneuron should be analysed according to their relationship with αSyn toxicity. 

In fact, the co-localisation of αSyn with PV expressing fast spiking interneurons was 

found to be linked with the decrease of this group of neuronal populations in DLB 

(Bernstein et al., 2011b). In chapter 4, I reported that PV+ interneurons were 

significantly reduced in certain brain regions of DLB patients. The observed reduction 

in PV+ cells, led me to question whether the observed reduction were/were not 

associated with the so far observed phosphorylation and ubiquitination of αSyn (see 

chapter 5). Here I show that the degree of correlations between PV+ cells and αSyn 

ubiquitination in cortical and subcortical regions of DLB cases is statistically significant 

between disease and control groups. Interestingly, these differences were highly 

significant when compared between regions affected. Highly significant differences 

were observed when compare the subcortical regions, and PFC with the amygdala 

being the most affected region. Similar results were observed when I extended the 

analysis to compare the phosphorylation effects in PV+ cells in cortical regions of DLB 

patients. Significant differences were also observed between the different regions 

analysed, with higher increase of phosphorylation and reduction of PV+ cells in the 

PFC and the amygdala.  

Synucleinopathies and other types of dementias are associated with neuronal loss 

across the cortical cortices and subcortical structures (Raz et al., 2016). In DLB, αSyn 

interacts to pathological stimuli by forming aggregates (LBs and LNs) of the cell 

constituents within the soma and axons that consequently leads to the death of the 

nerve cell (Hijaz and Volpicelli-Daley, 2020, Outeiro et al., 2019, Wales et al., 2013). 

Since, neurons are interdependent cells, the damage to one nerve cell leads to the 

death of the others, and thus the subsequent tissue atrophy (Castelli et al., 2019). The 

loss of these interneuron populations implies loss of neuronal connection across 

functional brain networks between cortical and subcortical structures. Thus, impairing 

the neuronal network oscillations such as, gamma oscillations that is thought to 

underlie important brain functions such as movement and cognition (Uehara et al., 

2015, Robson et al., 2018b). Thus, the results presented here, provide an insight on 
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how the pathological burden of PTMs in αSyn affects this group of interneurons. 

Moreover, the loss/malfunction of PV cells is thought to affect negatively the function 

of the neuronal networks (Bernstein et al., 2011b). Therefore, this comparison of PTMs 

and the loss PV+ interneurons is worthy of note, given the importance of these cells 

in forming the neuronal networks and their involvement in the generation of gamma 

frequency oscillations which are essential for cognitive and motor functions (Bernstein 

et al., 2011b, Bonanni et al., 2008, Whittington and Traub, 2003) 

 

5.5 Conclusion 

In this chapter, I carried out a comparison analysis ubiquitinated and phosphorylated 

αSyn in LBs/LNs across different brain areas affected in DLB, according to the stages 

of the disease progression. I also analysed de degree of co-immunoreaction between 

phosphorylation, ubiquitination, nitration and total αSyn. Since αSyn PTMs are 

individually detected in regions that are affected with Lewy bodies pathology, I 

hypothesised that the degree of correlation between these PTMs would be increased 

in these regions of post-mortem brain tissue of LBD patients. Indeed, these 

correlations were evident in disease groups, with statistically significant differences 

when compared to control. The PFC, CC and the amygdala are the most affected 

regions observed in this study. Due to their presence and interrelation of these PTMs, 

regarding to the disease development. I can speculate that they may have contribute 

in the αSyn toxicity to develop the pathogenic cascade observed in LBDs. Thus, 

targeting these PTMs, may be used to develop novel therapeutic approaches for 

LBDs. Moreover, the observed association may not be exclusive to the PTMs studied 

in this chapter. I believe this may be a phenomenon that also occur with other 

posttranslational modifications that are known to occur in αSyn. Which will need further 

studies to corroborate. 
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Chapter 6: General Discussion 
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In this thesis, I have addressed the questions related to the distribution of PTMs in 

different areas of the brain in relation to LBD progression, their links with the 

reduction/dysfunction of PV+ interneurons and the subsequent impairment of gamma 

network oscillations in LBDs. I have chosen to focus my research on these topics, 

because they are implicated in the pathogenesis of age-related diseases aligned with 

the LBDs (Pajarillo et al., 2019, Beyer, 2006, Craig and McBain, 2015, Mably and 

Colgin, 2018, Robson et al., 2018b). Although, the exact role of PTMs, PV+ 

interneurons dysfunction and the impairments of fast neuronal network oscillations, 

has not been thoroughly investigated, the findings presented in this thesis shed light 

on these questions, as it unveils how PTMs and PV+ interneuron loss may be the 

basis of the pathogenic cascade that causes these synucleinopathies. The results 

presented in this thesis are summarised as follows: 

• The mouse model (A30P) of synucleinopathy presents with mitochondrial 

dysfunction and exhibits greater impairment of fast neuronal network 

oscillations by showing reduction in the area power of gamma frequency band.  

 

• Treatments aimed to restore the impairment of the oscillations such as, sodium 

pyruvate and Memantine, showed moderate positive effects in improving 

gamma frequency oscillations impaired in A30P mice. 

 

• Significant reductions in the numbers of PV+ interneurons were evident in 

regions such as the MC, EC, IC, CN, GP and the amygdala. Although, the 

density of PV+ interneurons remained relatively unchanged in other areas of 

the brain, such as PFC, MFC, PC, TC, OC, CC, PTm and Thalamus. Moreover, 

the density of and PNN was not significantly changed in PFC of the A30P mice. 

 

• αSyn PTMs such as ubiquitination and phosphorylation were detected in almost 

all regions of LBD patients, and phosphorylation of αSyn was widely present in 

LBs/LNs inclusions in almost all regions of LBD patients.  

 

• Among the disease groups, DLB and PDD were the most affected by 

phosphorylation and within cortical regions, the CC was the most affected area 
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in DLB and the IC in PDD. In the subcortical regions, the amygdala was the 

region with the highest immunoreactivity in all LBDs.  

 

• αSyn Ubiquitination showed higher immunoreactivity in the OC in DLB and in 

PD, and in PDD the MC was the most ubiquitinated region. However, In 

subcortical regions, GP is the region with the highest immunoreactivity in both 

DLB and PD. with higher immunoreactivity circumscribed in DLB.  

 

• Positive correlations between phosphorylation and ubiquitination were 

observed across brain regions affected with LBDs.  

 

• In the neocortex, MC and CC are the most affected regions for both 

ubiquitinated and phosphorylated αSyn, whereas within the subcortical regions, 

the amygdala was found to be the region with the highest rates of both 

ubiquitination and phosphorylation. Similar results were also found in PD and 

PDD cases.  

 

• Negative correlations between PV+ cells and αSyn ubiquitination and 

phosphorylation were also present in cortical and subcortical regions of DLB 

cases. Highly significant interrrelation were observed in the PFC and the 

amygdala.  

 

• The widespread phosphorylation and the observed co-localization with 

nitration, together with other changes such as αSyn mutation, indicate that they 

are relevant in the disease pathogenesis.  

6.1 αSyn PTMs in LBDs 

LBDs share the common pathological features of protein aggregation which forms 

LBs/LNs  (Kosaka, 2014, McKeith et al., 1996, McKeith et al., 2004, Gurd et al., 2000, 

McKeith et al., 2017), where aSyn protein has been recognised as their main 

constituent (Baba et al., 1998, Kosaka et al., 1984, Kosaka, 2014, Dickson, 1999). 

Although, the role of aSyn in LBD pathogenesis has been a major area of focus since  

the discovery of point mutations in the aSyn gene of familial forms of PD (Nemani et 
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al., 2010, Polymeropoulos et al., 1997) and its rapid confirmation as the major 

component of LBs in 1997 (Spillantini et al., 1998, Spillantini et al., 1997) it is still 

unclear whether the disease, starts before or after the inclusion formation, thus, the 

exact cause that leads to the formation of LBs/LNs remains poorly understood. 

Nevertheless, more recent evidence has been emerging, suggesting that  the 

pathogenic cascade of LBDs, starts before the proteins  form LBs/LNs inclusions 

(Visanji et al., 2019). In fact, some studies have shown that, in some cases, a certain 

degree of LBs/LNs can also be detected in non-demented individuals, although the 

number and size of these aggregates is relatively lower compared to the disease-

affected individuals. Likewise, in some individuals, these neuropathological inclusions 

(aggregate formation) correlate with frank dementia, while in others they appear to be 

inert with no impact on cognition and limited pathology (Kosaka, 2014, Kosaka et al., 

1988). These observations have sparked questions such as why some aged 

individuals with LBs/LNs inclusions do not develop dementia, does the clinical disease 

phenotype start after the formation of LBs/LNs inclusions, and whether 

neurodegenerative diseases are a direct consequence of ageing or of a distinctive 

disease caused by an identifiable molecular pathology (Stern, 2012, Attems et al., 

2005).  

It is known that, during its lifetime, αSyn undergoes a series of PTMs in different 

regions of the protein, at different grades, leading to conformational changes that may 

trigger the aggregation process (Barrett and Timothy Greenamyre, 2015). Different 

regions of the protein containing different amino acid composition promotes different 

biochemical properties, that make them susceptible to PTMs such as phosphorylation, 

ubiquitination and nitration (Villar-Pique et al., 2016). When these modifications are 

irreversible, it modifies the physiological role, thus becoming prone to aggregate or 

alter toxicity. Although the connections between different mutations that occur in the 

αSyn gene and the different pathogenic pathways of the protein, that are attributed to 

different phenotypes within the synucleinopathies remains elusive. It is possible that 

the PTMs are facilitated by mutations that previously occur in the genes that codify the 

proteins, including the SNCA gene (see chapter 1). Although, in this thesis I have only 

investigated 3 PTMs of αSyn, it is important to highlight that other PTMs such as 

glycation, acetylation, nitration, glutathionylation, glycosylation, sumoylation, and 

truncation were also identified in αSyn (Fauvet et al., 2012, Theillet et al., 2016, Li et 
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al., 2005, Kunadt et al., 2015, Zhang et al., 2018, Spiro, 2002, Resh, 2016). For a 

relatively small molecule, this is a remarkable number of PTMs. Hence, I believe these 

PTMs may be at the base of αSyn toxicity that causes cellular dysfunction even before 

forming the inclusions, consequently leading to neuronal cell death. It is possible that 

these PTMs occur at the same time at different sites of the protein and colocalize, 

thus, potentiating αSyn toxicity and its propensity to aggregation. For instance, it was 

demonstrated that aSyn tendency to aggregate might be affected by the interrelation 

between phosphorylation and nitration (Fujiwara et al., 2002, Hodara et al., 2004, 

Paleologou et al., 2008).  

Moreover, the observed co-localization of phosphorylation, ubiquitination and the 

nitration, together with other changes such as αSyn mutations, may indicate that they 

are relevant in the disease pathogenesis. Although, in this study, I cannot establish 

whether these co-localization and interrelationships of the PTMs have a direct 

causative role in the development of DLB, it is known that PTMs have the ability to 

induce monumental conformational changes in the physiologic properties of the 

protein (Beyer and Ariza, 2013). Signifying that the protein undergoes extensive PTMs 

before it becomes toxic. I suggest the protein toxicity may start before the aggregation, 

creating a series of neuronal dysfunctions within a specific set of neuronal population, 

thus inducing an idiopathic functional syndrome before structural changes becomes 

evident.  

6.2 αSyn PTMs, PV+ interneurons dysfunction and abnormal neuronal 
network oscillations 

PV+ cells are one of the main targets of toxic αSyn and play a key role on the neuronal 

network functions. The interrelationship between αSyn and PV+ cells is highlighted by 

the significant reductions in the numbers of these cells in DLB (Bernstein et al., 2011a, 

Inan et al., 2016, Kann et al., 2014b). Likewise, DLB, is found to progress with 

impairments of the abnormal network oscillations (Robson et al., 2018a). In fact, the 

reduction in density or loss of function of PV+ interneurons may be at the basis of the 

network connectivity impairment and the subsequent cognitive dysfunction, since they 

are shown to be affected in many neuropsychiatric disorders, including schizophrenia, 

and neurodegenerative disorders (Brady and Mufson, 1997, Nakazawa et al., 2012, 

Fuchs et al., 2007). Moreover, the loss of PV+ cells was reported in in animal model 
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of schizophrenia, and it’s found to be associated with impairments of the neuronal 

network oscillations (Lodge et al., 2009) 

Although αSyn is ubiquitous in the CNS (Goedert et al., 2013, Goedert, 2001, Ghiglieri 

et al., 2018), it has been suggested, that PV+ cells appear to be free of LBs/LNs 

inclusions. Notwithstanding, the same study demonstrated a partial loss of PV+ cells 

within the hippocampus of DLB patients (Bernstein et al., 2011b), suggesting that the 

reduction of these group pf cells may be associated with the increase of toxic species 

of αSyn, which is overexpressed in DLB. Thus, it is believed that hippocampal loss of 

PV+ cells might be due to the prolonged calcium overload in coadunation with the 

impaired mitochondrial function caused by αSyn (Bernstein et al., 2011a, Robson et 

al., 2018b). Mitochondrial dysfunction in mouse model synucleinopathies is one of the 

findings presented in this thesis; therefore, it would not be deviant to link the loss of 

PV+ cells due to mitochondrial impairment. This is also supported by a study 

demonstrating that, αSyn phosphorylated at Ser129 , promoted mitochondrial 

dysfunction and the formation of ROS which are common pathogenic features of LBDs 

(Perfeito et al., 2014). In fact, a strong correlation between rotenone and Pser129 αSyn 

in the formation of ROS, where the overexpression of αSyn triggered ROS release, as 

well as both the exposure of rotenone and the ROS release lead to greater 

phosphorylation of αSyn (Perfeito et al., 2014). Thus, αSyn Pser129 could lead to 

biochemical changes (oxidative stress, mitochondrial complex I dysfunction and 

proteasome impairment) that are associated with LBD pathogenesis (see figure 1.6) 

(Lashuel et al., 2012, Lee and Trojanowski, 2006, Robson et al., 2018a).  

One main consequence of αSyn associated numerical decrease of PV+ cells, is its 

negative impact in gamma rhythmogenesis in LBDs, as It has been demonstrated that 

PV+ fast spiking interneurons play a key role in the generation of the gamma frequency 

oscillations (Robson et al., 2018b). The involvement of PV cells in gamma 

rhythmogenesis was demonstrated in an in vivo optogenetic study in mice, where 

gamma oscillations were abolished when fast spiking PV+ interneurons were silenced 

(Sohal et al., 2009). In rodent cornu ammonis 3 (CA3) region of the hippocampus, 

gamma frequency oscillations are also found to be dependent on the PV+ cells (Traub 

et al., 2000, Ferando and Mody, 2015, Fuchs et al., 2007).  
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Gamma frequency oscillations are linked with learning, memory and information 

processing (Schneider et al., 2015b). They are generated by complex synaptic 

interactions between inhibitory GABAergic interneurons, (where PV+ basket cells play 

a major role) and excitatory pyramidal cells (Whittington and Traub, 2003, Kann, 

2011). PV+ interneurons synchronize the firing of pyramidal cells by inhibiting the firing 

rate of the pyramidal cells. This process requires a high-energy consumption and an 

intact mitochondrial function (Kann et al., 2014b, Hu and Jonas, 2014). Thus, it is not 

unexpected that αSyn related mitochondrial dysfunction would be linked with the 

dysfunction/loss of these group of interneurons. In addition, PV+ cells are also 

impaired in other neuropsychiatric disorders such as schizophrenia, and these cells 

are affected when gamma oscillations are impaired (Kuki et al., 2015, Sohal, 2012a). 

Furthermore, strong interrelationship between PV+ cells, αSyn ubiquitination and 

phosphorylation were present in cortical and subcortical regions of DLB cases, with 

highly significant correlations detected in the PFC and amygdala. These regions bear 

high burden of pathology  (Flores-Cuadrado et al., 2017, Honkanen et al., 2014, 

Jellinger and Attems, 2013, Braak et al., 2003b). This signifies that the circuit that 

connects the two regions essential for cognitive functions are impaired in DLBs due to 

insufficient IPSP generated by the reduced numbers of PV+ cells. This 

interrelationship between increased phosphorylation, ubiquitination and the decrease 

in number of PV+ cells in brain regions that are heavily affected with the pathology, 

supports the hypothesis of early αSyn damage that occurs before the inclusion 

formation. This allows the establishment of an idiopathic functional impairment of the 

brain networks that leads to the development of the clinical phenotypes, even before 

the observed microscopic changes such as LBs/LNs inclusions and macroscopic 

modification such as atrophy of key regions becomes evident in LBDs.  

6.3 Distribution of PTMs and their involvement in LBD pathogenesis  

The distribution of PTMs across brain regions of individuals with LBDs, is an important 

aspect to analyse, as it provides an insight on how PTMs affects LBDs and may help 

to understand where the pathologic lesions starts and how it progresses. Since the 

accumulation of LBs and LNs is observed in different stages of pathological 

progression of these synucleinopathies, as proposed in Braak disease staging scale 

(Braak et al., 2003a), it is possible that PTMs follow the same pattern. Nevertheless, 
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no study has assessed the topographic distribution of these PTMs according to the 

disease stages progression as proposed in McKeith/Braak scales. I believe that the 

assessment of disease associated PTMs of aSyn is key to the comprehension and 

discernment of potential reasons for the pathological aggregation and the observed 

preference of distribution patterns as seen in these synucleinopathies. 

Although different staging and classification systems have been used to classify the 

LBDs. the most widely known are Braak and Newcastle McKeith scales (Goedert et 

al., 2013, Braak et al., 2003b, Alafuzoff et al., 2009, McKeith et al., 2017). In this study, 

I was not able to compare the results of the distribution of PTMs with the existing 

Braak/McKeith scales, due to some limitations in the accessibility of the data, as the 

data was not available, and I was not granted the access to the archives where these 

datas were stored. Notwithstanding, it is possible to observe that the distribution of 

these PTMs observed here follow similar topographic spreading of LBs and LNs in 

anatomically related structures such as brainstem, mesocortex and neocortex as 

determines the pathological staging of LBDs as proposed by Braak et al (Braak et al., 

2003a). For instance, in PD, the damage of DA neurons in the substantia nigra is the 

most important pathological Hallmark. Other extra nigral damages such as lesion of 

dorsal motor nucleus of IX/X cranial nerves have also been reported. Moreover, 

damage in caudal raphe nuclei, reticular nucleus, coeruleus and sub-coeruleus 

complex is also observed in PD. These regions were not studied in this thesis, 

because an adequate number of samples with complete LC and reticular formation 

were not available to anable a more thorough analysis. Nevertheless, lesions that 

progresses from the midbrain (Braak 1-3), and spread to the prosencephalic regions, 

with the involvement of the temporal mesocortex and allocortex and neocortex (braak 

4-6) (Braak and Del Tredici, 2017, Braak et al., 2003a), were analysed. Thus, it was 

not possible to make a complete analysis of all the regions affected with LBDs as 

described in Braak/McKeith scales.  

In addition, the involvement of the neocortical areas is important for the development 

of DLB and PDD and represents the clinic-pathologic severity of the disease, whereas 

PD is more restricted to the prosencephalic structures (Braak et al., 2003a, McKeith 

et al., 2017). One important aspect of disease progression described in these scales, 

is that it suggests that the characteristic pathological extension of the LBDs, follows a 

fixed topographic sequence of development in anatomically interconnected regions. 
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By observing, the regions with higher burden of PTMs similar trends can be observed 

on the distribution of phosphorylated αSyn where the amygdala represented the most 

affected region in the subcortical regions, followed by the PFC in cortical areas. Thus, 

these observations, provide a hint of the molecular mechanism that underlie this 

progression, which is crucial to understand the propagation of LBDs. On the other 

hand, In this thesis, I was unable to reliably demonstrate the distribution of nitrated 

αSyn. It is therefore unclear whether these PTMs follows the same anatomic 

distribution, as it is observed with phosphorylation and ubiquitination. Although the 

tools seemed not to work as well as desired, it was possible to see some specific 

immunoreactivity when used for fluorescence studies. In addition, I was not able to 

find other studies that have used nitration for histological studies, to try to follow their 

protocols or compare their results. Therefore, regarding to nitration experiments, in 

this thesis I presented a very preliminary results on the identification of nitrated aSyn 

in LBs. 

6.4 The relevance of PTMs in the basal ganglia in LBDS pathogenesis 

The basal ganglia (BG) are the most prominent subcortical telencephalic structure in 

mammals, it is a set of richly interconnected brain nucleus, which are involved in 

producing voluntary movements (Bhatia and Marsden, 1994, Mark et al., Lanciego et 

al., 2012). Moreover, its connections with sensory motor and cognitive apparatus of 

the brain, suggest that it may also be involved in more roles, such as,  interpretation 

of sensory information (Lanciego et al., 2012). The major structures that compose this 

group of nucleus are the caudate nucleus (CN), putamen (Ptm), globus pallidum (GP) 

(Lanciego et al., 2012). The major sources of input to BG comes from the cortex and 

the thalamus (Leisman et al., 2014, Lanciego et al., 2012, Obeso et al., 2008). Most 

of the input stimuli arrive in the neostriatum (CN, Ptm, and the nucleus acumbens). 

The neostriatum receives input from the neocortex, thalamus (intralaminar nucleus) 

SN (from DA neurons) and the dorsal raphe nucleus. It also receives input from the 

limbic system and the hippocampus. The output signals from the neostriatum project 

to other BG nuclei, to then connect with the thalamus. The output signals are mostly 

inhibitory in their nature, thus inhibiting the cortico-thalamic-cortico pathways (figure 

7.1) (Hwang et al., 2017, Haber and Calzavara, 2009, Leisman et al., 2014). In 
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addition, the neostriatum has also reciprocal connections with the SN (figure 7.1) 

(Haber and Calzavara, 2009, Haber, 2014).  

Although most of the neurons in the BG are pyramidal neurons, the BG contain a vast 

amount of PV+ cells, which are characterized to have a medium sized round soma, 

varicose chapped dendrites that surrounds the soma of the pyramidal cells. These 

interneurons are similar to those observed in the hippocampus and the neocortex and 

they exert powerful GABAergic inhibition to the pyramidal cells excitatory signals 

(Contreras et al., 2019, Bhatia and Marsden, 1994, Mark et al.). Indeed, the inputs that 

arrive from cortex, amygdala and hippocampus propel inhibitory responses, attributed 

mostly to the PV+ cells from the neostriatum to the thalamus, which in turn inhibits the 

EPSP from the cortex. Thus creating a circuit of excitation-inhibition-excitation pattern 

in the BG-thalamus-cortical circuit (figure7.1) (Murata and Colonnese, 2019). Here I 

demonstrated a reduction in the density of PV+ cells that correlates with the increase 

of aSyn phosphorylation and ubiquitination, in the neostriatum (GP and CN), 

suggesting that the excitatory inputs that arrives from the cerebral cortex to the 

neostriatum, is not being effectively inhibited, due to the reduction in density of these 

cells. This conveys a reduction in the area of synapses of these cells, as their 

arborized dendritic shapes of their neuronal processes, establish multiple connections 

with various axons from pyramidal cells that descend from the cortex (Murata and 

Colonnese, 2019, Udakis et al., 2020). Thus, a loss of a single PV+ interneuron alone 

would be enough to initiate damage in the local neuronal circuit. Therefore, this 

affectation of the BG and thalamus and could thus compromise the normal functioning 

of this BG-thalamo-cortical circuitry.  

In addition, the importance of the BG in LBDs is emphasized by the impairment in 

motor control, often presented as parkinsonism, which is one of the core symptoms of 

the disease (Obeso et al., 2008). The loss of dopaminergic neurons observed in PD 

may contribute to the fall in overall striatal activity, producing less inhibition to the GP. 

The resulting increase of GP activity produces excess inhibition to the thalamus thus 

decreasing the excitatory input to the cortex, resulting in hypokinesia (figure7.1) 

(Alexander, 2004). Although not studied here, another important structure involved in 

movement disorder is the SN, as it plays an important role in the BG-thalamo-cortical 

circuit (Damier et al., 1999). The SN is abundant in dopaminergic (DA) neurons, which 

forms projections that form the nigro-striatal pathways (Damier et al., 1999). The loss 
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of these neurons leads to the reduction of projection to the striatum, therefore to motor 

dysfunctions (Damier et al., 1999). The loss of the nigro-striatal connections 

subsequently leads to a loss of inhibition output from the SN par reticulate and the 

internal GP, to the sub-thalamic nucleus. On the other hand, this loss of inhibition 

leads to a relative hyperexcitability output from the sub-thalamic nucleus. Thus, 

inhibiting the thalamic regions to the motor cortex, resulting in akinetic rigidity, a core 

symptom of PD (Mark et al., Damier et al., 1999, Dickson, 2012, Alexander, 2004). 

The decrease in density or a functional impairment of the PV+ cells in these regions 

of the brain could perpetuate this vicious cycle of excitation inhibition imbalance 

observed in BG-thalamo-cortical circuit, due to the reduction of stimuli from SN to the 

neostriatum. This may occur due to the impairments of aSyn, as it is at the centre of 

the pathogenic consequences in LBDs. Because PV+ interneurons play Key roles in 

maintaining the neuronal networks in the brain (Ferguson and Gao, 2018). I believe 

toxic aSyn cause dysfunction/death in these neurons, which leads primarily to 

neuronal network dysfunctions, before the morphological changes become evident. 

6.5 The relevance of PTMs in the Limbic system and the cortex in LBDS 
pathogenesis 

The limbic system (LS) forms a connective loop around the mesencephalic and 

diencephalic structures. It comprises the cingulate cortex (CC), orbitofrontal cortex 

(OBFC), insular cortex (IC), parahipocampals gyrus, hippocampus and the amygdala. 

The LS is responsible for processing emotions, learning and memory (Rolls, 2019). 

The hippocampus receives its major inputs from the entorhinal cortex, which are 

mainly glutamatergic passing through all the four regions (CA1, CA2, CA3, CA4) 

targeting mainly the CA3 which is the pyramidal cell layer. In the hippocampal 

formation, there is a strict regulated interaction between the glutamatergic dentate 

granular cells, and pyramidal cells in the CA3 and CA1 regions, involved in excitatory 

transmission, and the GABAergic interneurons, responsible for inhibitory input 

(Leranth and Hajszan, 2007). Although in mice we observed no significant decreases 

in PV+ cells, it has been reported that PV+ cells are partially reduced in the 

hippocampal cortex of DLB patients (Bernstein et al., 2011b). The observed statistical 

insignificance of the results in the hippocampus does not obscure the fact that 

functional damage is occurring, as the quantification of these cells does not uniquely 
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explain the αSyn-related damage into these highly sensitive and metabolism-

dependent cells. It is possible however, that functional deficits occur way before the 

numerical decrease. This explains the impairments of the gamma oscillatory 

frequency as observed in the A30P mouse model of DLB, Giving the role of PV+ in 

gamma rhythmogenesis (Kann, 2011, Robson et al., 2018b). This also means that, 

the feedforward inhibition mediated by PV+ interneurons, that is thought to control the 

output signals from the deep layers of the EC cortex is impaired, as it is considered to 

be the starting point of the hippocampal circuit, because it provides most of the 

excitatory input to the hippocampus (Willems et al., 2018, Ye et al., 2018). This may 

also explain the early hippocampal hyperexcitability observed in A30P mice (Tweedy, 

2019) The observed αSyn-related loss of PV+ cells in the EC, suggests that impulses 

transferred to the hippocampus are impaired in these cases. Since the afferents from 

the hippocampus forms the postcomissural fibres of the fornix which part terminating 

in the mammillary body and others innervates the thalamus, hypothalamus (Mathiasen 

et al., 2019), indicates that these neuronal circuitry are impaired in LBDs as well.  

In addition, other non-fornical fibres connect directly to the EC, the retroslenial cortices 

and the amygdala. The amygdala in turns connect to the PFC, CC, TC the 

hypothalamus and the association cortices (figure7.1) (Bubb et al., 2017). The 

amygdala also connects to the BG through the neostriatum, and these projections are 

relayed back to the thalamo-cortical circuit (Haber and Calzavara, 2009, Haber, 2016). 

It is important to highlight that the amygdala is involved in the regulation of the 

emotional response and plays a fundamental role in the acquisition and storage of 

memories (Haber and Calzavara, 2009, Haber, 2016). These faculties are impaired in 

LBDs (McKeith et al., 2017). In this thesis, I have demonstrated the amygdala is the 

subcortical region most affected with PTMs of αSyn, and higher correlations with the 

reduction of PV+ cells were also observed in this region. In fact, toxic forms of αSyn 

are found to be predominant in the amygdala (Alexander, 2004, Sorrentino et al., 

2019). Moreover, the density of PV+ interneurons has been reported to be decreased 

in the amygdala and αSyn was found to be colocalized in PV+ cells (Flores-Cuadrado 

et al., 2017). Although the expression of αSyn varies across inhibitory synapses, the 

results presented here are indeed suggestive of αSyn-related dysfunction of the 

neurons in the amygdala, thus causing disruption within the circuit (figure 7.1). Thus, 

this limbic-cortical circuit disruption is key to elucidating the pathogenic cascade of 
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LBDs. There are no current studies, which attempted to quantify these group of PV+ 

cells in these regions in LBDs. Hence it is quite difficult to precise and compare the 

number of neurons present in these regions. Moreover, the regional variability of the 

PV+ interneuron populations across different brain regions makes the quantification 

process a bit difficult, as some regions of the brain may have lower density of these 

cells in the first place or simply because of the variability of the control samples. 

 

Figure 6. 1: Neuronal connections in normal individuals and patients with LBDs. 
this figure shows the major connections of the basal ganglia, limbic system, and the 

cortex. Excitatory connections are shown in yellow lines; inhibitory connections are 

shown in red lines. Many connections are omitted for clarity.  Damage to the basal 

ganglia circuitry, reduces the inhibitory inputs to the thalamus thus disrupting the BG-

thalamo-cortical circuit. This is heightened by damage into the amygdala and the 

cortex, causing a cascade of disruptions in the brain networks of LBDs. 

Although, significant differences are observed at the macroscopic level in LBDs, as 

DLB shows different structural changes and atrophy patterns, when compared with 

PD and PDD, the pathophysiological and molecular mechanism that underlie them 

seems to share common pathways as well as common causative factor which is the 

abnormal aggregation of aSyn (Hansen et al., 2019, Braak and Del Tredici, 2017, 

Colloby et al., 2012, Patterson et al., 2019). In fact, the pathological aspects of aSyn 

are widely recognized as having a detrimental effect on tissues during the ageing 

process. In addition, the clinical constellations of DLB, PD and PDD show significant 

overlap among them(Hansen et al., 2019, Patterson et al., 2019). The results I present 

in this thesis, corroborate this by showing that, aSyn PTMs mitochondrial dysfunctions 
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and abnormal neuronal network oscillations. I determined that due to misfolded and 

aggregated alpha synuclein, the neuronal mitochondrial functions are impaired, 

leading to the death of a specific set of interneurons highly specialized in the 

generation of fast neuronal network oscillations in the brain. Using Electrophysiology 

local field potential, I observed that under the blockage of complex I and IV of the 

mitochondria electron transport chain, fast neuronal network oscillations are impaired. 

Subsequently, this observation was confirmed using both Histopathological, and 

immunofluorescence methods, that shown that this is affects primarily the fast-spiking 

interneuron population, due to the aggregation of alpha synuclein protein. 

Interestingly, following the above-described impairments, I also observed that the 

protein undergoes a series of monumental posttranslational modification that leads to 

the protein loss of primary structure and consequently increase its tendency to form 

aggregates (LBs and LN). The implications of this work are far reaching as I identified 

a potential novel strategy for alleviating neuronal degeneration. 

6.6 Future directions 

The results presented in this thesis could benefit from additional studies such as the 

analysis of the PNN density in the hippocampus including CA2, CA1of the A30P mice, 

as well as, in other regions human post-mortem brain tissue. This study could also be 

improved in the future by investigation with an increased sample size, due to the 

heterogeneity in controls, as changes in density of PNN and PV+ cells were marginal. 

A functional study in mice would also help to assess the impact of impairments in PV 

cess in movement’s disorders. In addition, Changes in PV+ interneurons in frontal lobe 

are thought to be mediated polysialylated form of the neural adhesion molecule 

(PSANCAM). It would be important to quantify or to study this compound to 

corroborate the relative changes in PV cells as observed in this study.  

Glutamate is the main neurotransmitter used for EPSP, by primarily acting on the 

NMDA receptors (Zhou and Danbolt, 2014), whereas GABA is the main inhibitory 

neurotransmitter used in this circuit (Wu and Sun, 2015). The results presented with 

memantime data, showed a trend towards improving the Gamma network oscillations, 

impaired in mouse model of synucleinopathies. Thus, more studies are necessary to 

study the effect of this compound, as modulating the NMDA receptors with memantine 

may be an ideal candidate for future therapeutic experiments. It would also be 
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beneficial to include some comparisons with other NMDA receptor agonists such as 

pregnelone sulphate, to aid in the comparison of the effects of these agonists. For this 

comparison, I believe pregnedolone may be fundamental and more reliable. In 

addition, KCN was shown to depolarize and abolish the activity of the fast-spiking 

interneurons, by reducing the inhibitory post synaptic potential (IPSP) on the pyramidal 

cells (Whittaker et al., 2011a). The same study also showed that a high concentration 

of KCN (100 µM) had no effect on the excitatory postsynaptic potential (EPSPs) in the 

pyramidal cells. This suggests that the changes in the neuronal network oscillations 

may not be associated with the diminution in glutamatergic neurotransmission. This 

would also be interesting to explore in the future. 

This thesis would also be enhanced by the assessment of Sodium pyruvate in the 

improvement of the neuronal network oscillations. Some studies have shown that 

pyruvate, (which is the final product of glycolysis), can reverse the effect of oxidative 

stress in cardiac tissue (Knott et al., 2006, Donnelly and Finlay, 2015). In fact, sodium 

pyruvate was previously shown to have a therapeutic effect in myopathic mitochondrial 

DNA diseases and in patients with oxidative phosphorylation disorders by increasing 

the glycolytic pathways (Saito et al., 2012, Fujii et al., 2014). Moreover, the 

administration of pyruvate in human SK-N-SH neuroblastoma cells was shown to have 

protective effects to the mitochondria from oxidative stress (Wang et al., 2007b). Thus, 

further studies of this compound would aid in the elucidation of the mechanism to 

restore the impaired gamma oscillations.  

Additionally, some of the mice used in this work presented EEG epileptiform activity 

during the experiments, which I believe to be occurring long before the impairments of 

gamma network oscillations and the subsequent cognitive dysfunction, which is 

present in the A30P mice at 12 months of age. these hyperexcitability were not further 

explored given the limited time and resources. Thus, it would be important to study 

them in the future as well. 

Phosphorylated αSyn can be further investigated to be used as a potential biomarker, 

as the results presented in this thesis, highlights the importance of its investigation for 

the development of diagnostic and therapeutic strategies. Another important marker 

that could also be a good candidate for diagnostic and therapeutic strategies is the 

nitrated αSyn, given that efficient protocols are developed for their detections in 
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histological studies. Furthermore, if robust correlation between different PTMs and 

morphologic changes is confirmed by additional future pathological studies, the 

neuropathological staging classification system will also need to be revised 

accordingly, in accordance with a recent critical reappraisal of braak staging scheme. 

6.7 Concluding remarks 

This thesis has highlighted the involvement of different PTMs of αSyn such as 

phosphorylation, ubiquitination and nitration in the impairments of the neuronal 

network oscillations, as described in the synucleinopathies. I have hypothesized that 

PTMs are one of the early events that trigger the aggregation and/or dysfunction of 

αSyn, possibly altering its physiological sub-cellular distribution, causing the 

dysfunction of subcellular organelles such as the mitochondria. These changes in 

αSyn would then produce the pathogenic cascade of αSyn that culminates in neuronal 

dysfunction and death, affecting primarily the PV+ interneurons, causing the 

impairments of gamma network oscillations that underlie cognitive dysfunction and 

motor impairments, that characterize the LBDs. I confirmed my hypothesis by 

identifying an interrelationship between aSyn PTMs and reduction of PV+ interneurons 

in some regions of the brain of LBD patients, and impairments of gamma frequency 

oscillations in A30P mouse model of synucleinopathy, due to mitochondrial 

dysfunction. Thus, this study establishes that PTMs modifications are relevant to LBDs 

pathogenesis and progression. The PTMs interacts with αSyn to cause the observed 

pathological aggregation (LBs/LNs), leading to potential functional and pathogenic 

consequences so far detected, that describe the development of LBD. This suggests 

that the disease pathogenesis may in fact begin before the protein forms LBs/LNs 

aggregates. Hence, the accumulation of these PTMs in the protein could be a key step 

that links aSyn to neuronal dysfunction and death in the pathogenesis of human 

synucleinopathies. Furthermore, this is the first study that shows phosphorylated and 

ubiquitinated αSyn contained in LBs/LNs inclusions, are widely distributed cross-

different brain regions affected with LBDs and they show correlations. These results 

may serve as a framework for future perspective clinicopathologic studies trying to 

define the morphologic and pathophysiologic substrate of disease progression in 

LBDs, and help elucidating the clinico-pathologic interconnectivity observed in the 

synucleinopathies. Moreover, the elucidation of this mechanism of disease-causing 
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PTMs on αSyn structure, function and localization may help to better aid the 

development of new treatments for LBDs. 
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Impaired Fast Network Oscillations and Mitochondrial Dysfunction in
a Mouse Model of Alpha-synucleinopathy (A30P)
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Abstract—Intracellular accumulation of alpha-synuclein (a-syn) is a key pathological process evident in Lewy
body dementias (LBDs), including Parkinson’s disease dementia (PDD) and dementia with Lewy bodies (DLB).
LBD results in marked cognitive impairments and changes in cortical networks. To assess the impact of abnormal
a-syn expression on cortical network oscillations relevant to cognitive function, we studied changes in fast beta/
gamma network oscillations in the hippocampus in a mouse line that over-expresses human mutant a-syn (A30P).
We found an age-dependent reduction in the power of the gamma (20–80 Hz) frequency oscillations in slices taken
from mice aged 9–16 months (9+A30P), that was not present in either young 2–6 months old (2+A30P) mice, or in
control mice at either age. The mitochondrial blockers potassium cyanide and rotenone both reduced network
oscillations in a concentration-dependent manner in aged A30P mice and aged control mice but slices from
A30P mice showed a greater reduction in the oscillations. Histochemical analysis showed an age-dependent
reduction in cytochrome c oxidase (COX) activity, suggesting a mitochondrial dysfunction in the 9+A30P group.
A deficit in COX IV expression was confirmed by immunohistochemistry. Overall, our data demonstrate an age-
dependent impairment in mitochondrial function and gamma frequency activity associated with the abnormal
expression of a-syn. These findings provide mechanistic insights into the consequences of over-expression of
a-syn which might contribute to cognitive decline. ! 2018 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: hippocampus, gamma oscillations, alpha-synuclein, mitochondria, rotenone.

INTRODUCTION

Abnormal intraneuronal deposition of the synaptic
protein alpha-synuclein (a-syn) occurs in several
neurodegenerative diseases, collectively referred to as
the synucleinopathies, which include conditions such as
PDD and DLB and a subgroup of patients with
Alzheimer’s disease (AD). a-syn is a small, 140 amino-
acid, soluble protein enriched in the presynaptic terminal
of neurons where it plays a role in vesicular trafficking,

neurotransmitter release and synaptic maintenance
(Cabin et al., 2002; Nemani et al., 2010; Scott et al.,
2010). Excess misfolded a-syn forms deposits called
Lewy bodies, the pathological hallmark of the synucle-
inopathies, which are present throughout the brain includ-
ing within the hippocampus and neocortex (Spillantini
et al., 1998; Lassen et al., 2016).

Cognitive dysfunction is a key feature of both PD
dementia (PDD) and DLB, which together, are the
second most common cause of dementia in the elderly
after AD. Both PDD and DLB are associated with
progressive cognitive impairment including memory loss,
Parkinsonism, attention deficits and complex visual
hallucinations (McKeith et al., 2005). The link between
abnormal a-syn expression and cognitive impairment is
still unclear, but changes in network oscillations may
underlie many of the cognitive deficits seen in
neurodegenerative diseases (Nimmrich et al., 2015). Both
AD and DLB patients have a general slowing of the
electroencephalogram (EEG) activity, particularly from
alpha- (8–12 Hz) frequency oscillations to slower theta-
(4–8 Hz), and delta- (1–4 Hz) oscillations (Bonanni

https://doi.org/10.1016/j.neuroscience.2018.02.032
0306-4522/! 2018 IBRO. Published by Elsevier Ltd. All rights reserved.
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m.p., resting membrane potential; RGB, red, green, blue; s.e.m.,
standard error of the mean; SDH, succinate dehydrogenase; a-syn,
alpha-synuclein.
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et al., 2008, 2016; Morris et al., 2015). The majority of the
clinical EEG studies in patients have focused on lower fre-
quency oscillations in the theta 4–8 Hz and alpha 8–12 Hz
bands (e.g. Bonanni et al., 2016). However, fast net-
work oscillations in the beta (20–30 Hz) and gamma
(30–80 Hz) frequency ranges are also important for cogni-
tive tasks including attention (Clayton et al., 2015), and
memory functions (Watrous et al., 2015; Zheng et al.,
2016). Several studies have reported impaired gamma
activity in patients with AD (Herrmann and Demiralp,
2005; Basar et al., 2016).

Missense mutations, including (A30P) and (A53T), in
the human a-syn (SNCA) gene have been identified that
are linked to early onset familial Parkinson’s disease
(Polymeropoulos et al., 1997; Kruger et al., 1998). Several
transgenic mouse lines are available that over-express
either human or mutant a-syn (Kahle, 2008; Hatami and
Chesselet, 2015). To assess the impact of abnormal
a-syn on cortical network oscillations we have used the
A30P mouse line that over-expresses human mutant
a-syn under the control of the CNS promoter Thy-1
(Kahle et al., 2000; Neumann et al., 2002). Previous stud-
ies have confirmed widespread expression of human
mutant a-syn throughout the mouse brain, including the
hippocampus and neocortex, with cognitive deficits
evident at !12 months of age and motor deficits from
!14 months (Kahle et al., 2000; Freichel et al., 2007;
Schell et al., 2009). One recent study, using an alternative
A53T a-syn transgenic mouse line, reported a general
slowing of the EEG in the theta and alpha bands (Morris
et al., 2015), consistent with patient data, but the impact
of excess a-syn expression on the generation of beta
and gamma frequency network oscillations is unknown.

Mitochondrial dysfunction is also a key feature of many
neurodegenerative diseases such as PD and AD (Schon
and Przedborski, 2011; Spano et al., 2015). Previous
studies have shown that acute blockade of complex I of
mitochondria in slices from normal animals impairs the
generation of fast network oscillations (Kann et al., 2011;
Whittaker et al., 2011). Excess a-syn can translocate to
the mitochondrial inner membranes and inhibit function
(Nakamura et al., 2011), but whether there is a link
between excess a-syn, impaired mitochondrial function,
and network oscillations remains to be determined.

In this study we wanted to determine whether a-syn
over-expression was associated with changes in gamma
network oscillations and mitochondrial function. We
recorded hippocampal gamma frequency activity ex vivo
in A30P mice aged between 2 and 16 months and
compared results with age-matched control C57BL/6
mice. We found significant impairments in the power of
the gamma frequency activity ex vivo in A30P mice aged
>9+ months, but not at 2–6 months of age, or in age-
matched control mice. Application of the known inhibitors
of mitochondrial function (KCN and rotenone) reduced
the power of network oscillations in older C57BL6 mice
and A30P mice but there was a trend for a greater
reduction in the A30P mice. The deficits in network
oscillations were associated with a reduced mitochondrial
function as indicated by changes in COX/SDH activity in
slices only in the older 9+A30P mice. Our data suggest

that excess human mutant a-syn expression in mice
causes abnormal hippocampal gamma frequency
oscillations and impaired mitochondrial function that
could contribute to cognitive decline.

EXPERIMENTAL PROCEDURES

Transgenic mice

The A30P mice (male and female) were bred in house
from breeding pairs supplied by Dr. P. Kahle, University
of Tubingen. Transgenic mice of C57BL/6 background
expressed human mutant A30P a-syn under the control
of the CNS specific promoter Thy-1 (Kahle et al., 2000;
Neumann et al., 2002). The transgenic A30P a-syn were
maintained as a homozygous colony and aged (2–16
months) in the animal facility. Control mice (male and
female) were age-matched C57BL/6 supplied from
Charles River and also aged in house. Mice were geno-
typed after transport and breeding to ensure homozygous
expression of A30P a-syn in the mouse colony. Animals
were housed according to ARRIVE guidelines and were
maintained on a 12-h dark/light cycle with lights on at
7.00 am. For most analyses A30P mice were divided into
two age groups referred to as 2+A30P (2–6 months) and
9+A30P (9–16 months) but see Results.

Slice preparation and solutions

All mice were anesthetized with inhaled isoflurane prior to
intramuscular injection of ketamine ("100 mg kg#1) and
xylazine ("10 mg kg#1) as described previously (Driver
et al., 2007). When all response to noxious stimuli, such
as pedal withdrawal reflex, had terminated the animals
were intracardially perfused with !25 mls of modified arti-
ficial cerebrospinal fluid (ACSF) that was composed of
(mM) 252 sucrose, 3.0 KCl, 1.25 NaH2PO4, 24 NaHCO3,
2.0 MgSO4, 2.0 CaCl2 and 10 glucose. This procedure
was in accordance with the UK Animals (Scientific Proce-
dures) Act 1986 and European Union directive
2010/63EU. Following brain removal, 450-lm-thick hori-
zontal slices were cut using a Leica VT1000S vibratome.
Slices were then trimmed and transferred to a holding
chamber at room temperature for approximately 1 h
before being placed in the recording chamber where they
were maintained at 32–34 !C at the interface between
normal ACSF (where sucrose was replaced with 126
mM NaCl) and humidified 95% O2/5% CO2.

Drugs

Carbachol (10 lM); nitroblue tetrazolium (NBT),
phenazine methosulfate (PMS); phosphate buffered
saline (PBS); potassium cyanide (KCN 50–100 lM);
rotenone (250–1000 nM); (Sigma–Aldrich, Gillingham,
Dorset, UK); HistoClear (Fisher Scientific Ltd., Leicester,
UK). Rotenone was dissolved in DMSO and stored at
#20 !C.

Recording and data acquisition

Extracellular recording electrodes were filled with normal
ACSF (resistance 2–5 MX). Gamma frequency
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oscillations were evoked using the cholinergic agonist
carbachol (10 lM) and field traces were recorded from
the border between stratum radiatum and stratum
lacunosum moleculare in CA3. Data were recorded with
an Axoclamp-2B amplifier (Axon Instruments Inc., Union
City, CA, USA). Extracellular data were filtered at
0.001–0.4 kHz low-using Bessel filters. Mains noise was
subtracted from the signal with a Humbug (Digitimer,
Welwyn Garden City, Herts, UK). Data were redigitized
at 10 kHz using an ITC-16 interface (Digitimer, Welwyn
Garden City, UK). Data were recorded and analyzed
using Axograph 4.6 software (Axon Instruments Inc.,
Union City, CA, USA). Further offline analysis was
performed using MATLAB (Mathworks, Natick, USA).

Data analysis

Power spectra were generated using Axograph by Fourier
analysis of 60 s epochs of recorded activity to give the
peak frequency of the oscillations. Gamma frequency
oscillations in the mouse have previously been shown to
have a slower frequency compared to rat !20–35 Hz
(Driver et al., 2007), therefore, a value for area power
was determined as the area under the peak in the power
spectra between 15 and 80 Hz. Control oscillations were
considered ‘‘stable” when area powermeasurements were
within ±10–15% for three consecutive recordings at 10–
15 mins intervals. Rhythmicity was measured from the
amplitude of the first side peak of the auto-correlations per-
formed over 1 s traces. The rhythmicity index (RI) was on a
scale of 0–1. As multiple slices can be obtained from each
animal, in all the data reported below two n values N/n rep-
resent animal/slice respectively.

a-synuclein and COX IV immunohistochemistry

Upon termination of electrophysiological recordings,
slices were immediately fixed in 4% buffered
paraformaldehyde solution and stored in PBS at 4 !C.
Following cryoprotection in 30% sucrose in PBS slices
were resectioned at 40 mm with a freezing microtome
and immunoperoxidase- stained free-floating for either
human a-syn using anti-human a-syn (Abcam,
Cambridge, UK) 1:5000 dilution, or COX IV antibody
(Abcam, Cambridge, UK) 1:100 dilution using standard
histological procedures (secondary reagents supplied by
Vector Laboratories, Peterborough, UK). Sections were
photographed using an Axiovision camera and software
and Olympus BX-50 microscope.

COX/SDH activity

Mice were anesthetized with inhaled isoflurane before an
intramuscular injection of ketamine and xylazine. Once
eye blink and pedal withdrawal reflexes ceased, the brain
was removed and snap frozen using isopentane
immersed in liquid nitrogen. Brains were then stored in a
"80 !C freezer prior to cryosectioning. Snap frozen
whole brains were sectioned at 10 mm using a cryostat at
"20 !C and collected on to slides. Three sections were
collected per slide, with each containing at least one
hippocampus. All slides were stored at "80 !C until

ready to use. Slides were removed from the freezer and
left to dry at room temperature for 1 h before use.
Wherever possible individual slides were processed in
large batches to maintain consistency and avoid day-to-
day variability in staining. The first section of every slide
was used as a control to ensure consistency of COX and
SDH media. Half of the control slices received COX
incubation medium only, and the other half received SDH
incubation medium only. All other sections received both
COX and SDH medium. The COX incubation medium
was prepared by adding 100 mM cytochrome c to 5 mM
3,30-diaminobenzidine (DAB) and vortexing with a few
crystals of catalase. COX medium (50 mL) was applied to
each section, and all slides were incubated for 40 min at
37 !C. COX medium was then removed and 2# five-
minute washes with 0.1 M PBS were performed. After
the final wash, excess PBS was removed from the slides.

The SDH incubation medium was prepared by
vortexing together 1.5 mM NBT, 130 mM sodium
succinate, 0.2 mM PMS, and 1.0 mM sodium azide.
Care was taken to protect the sensitive PMS (and
resultant final media) from light. SDH medium (50 mL)
was applied to each section, and all sections were
incubated for 40 min at 37 !C. SDH medium was then
removed and 2# five-minute washes with 0.1 M PBS
were carried out. Slides were dehydrated through an
ethanol gradient (70%, 95%, 100%, 100%) with 5 min in
each ethanol solution and 10 min in the final 100%
ethanol solution. Slides were then transferred to two
consecutive pots of HistoClear for five minutes of
clearing in each and then mounted with DPX.

Quantification of COX/SDH staining and anti-COX IV
immunohistochemical staining

Using an Olympus BX51 stereology microscope with an
Olympus U-TV1X-2T2 camera, color images of COX/
SDH staining were taken at #10 magnification of the
CA3 region of the hippocampus. All slides were
assigned a random numerical value to blind the imaging
and quantification processes. In the presence of normal
COX activity, the brown DAB precipitate which forms
inhibits the formation of the blue NBT precipitate with
SDH activity (Trifunovic et al., 2004). Therefore, normal
COX activity would appear as brown, while a complete
absence of COX activity would appear as blue. Using
ImageJ’s histogram tool (http://rsb.info.nih.gov/ij/), a free-
hand selected area of the CA3 pyramidal layer could be
analyzed for its mean RGB (red, green, blue) constitution.
All values were noted, but the mean blue value (no blue
= 0, maximum blue = 255) was compared as a measure
of mitochondrial dysfunction. Values obtained from sec-
tions were compared to control sections stained for either
COX (brown) or SDH (blue) alone. Multiple sections (2–7)
per mouse were averaged to give an average per animal,
and then animals were compared on average for the
young 2+A30P and older 9+A30P groups using an
unpaired t test.

Low power black and white Images of COX IV
immunoperoxidase staining were analyzed using
ImageJ. The stratum pyramidale of the CA3 region
was outlined and the area and mean optical density
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(white = 0, black = 255) of the immunostaining within
this region of interest was measured and normalized
against background staining by subtracting the mean
optical density of a nearby area of white matter. Six
sections were analyzed for each animal, and for each
section the total optical density was calculated by
multiplying area by the mean optical density. The mean
optical density for each animal was calculated by
dividing total density by total area from the six sections
analyzed. Results from 2+A30P (n= 3) mice were
compared with 9+A30P (n= 3) mice.

Statistical analysis

Data were statistically analyzed using Sigmaplot (v12.5)
to determine whether it corresponded to a normal
(Gaussian) distribution. Normally distributed data were
plotted as mean ± s.e.m and compared using a
Student’s t-test. Due to the normal variability, especially
in gamma frequency area power, all electrophysiological
data were analyzed using non-parametric statistics on
the raw data and described as median and interquartile
ranges (IQR) or percentage change. When comparing
two different groups we used a Mann–Whitney rank sum
text. A Wilcoxon signed rank test was used for
comparing before and after conditions in the same
sample. Repeated measures on the same sample were
analyzed using Friedman’s repeated measures ANOVA.
Multiple groups were compared using Kruskal–Wallis
one-way ANOVA on ranks. If the p value for the
ANOVA tests showed a significant difference a Dunn’s
or Tukey’s (all pairwise multiple comparison) test was
performed to determine which parameters were
significantly different. p values are reported as
significant <0.05 and <0.001.

RESULTS

Alpha-syn expression in A30P mice

Immunohistochemical analysis using the human-specific
a-syn antibody (see Methods) in slices from the
2+A30P group, confirmed widespread expression of
human a-syn throughout the brain including stratum
pyramidale in the hippocampus
(Fig. 1A). There was no staining for
human a-syn in the hippocampal
pyramidal cell layer in age-matched
control C57BL6 mice (Fig. 1B). A
similar staining pattern was observed
for both 9+A30P and the 9+C57
mice (data not shown).

Over-expression of a-syn results in
an age-dependent decline in
gamma frequency activity

Cognitive impairments in the A30P
mice have been reported at 12
months of age (Kahle et al., 2000;
Freichel et al., 2007), therefore, to
assess network oscillations we initially
divided A30P mice into four age

groups referred to as 2+ (2–6 months n= 21 mice/45
slices); 9–11 months n= 7 mice/18 slices, 12–13 months
n= 7 mice/18 slices, and 14+ (14–16 months, n= 3
mice/8 slices). Gamma frequency oscillations can be
readily evoked in the CA3 region of the hippocampus fol-
lowing activation of cholinergic receptors with carbachol
(Fisahn et al., 1998; Mann et al., 2005). After application
of carbachol (10 lM) the area power of the gamma fre-
quency oscillations increased gradually for 2–4 h as previ-
ously reported (Lu et al., 2012; Haggerty et al., 2013), and
measurements were made once oscillations had stabi-
lized (see Methods).

Our data demonstrated an age-dependent decrease
in the area power of the gamma frequency oscillations
in the A30P mice (Fig. 2A–E, Table 1). Area power of
the gamma activity was significantly different between
the 2+A30P, 9-11A30P, 12-13A30P and 14+A30P
groups (Kruskal–Wallis one-way ANOVA on ranks, p <
0.001). A pairwise multiple comparisons test (Dunn’s
method) showed that slices from the 2+A30P group
had significantly larger oscillations than the 9-11A30P,
12-13A30P, 14+A30P groups, and versus all 9+A30P
data combined. However, there was no significant
difference between any of the older age groups
(Fig. 2E). Table 1 shows the median and IQR values for
area power in each age group.

In contrast, the frequency of the gamma oscillation
was not significantly different (Fig. 2F) between any of
the different age groups of A30P mice (Kruskal–Wallis
one-way ANOVA on ranks, p> 0.001; Table 1). In
addition, there was a significant difference in RI values
(Fig. 2G, Table 1) overall (Kruskal–Wallis one-way
ANOVA on ranks, p< 0.05; Table 1); however, a
pairwise multiple comparisons test (Dunn’s method) did
not reveal any significant differences between specific
groups. As slices from the 9-11A30P, 12-13A30P or
14+A30P and all 9+A30P combined groups all showed
reduced gamma frequency area power compared to the
2+A30P group, these older age groups were combined
into the so-called 9+A30P group for all subsequent
analysis (Table 1).

A 2+A30P 2+C57

CA3CA1

DG CA3
CA1

DG

B

Fig. 1. Alpha synuclein expression in the hippocampus. (A) Immunohistochemistry shows strong
human a-syn immunostaining in the hippocampus, especially in the stratum pyramidale, of
2+A30P mice. (B) 2+C57mice do not express human a-syn, although some non-specific staining is
observed in erythrocytes and around the section edges. Hippocampal regions Cornu Ammonis 1
(CA1), Cornu Ammonis 3 (CA3) and dentate gyrus (DG) are indicated. Scale bar = 100 lm.
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No sex differences in the power of network
oscillations in the A30P mice

Both the 2+ and 9+A30P groups contained data
obtained from male and female mice. Therefore, we
also assessed these groups separately, but found no
significant difference in the stable area power between
slices taken from male and female mice (Fig. 3A).
Stable area gamma frequency power in 2+A30P male
mice was 2066 (IQR 1115–4966; n= 5 mice/11 slices)
lV2 compared with 3325 (IQR 2252–6216; n= 16
mice/34 slices) lV2 in the female 2+A30P mice

(Kruskal–Wallis one-way ANOVA on ranks p> 0.05). In
the 9+A30P group there was also no significant
difference between slices taken from male and female
mice. Stable area gamma frequency power in 9+A30P
male group was 306 (IQR 124–1355; n = 11 mice/30
slices) lV2 compared with 1484 (IQR 265–2254; n= 5
mice/14 slices) lV2 in the female 2+A30P group
(Kruskal–Wallis one-way ANOVA on ranks p> 0.05).
Importantly, slices taken from male and female mice
both showed an age-dependent reduction in the area
power of the gamma frequency activity between
2+A30P and 9+A30P age groups (p< 0.05, Kruskal–
Wallis one-way ANOVA on ranks, Fig. 3A).

The frequency of the gamma oscillation (Fig. 3B) for
the 2+A30P male mice was 25.6 (IQR 23.9–27.0;
n= 5 mice/11 slices) Hz compared with 25.1 (IQR
23.4–26.8; n= 16 mice/34 slices) Hz in the female
2+A30P mice (p> 0.05). In the 9+A30P group there
was a median frequency of 23.6 (IQR 21.6–25.7; n =
11 mice/30 slices) Hz in male mice compared with 26.7
(IQR 23.7–27.7; n= 5 mice/14 slices) Hz in the female
9+A30P group. There were no significant differences
between the groups (Kruskal–Wallis one-way ANOVA
on ranks, p > 0.05). RI values were also assessed
separately for slices from male and female mice
(Fig. 3C). For the 2+A30P male mice RI was 0.59 (IQR
0.16–0.75) compared to 0.67 (IQR 0.48–0.74) for
female. In the 9+A30P group RI in the male group was
0.29 (IQR 0.13–0.59) compared to 0.48 (IQR 0.24–0.75)
in the female group. Again, as above for RI values,
there was a significant difference overall (Kruskal–Wallis
one-way ANOVA on ranks, p< 0.05) but a multiple
comparison procedure did not reveal specific group
differences.
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Fig. 2. Age-dependent reduction in gamma frequency activity in
A30P mice. (A) Representative 1 s extracellular field trace in 2+A30P
(blue) following 30 min bath application of carbachol (10 lM) and the
corresponding power spectra. Inset shows auto-correlation. (B)
Representative 1 s extracellular field trace when stable gamma
activity was reached and corresponding power spectra. Inset shows
auto-correlation. (C) Representative 1 s extracellular field trace
(maroon) in 9+A30P following 30 min bath application of carbachol
(10 lM) and corresponding power spectra. Inset shows auto-corre-
lation. (D) Representative 1 s extracellular field trace when stable
gamma activity was reached and corresponding power spectra. Inset
shows auto-correlation. Note different scales on power spectra for
2+ and 9+A30P mice. (E) Boxplot shows the median (whiskers
max – min) stable area power of the gamma frequency activity in all
age groups (1 outlier removed from plot). Asterix (*) indicates power in
the 2+A30P group was significantly different from all other groups
(p < 0.05; Kruskal–Wallis One-way ANOVA on ranks) and post hoc
all pairwise multiple comparison (Dunn’s method). (F) Boxplot shows
the median (whiskers max – min) frequency of the gamma frequency
activity in all age groups. There was no significant difference between
any group (p> 0.05; Kruskal–Wallis One-way ANOVA on ranks). (G)
Boxplot shows median (whiskers max – min) RI index of the gamma
frequency activity in all age groups. There was a significant difference
between the groups (p< 0.05; Kruskal–Wallis One-way ANOVA on
ranks but post hoc all pairwise multiple comparison (Dunn’s method)
did not reveal specific group differences. Scale bars for auto-
correlation 0.5/100 ms. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this
article.)
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No age-dependent change in stable gamma
frequency activity in control C57 mice

Previous in vitro studies have shown an age-dependent
decrease in hippocampal gamma oscillations in control
mice, but only after approximately >16 months
(Vreugdenhil and Toescu, 2005; Driver et al., 2007). In
order to confirm the age-dependent deficit observed in
the A30P mice was a consequence of human mutant
a-syn expression, and not due to normal aging, we
compared a similar age-matched group of control
C57BL/6 (male only) mice divided into similar 2+ and
9+ age groups.

In contrast to the data reported above for the A30P
mice, we found no age-dependent changes in gamma
frequency activity between 2+ and 9+C57 mice
(Fig. 4A–G). Stable gamma frequency area power in
slices taken from 2+C57 mice was 4779 (IQR 1876–
9309; n= 6 mice/19 slices) lV2 compared with 2190
(IQR 415–7928; n = 6 mice/15 slices) lV2 in slices
taken from 9+C57 mice (Mann–Whitney rank sum test
p> 0.05). There was also no difference in the
frequency of the gamma oscillations between 2+C57
and 9+C57 control mice (Fig. 4F). The median
frequencies in 2+C57 and 9+C57 were 23.3 (IQR
22–24.7; n= 6 mice/19 slices) Hz and 25.2 (IQR
22.3 – 26.4; n= 6 mice/15 slices) Hz, respectively
(Mann–Whitney rank sum test p> 0.05). We also
assessed possible changes in rhythmicity between the 2
+ and 9+C57 mice but there was no significant
difference in RI values between the two groups. Median
RI in the 2+C57 mice was 0.57 (IQR 0.5–0.65) and
0.49 (IQR 0.2–0.6) in the 9+C57 mice (Mann–Whitney
rank sum test p> 0.05).

A one way-ANOVA comparing all four groups
(2+A20P, 9+A30P, 2+C57 and 9+C57) showed a
significance difference (p< 0.001; Kruskal–Wallis one-
way ANOVA on ranks). Post-hoc analysis confirmed
that the gamma frequency area power was significantly
smaller only in the 9+A30P (Dunn’s pairwise multiple
comparison). The above data, therefore, demonstrate
an age-dependent reduction in gamma frequency
power in the older A30P mice that occurs prior to any
normal age-related decline in gamma activity in control
mice.

Effects of mitochondrial inhibitors on network
gamma frequency oscillations

Previous studies have shown that hippocampal gamma
frequency oscillations evoked in vitro are sensitive to
blockade of mitochondrial complex I and complex IV,
with rotenone and KCN respectively (Kann et al., 2011;
Whittaker et al., 2011). If the impaired gamma frequency
activity observed in the 9+A30P mice reflected an age-
dependent reduction in mitochondrial function, we pre-
dicted we might observe a greater sensitivity of the oscilla-
tory activity to inhibition of mitochondrial function in slices
from the older A30P mice. Thus we compared the
concentration-dependent effects of potassium cyanide
(KCN 25, 50 and 100 lM), and rotenone (250, 500, and
1000 nM), on stable carbachol-evoked gamma frequency
oscillations from older C57 and A30P mice (Fig. 5).

Once oscillations were stable KCN was bath applied
incrementally every 30 min with readings taken at 10
min intervals (Fig. 5A, B). There was a rapid reduction
in gamma oscillatory power within 10 min in slices from
both 9+C57 (n= 4 mice/10 slices) and 9+A30P C57
(n = 3 mice/6 slices) mice. Compared to control stable
values statistically significant reductions were evident at
50 lM and 100 lM KCN in both 9+C57 and 9+A30P
groups (Freidman’s repeated measures ANOVA on
ranks followed by Tukey post hoc multiple comparisons
test p< 0.05). At the final concentration of KCN tested
the power of the gamma activity was reduced by !77
± 7.6% in 9+C57 group and !82.6 ± 8.3% in the
9+A30P group.

In a further set of experiments, we also tested
rotenone and this appeared less effective than KCN. In
the control 9+C57 group (n= 7 mice/21 slices) there
was a clear trend towards a concentration-dependent
reduction in gamma power (Fig. 5C) but this was not
statistically different at any point when compared to
stable control levels (Freidman’s repeated measures
ANOVA on ranks followed by Tukey post hoc multiple
comparisons test p> 0.05). However, in the 9+A30P
group (n = 6 mice/18 slices) at the higher
concentrations (Fig. 5D) rotenone did cause a
statistically significant decrease compared to stable
gamma power (Freidman’s repeated measures ANOVA
on ranks followed by Tukey post hoc multiple

Table 1. Stable gamma frequency area power in A30P mice.

A30P 2+ months 9–11 months 12–13 months 14+ months 9+ (all)

Median Power lV2

(IQR)

3089

(1656–5452)

306*

(171–2018)

1239*

(200–2043)

262*

(30–1121)

469*

(132–1839)

Median Freq. (IQR)

Hz

25.3

(23.7–26.8)

24.2

(22.9–26.3)

25.6

(22.9–27.3)

25.0

(17.8–26.3)

24.5

(22.9–26.9)

N/n = Mice/slice 21/45 7/18 7/18 3/8 17/44

Median

RI values

(IQR)

0.66

(0.38–0.74)

0.30

(0.16–0.69)

0.45

(0.16–0.65)

0.39

(0.18–0.57)

0.38

(0.19–0.65)

N/n = Mice/slice 21/45 6/16 7/17 3/6 16/39

* Significantly different from 2+A30P group (p< 0.05; Kruskal–Wallis One-way ANOVA on ranks) and post hoc all pairwise multiple comparison (Dunn’s method). A clear

side peak could not be measured in every auto-correlation in the older A30P so RI values for those slices were excluded.
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comparisons test p< 0.05). At the final concentration of
rotenone tested the power of the gamma activity
was reduced by !29.6 ± 9.8% in 9+C57 group and
!41.9 ± 8.8% in the 9+A30P group. The greater
decrease in gamma frequency oscillations with rotenone
suggests slices from the 9+A30P mice are more
sensitive to this mitochondrial inhibitor.

Age-dependent mitochondrial dysfunction in the
A30P mice

The above data suggested that the age-dependent
impairment in the power of the gamma frequency

oscillation seen in older A30P mice might reflect a
mitochondrial dysfunction in these animals. COX/SDH
histochemistry (see Methods) was performed on
sections from 2+A30P (n = 5 mice) and 9+A30P (n
= 5 mice) groups. While we did not detect COX
deficiency within individual neurons, a general reduction
in COX reactivity was seen across the hippocampus. In
order to ascertain if there was any difference in the
activity of mitochondria in these sections we measured
the changes in RGB balance in the CA3 stratum
pyramidale, with increased blueness indicating a loss of
COX activity (see Methods). The mean blue values for
COX alone control was 39.5 ± 2.8 compared to 120.4
± 4.1 for SDH alone control (Fig. 6A, B) and these
control values were highly significantly different (p <
0.001). Overall in the 2+A30P the mean blue level was
45.17 ± 2.9 compared to 52.59 ± 1.73 in the 9+A30P
group, which was a statistically significant change in
COX/SDH histochemistry in the CA3 stratum pyramidale
(Fig. 6D-E) in the older 9+A30P (Un-paired t-test
p< 0.05). The increased mean blue level suggested an
age-dependent decline in mitochondrial COX activity
and expression and, therefore, a decrease in
mitochondrial function in the 9+A30P group. Of note,
there was considerable variability between individual
mice in the younger 2+A30P group (Fig. 6D). In a
further set of experiments immunohistochemistry for
COX IV immunoperoxidase in the stratum pyramidale of
the CA3 region also showed a significant 23.3%
reduction in optical density in the 9+A30P group
compared to slices from 2+A30P mice (136.7 ± 5.0 to
104.9 ± 5.0, n= 3, p < 0.05, Fig. 6I). Combined, these
data suggest an age-dependent impairment in COX
activity and expression indicating a mitochondrial
dysfunction was present in the older 9+A30P group.

DISCUSSION

In this study we have demonstrated an age-dependent
reduction in hippocampal gamma frequency oscillations
in slices from older 9+A30P mice, compared with
younger 2+A30P mice, or age-matched control
animals. Oscillations in both control C57BL/6 mice and
A30P mice were sensitive to inhibitors of mitochondrial
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Fig. 3. Area power and frequency in slices from male versus female
A30P mice. (A) Boxplot shows the median (whiskers max – min) area
power of the gamma frequency activity for slices from male versus
female 2+A30P and 9+A30P mice. Power in the male 2+A30P
group was significantly different from male 9+A30P group (p < 0.05;
Mann–Whitney rank sum test). Power in the female 2+A30P group
was significantly different from female 9+A30P group (p < 0.05;
Mann–Whitney rank sum test). (B) Boxplot shows the median
(whiskers max – min) frequency of the gamma frequency activity
for slices from male versus female 2+A30P and 9+A30P mice.
There was no significant difference in frequency between male and
female mice in the 2+A30P or 9+A30P groups (p> 0.05; Mann–
Whitney rank sum test). (C) Boxplot shows the median (whiskers
max – min) RI of the gamma frequency activity for slices from male
versus female 2+A30P and 9+A30P mice. There was a significant
difference between the groups (p < 0.05; Kruskal–Wallis One-way
ANOVA on ranks but post hoc all pairwise multiple comparison
(Dunn’s method) did not reveal specific group differences.
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function but a greater reduction in
area power was seen in the older
A30P group. COX/SDH staining and
anti-COX IV immunohistochemistry
revealed a significant age-related
decline in mitochondrial function in
A30P mice.

Although human a-syn expression
was clearly evident in young animals
(2+A30P), the deficits in gamma
activity were only seen in the older
9+A30P mice. One possible
explanation for the age-dependence
of the change is that reductions in
gamma frequency oscillations might
be a consequence of a progressive
increase in pathology. a-syn is fully
expressed in the A30P mice from
one month of age (Kahle et al.,
2000). However, posttranslational
modifications of a-syn, such as
phosphorylation or ubiquitination, are
associated with Lewy-like pathology
in both humans and in mouse
a-synucleinopathy models (Lim et al.,
2011). In the A30P mice an age-
dependent increase in Serine-129
phosphorylation has been reported,
that correlated with the cognitive defi-
cits observed in these animals at 12
months of age (Schell et al., 2009).
In this study the deficits in gamma
activity were evident at 9–11 months
of age in the A30P mice, with no sig-
nificant further changes observed up
to 14–16 months of age. This sug-
gests the reductions in gamma fre-
quency activity occur just prior to the
onset of quantifiable cognitive
dysfunction.

It is not yet known how abnormal
a-syn expression might affect
synaptic transmission, and the
generation of gamma frequency
oscillations in the hippocampus. In
human post-mortem tissue from
patients with a confirmed diagnosis
of DLB, a-syn aggregates were
found to localize at the synaptic
terminal (Kramer and Schulz-
Schaeffer, 2007). a-syn is known to
undergo misfolding and oligomerisa-
tion forming dimers, oligomers and fib-
rils (Ingelsson, 2016). It is now
generally accepted that the oligomeric
form is the most toxic, rather than the
larger intracellular inclusions. These
oligomeric structures may also be
transmitted in a prion-like manner
through brain structures (Ingelsson,
2016), and thus could impair synaptic
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Fig. 4. No age-dependent changes in gamma frequency activity in control C57BL/6 mice. (A)
Representative 1 s extracellular field trace in 2+C57 (green) following 30 min bath application of
carbachol (10 lM) and the corresponding power spectra. Inset shows auto-correlation. (B)
Representative 1 s extracellular field trace when stable gamma activity was reached and
corresponding power spectra. Inset shows auto-correlation. (C) Representative 1 s extracellular
field trace in 9+C57 (brown) following 30 min bath application of carbachol (10 lM) and
corresponding power spectra. Inset shows auto-correlation. (D) Representative 1 s extracellular
field trace when stable gamma activity was reached and corresponding power spectra. Inset
shows auto-correlation. (E) Boxplot shows the median (whiskers max – min) area power of the
gamma frequency activity in both age groups. Power in the 2+C57 group was not significantly
different from the 9+C57 group (p> 0.05; Mann–Whitney rank sum test). (F) Boxplot shows the
median (whiskers max – min) frequency of the gamma frequency activity in both age groups.
There was no significant difference between any group (p> 0.05; Mann–Whitney rank sum test).
(G) Boxplot shows the median (whiskers max – min) RI of the gamma frequency activity in both
age groups. There was no significant difference between any group (p > 0.05; Mann–Whitney
rank sum test). Scale bars for auto-correlation 0.5/100 ms. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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transmission in subtle ways long before major cognitive
decline is evident in the A30P mice. Gamma oscillations
in the hippocampus depend upon reciprocal interactions
between pyramidal cells and fast-spiking GABAergic
interneurons (Whittington et al., 2011) that contain the
calcium binding protein parvalbumin (PV). The age-
dependent reduction in gamma activity observed in the
9+A30P mice could reflect changes in either pyramidal
cells, interneurons or both and further studies are required
to see which cell types are affected or might be selectively
vulnerable to a-syn toxicity. However, evidence suggests
PV interneurons are particularly vulnerable to metabolic
stress due to the high energy demand of their fast firing
rates (Kann et al., 2014). Data from AD transgenic mice
have implicated loss of PV interneuron function as a key
contributor to deficits in network oscillations (Palop and
Mucke, 2016). In addition, reductions in PV-positive
interneuron staining have been reported in human post-
mortem studies in both AD (Brady and Mufson, 1997)
and DLB (Bernstein et al., 2011). Further studies are
needed to determine if the deficits in gamma frequency

activity observed in aged A30P mice
also reflect dysfunction of PV
interneurons.

Abnormal a-syn expression in
transgenic mice has been associated
with both network hyperexcitability
(Morris et al., 2015) and mitochondrial
dysfunction (Chinta et al., 2010;
Rothman et al., 2014; Martin et al.,
2014; Chen et al., 2015). a-syn is
found in the mitochondria and
recently it was shown that a-syn asso-
ciated with the mitochondria modu-
lates mitochondrial transport and
morphology (Pozo Devoto et al.,
2017). In transgenic mice that over-
express human mutant A53T a-syn
both mitochondrial motility (Li et al.,
2013) and function (Martin et al.,
2014) are impaired. The study by
Pozo Devoto et al. (2017) also
showed, however, that the effects of
over-expression of A53T a-syn in
human and mouse derived neuronal
cultures were significantly greater
than those of over-expression of
A30P a-syn. This is in alignment with
the observation that the A30P muta-
tion in humans is associated with later
onset and less severe clinical symp-
toms in patients than those seen with
the A53T mutation (Kruger et al.,
2001; Puschmann et al., 2009). Our
data showed a significant age-
dependent impairment of both
gamma frequency activity, and mito-
chondrial function, which would be
consistent with a slow progression of
neurodegenerative changes in the
A30P transgenic mice.

Our data using the mitochondrial
inhibitors KCN and rotenone showed a concentration-
dependent reduction in the power of the gamma
frequency activity in both aged wild-type C57 mice and
A30P mice. Rotenone blocks mitochondrial complex I
while KCN blocks complex IV. Previously, high
concentrations of both KCN (100 lM) and rotenone
(1 lM) have been shown to cause a rapid collapse of
the gamma oscillations (Kann et al., 2011; Whittaker
et al., 2011). We had predicted that if A30P mice devel-
oped compromised mitochondrial function with age then
slices taken from the older A30P mice may be more sen-
sitive to lower concentrations of the inhibitors. While we
saw no difference between 9+C57 and 9+A30P groups
with KCN, the results with rotenone did suggest a slightly
greater sensitivity of the oscillations in the 9+A30P
group.

A previous study (Whittaker et al., 2011) showed that
KCN (100 lM) had no effect on pyramidal cell properties
or excitatory post-synaptic potentials (EPSPs) onto the
pyramidal cells, suggesting the changes in oscillations

Fig. 5. Effects of mitochondrial inhibitors on network oscillations in the hippocampus. (A)
Histogram shows percentage change in area power at 10, 20 and 30 min after application at each
concentration of KCN (25 lM, 50 lM and 100 lM) in the 9+C57 group. (B) Histogram shows
percentage change in area power at 10, 20 and 30 min after application at each concentration of
KCN (25 lM, 50 lM and 100 lM) in the 9+A30P group. (C) Histogram shows percentage change
in area power at 10, 20 and 30 min after application at each concentration of rotenone (250 nM,
500 nM and 1000 nM) in the 9+C57 group. (D) Histogram shows percentage change in area
power at 10, 20 and 30 min after application at each concentration of rotenone (250 nM, 500 nM
and 1000 nM) in the 9+A30P group. *Indicates significantly different from stable control area
power (Freidman’s repeated measures ANOVA on ranks and post hoc Tukey test p< 0.05).
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were not mediated by reductions in glutamatergic neuro-
transmission. In contrast, these authors found a reduction
in inhibitory post-synaptic potential (IPSPs) on the

pyramidal cells, while fast-spiking interneurons were
depolarized and spiking activity in the interneurons was
abolished (Whittaker et al., 2011). This loss of action
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potential firing in fast spiking interneurons, and the subse-
quent decrease in IPSP amplitude could account for the
reduction in gamma frequency oscillations observed both
in their study and in the current experiments. As outlined
above the higher sensitivity of interneurons to inhibition of
mitochondrial function is consistent with their high meta-
bolic requirements (Kann, 2016). Rotenone block of com-
plex I can cause either an increase in reactive oxygen
species (ROS) or ATP depletion. It would be interesting
in further studies to assess whether interventions that pre-
vent oxidative stress and energy failure have any impact
on the impaired gamma frequency activity in the older
A30P mice.

COX/SDH histochemistry detects alterations in the
activity of complex IV and II respectively, and we found
a significant deficit in COX activity and presumably
expression in the 9+A30P group, although SDH
expression in complex II was retained. An age-
dependent deficit in COX IV expression was confirmed
by immunohistochemistry in the 9+A30P group. This
result is suggestive of mitochondrial dysfunction, which
may be caused by mutations in key mitochondrial genes
either within mitochondrial DNA (mtDNA) or the nucleus.
In aging human neurons, a reduction in COX activity is
predominantly associated with deletions within mtDNA,
which is vulnerable to oxidative damage, whereas the
preservation of SDH activity in these situations is
because it is entirely nuclear encoded, meaning that its
activity is not affected by mutations in mtDNA (Bender
et al., 2006; Kraytsberg et al., 2006; Krishnan et al.,
2012). The variability in COX staining seen between dif-
ferent mice in the 2+A30P group may also indicate early
changes, which while not significant as a group, suggest
changes in mitochondrial function may already be starting
to occur in some animals. Although from the current study
we cannot ascertain whether the mitochondrial dysfunc-
tion is cell type specific, impairments in pyramidal cells
and/or fast-spiking interneurons could result in the reduc-
tion in gamma frequency activity observed in the older 9
+A30P mice.

CONCLUSIONS

Several studies have shown that a-syn oligomers impair
hippocampal long-term potentiation (LTP), which is
thought to represent the cellular mechanism of learning
and memory. However, to our knowledge, this is the
first study to report deficits in cognitively relevant, beta/
gamma frequency network oscillations in the
hippocampus in mice that express abnormal human
mutant a-syn. We have shown a consistent deficit in

oscillations in aged mice overexpressing a-syn that
precedes reported behavioral deficits and correlates
temporally with observed changes in mitochondrial
function.
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Review 

 

Alpha-Synuclein post-translational modifications: 
Implications for pathogenesis for Lewy body dementias 
Nelson de Oliveira Manzanza1, Lucia Sedlackova2 and Rajesh N Kalaria1 
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1Translational and Clinical Research Institute, Campus for Ageing and Vitality, Newcastle 
University, Newcastle upon Tyne, NE4 5PL, UK 
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Tyne, NE4 5PL, UK 

 

Abstract 

Lewy Body Dementias (LBD) are age related neurodegenerative disorder characterized by 
the presence of neuronal inclusions termed Lewy Bodies (LB) and extracellular Lewy Neurites 
(LN). They are considered the second most common form of neurodegenerative dementia 
after Alzheimer’s disease. LBD are progressive pathologic conditions with variable clinical 
symptoms. Currently there are no effective treatments for these disorders. LBs and LNs 
inclusions are mainly composed of α-synuclein (α-syn) aggregates. It has been proposed that 
posttranslational modifications such as α-syn phosphorylation, ubiquitination SUMOylation, 
Nitration, o-GlcNacylation and Truncation play important roles in the formation of toxic forms 
of α-syn, which consequently facilitates the formation of these inclusions. This review outlines 
the involvement of different posttranslational modifications (PTMs) of α-syn as described in in 
the spectrum of the synucleinopathies, with a particular focus on LBD. We provide insight into 
how these PTMs interact with α-syn to cause misfolding and aggregation of α-syn, leading to 
the potential functional and pathogenic consequences so far detected, and their particular 
involvement in the development of LBD.   
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Review 
 
Parvalbumin expressing interneurons the brains conductor 
of the neural networks: Implications for pathogenesis for 
Dementia with Lewy bodies. 
 
Nelson de Oliveira Manzanza1, Yoshiki Hase1, and Rajesh N Kalaria1 
 
Author affiliation: 
1Translational and Clinical Research Institute, Campus for Ageing and Vitality, 
Newcastle University, Newcastle upon Tyne, NE4 5PL, UK 
 
Abstract 
Dementias with Lewy bodies (DLB) is an age related neurodegenerative disorder 
pathologically characterized by the presence of abnormal intraneuronal aggregates 
termed Lewy Bodies (LB) and extracellular Lewy Neurites (LN). It is a prevalent form 
of dementia in the elderly after Alzheimer’s disease. DLB is a progressive pathologic 
condition that curse with variable clinical symptoms, which includes motor 
impairments, cognitive dysfunctions and neuronal network impairments. As yet there 
are no drugs that can halt or cure this disease. It has been proposed that 
dysfunction/loss of parvalbumin-expressing interneurons underlie the pathogenesis of 
DLB. Indeed PV interneuron impairments leads to disruptions of the neuronal network, 
negatively affecting the information processing in the neocortex, causing impairments 
in complex brain functions such as movements and cognition. This review outlines the 
involvement of fast spiking parvalbumin expressing interneurons as described in the 
spectrum of the neuronal networks, with a particular focus on DLB. Providing insights 
into how parvalbumin-expressing interneurons affects the neuronal network in 
neurodegenerative conditions such as DLB. 
 
Key words: Dementia with Lewy bodies, Parvalbumin interneurons, neuronal 
networks. 
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Characterization of fast neuronal network oscillations in 
ACC slices in PCP, control and  saline treated Rats with 
acute administration of ketamine20μM
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Characterization of the effects of phencyclidine (PCP 10 μM) 
in gamma network oscillations in ACC of Rats.
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Analysis of the area power, frequency and amplitude in
acute administration of DAP5 25μM in PCP, Drug
Naïve(DN) and Saline(ST) treated Rats.


