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Abstract 

The misfolding and aggregation of protein is a characteristic hallmark of 

neurodegenerative disorders, most notably of amyloid beta and tau in 

Alzheimer’s disease and alpha synuclein in Parkinson’s disease. There is 

gathering evidence that early soluble aggregates of these proteins are the 

most toxic species. In this thesis I have used whole-cell patch clamp recording 

to quantitively analyse the cellular and sub-cellular effects of introducing tau or 

alpha synuclein aggregates on neuronal or synaptic function in single neurons.  

I have demonstrated that full-length tau oligomers (oTau) induce marked 

changes to action potential dynamics, synaptic transmission and plasticity that 

were not observed with monomeric tau. Consistent with these 

electrophysiological changes, oTau could diffuse from the injection site (soma) 

to synaptic sites within 30 minutes of recording. This study had provided 

valuable new insight into the actions of tau oligomers within single neurons. I 

then looked to define the mechanisms underlying these changes using tau 

truncations. CFRAG (aa124-444) oTau caused a shift in the spike-initiation 

threshold, mediating the increase in excitability. While NFRAG (aa1-123) tau 

aggregates and monomers both resulted in comparable changes to AP 

waveform as full length-oTau. Recording isolated voltage-gated sodium 

channels highlighted a tau-mediated reduction in both the half-activation and 

maximal sodium channel conductance.   

Using the same method, I have demonstrated that introduction of aggregated 

αSyn into dopaminergic neurons in the substantia nigra significantly increased 

conductance and decreased excitability, an effect which could be partially 

prevented by pre-incubation of the slices with Glibenclamide. While evaluating 

these neurons, I discovered that they have an unexpected connexin 

hemichannel-mediated CO2-sensitivity phenotype. These cells are located in 

regions of the brain that are involved in movement, reward, and arousal 

behaviour. Physiological changes in PCO2 markedly altered whole-cell 

conductance and excitability. This work suggests a mechanism by which CO2, 

could alter complex goal-directed behaviours. 
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1.  Introduction 
1. Introduction  

Neurodegenerative disorders such as Alzheimer’s disease (AD) and 

Parkinson’s disease (PD) are both characterised pathologically by the 

misfolding and aggregation of native proteins. In AD, amyloid beta aggregates 

to form plaques and tau aggregates to form neurofibrillary tangles. In PD, alpha 

synuclein aggregates and accumulates within Lewy Body inclusions. While the 

presence of these large inclusions is well documented, there is gathering 

evidence that early soluble aggregates of these proteins are the most toxic 

species in pathology. There is relatively little understanding of the mechanisms 

of action of these small, soluble aggregates on neuronal function early in 

disease. In this thesis I have used whole-cell patch clamp recording to 

quantitively analyse the cellular and sub-cellular effects of introducing tau into 

cortical neurons (Chapter 3 and 4) or alpha synuclein aggregates into 

dopaminergic neurons (Chapter 5) on neuronal or synaptic function. While 

evaluating these dopaminergic neurons, I discovered that they, along with a 

neighbouring population of GABAergic neurons are unexpectedly sensitive to 

physiological changes in the level of CO2. I have therefore gone on to 

characterise this phenotype and explored the underlying mechanisms 

(Chapter 6).  

Parts of this chapter have been published previously: (Hill et al, 2020, Review) 

1.1 Tau and associated tauopathies 

1.1.1 Tau - physiology and pathology 

Tau is a native human protein that is encoded by the microtubule associated 

protein tau (MAPT) gene. There are six isoforms in the human brain which are 

differentially expressed during development (Goedert et al., 1989, 1988; 

Goedert and Jakes, 2005). The N-terminal region can have 0, 1 or 2 inserts 

between amino acids 45 and 103, which results in 0N, 1N or 2N tau (Fig 1.1). 

The mid-region of tau is rich in prolines, as well as serine and threonine 

residues, which are strong targets for phosphorylation and have been linked 

to many physiological and pathophysiological cellular processes (Hampel et 
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al., 2010; Hanger et al., 2007; Stoothoff and Johnson, 2005; Wang et al., 

2013). At the C-terminus of tau there are four pseudo-repeat domains, often 

referred to as R1-R4 (Fig 1.1), which form the microtubule binding domain. In 

its monomeric form, full length (2N4R) tau is intrinsically disordered with little 

to no secondary structure (Barghorn et al., 2004; Cleveland et al., 1977; 

Mirbaha et al., 2018; Mukrasch et al., 2009). 

Figure 1.1: The six isoforms of tau protein in the human brain.  

Alternative splicing produces six different isoforms of tau which differ by their 

composition of N and C terminal inserts (0N3R, 1N3R, 2N3R, 0N4R, 1N4R, 2N4R). 

2N4R tau represents the full-length protein, also referred to as htau40 or tau441, and 

is the most commonly found isoform in the human brain. Figure adapted from 

(Karikari, 2017).  

1.1.2 Physiological functions of tau 

Primarily tau associates with the labile domain of microtubules, modulating 

their stability (Tracy and Gan, 2018; Fig 1.2) with a reduction in binding leading 

to enhanced rigidity, poorer flexibility and control (Qiang et al., 2018). Tau also 

regulates axonal transport (Fig 1.2), both from the axon to the soma 

(retrograde; Dixit et al, 2008) and from the soma to the axon (anterograde; 

Stamer et al., 2002). It can either act as a competitor for the binding sites of 

kinesin or dynein on the microtubules or it can bind directly to dynein (Magnani 

et al., 2007) or to the N-terminus of kinesin and modulate their activity directly 

(Kanaan et al., 2011). Tau can also be found in the nucleus and in the 
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dendrites. In dendrites it can assist with the spine remodelling that occurs 

during synaptic plasticity (Frandemiche et al., 2014; Regan et al., 2015; Fig 

1.2). In the nucleus of human neuroblastoma cells, tau has been shown to 

contribute to the regulation of the integrity of genomic DNA (Loomis et al., 

1990; Fig 1.2). 

Figure 1.2: Tau in neuronal physiology. 

The most prominent function is its modulation of microtubule stability (i). (ii) Tau 

regulates the integrity of genomic DNA in the nucleus by binding to different 

chromosomal regions. (iii) It also regulates axonal transport between the axon and 

soma by interfering with the binding of motor proteins kinesin and dynein to 

microtubules (iv) Finally, tau plays important roles in the regulation of synaptic 

plasticity at both pre- and postsynapses, for example by its contribution to the process 

of spine remodeling. Design concept from Wang and Mandelkow (2016). 

1.1.3 Pathological cascade leading to tangles. 

Physiologically, tau can undergo different post-translational modifications 

including phosphorylation, acetylation, and ubiquitination (Alonso et al., 2016; 

Beharry et al., 2014). The targeted binding and un-binding of tau to 

microtubules is mediated by the level of phosphorylation and must be finely 
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balanced in order to regulate its function (Fig 1.3). This balance is maintained 

by the counter-activity of kinases and phosphatases on specific residues of the 

tau protein and a number of these phosphorylation residues have been linked 

to tau functionality (Stoothoff and Johnson, 2005). 

In disease states, the balance between phosphorylation and de-

phosphorylation becomes dysregulated, leading to increased abnormal ‘hyper’ 

phosphorylated tau (Köpke et al., 1993). This hyperphosphorylated tau 

dissociates from microtubules and can sequester other monomeric tau 

molecules away from tubulin, disrupting microtubule function (Qiang et al., 

2018). This disassociated monomeric tau is initially aggregation incompetent 

(Mirbaha et al., 2018) and has to undergo monomer-monomer interactions 

either via disulphide bonding or via its hexapeptide motifs to drive a 

conformational change from an unfolded, disordered structure to a new 

structured conformation that is rich in beta-sheets and aggregation-competent 

(Congdon et al., 2008; Friedhoff et al., 1998). This marks the beginning of the 

conventional pathological cascade starting with the aggregation to small 

soluble oligomeric structures, through to fibrils and then on to neurofibrillary 

tangles (NFTs; Avila et al., 2006; Maeda et al., 2006; Fig 1.3). This pathological 

cascade for tau is common to several disorders, collectively termed 

tauopathies. Until relatively recently, NFTs were thought to be the major toxic 

species, as their presence correlates well with disease progression and they 

are the most well characterised form of brain tau pathology (Braak and Braak, 

1991). However the initial soluble tau oligomers (oTau), which are formed 

much earlier in the aggregation process, have been highlighted as more potent 

drivers of toxicity (Andorfer et al., 2003; Cowan et al., 2010; Lee et al., 2001; 

Spires et al., 2006; Tanemura et al., 2002; Tatebayashi et al., 2002; Wittmann 

et al., 2001; Yoshiyama et al., 2007). This theory is supported by the discovery 

of certain forms of tau that can form pathological (soluble) oligomers with 

functional implications but cannot aggregate any further into fibrils and NFTs 

(Karikari et al., 2019; Lasagna-Reeves et al., 2014, 2010). 
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Figure 1.3: Tau in physiology and pathophysiology. 

Under physiological conditions, tau is bound to microtubules and the stability is maintained by the balanced activities of kinases and phosphatases 

acting to regulate the binding of tau to the microtubules. If the balance is altered in favour of increased kinase activity, then tau can become 

hyperphosphorylated and detach from the microtubules. Initially, monomers are aggregation incompetent and have to undergo a conformational 

change using interactions via their hexapeptide motif or by disulphide bonding. Tau can then form aggregates, firstly small soluble oligomers 

which are β-sheet-rich and are thought to be the smallest toxic species. Subsequently, these species aggregate further into protofibrils, fibrils and 

finally into neurofibrillary tangles (NFTs). 
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1.1.4 Pathological actions of tau 

Pathologically tau can cause cellular disruption by a host of mechanisms, 

depending on its cellular location. Tau can undergo a range of post-

translational modifications including ubiquitination, acetylation or truncation. 

All of which can enhance detachment from microtubules and impairment of 

function. Once detached the pathological tau can mislocalise around the cell.  

Tau can disrupt long term plasticity (both long-term potentiation and long-term 

depression) by its actions at postsynaptic sites. Hoover et al., (2010) 

demonstrated that this synaptic dysfunction precedes any visible 

neurodegeneration and that these are amongst the earliest detectable 

changes in many tauopathies. Post-synaptic mislocalisation of tau aggregates 

occurs much earlier than the loss of spines. In the P301L (human tau) mutant 

mouse, tau mislocalisation could be observed at post synaptic compartments 

and at pre-synapses by as early as 3-months, it was only at 18 months that 

synaptic loss begins. Pickett et al., (2017) further demonstrated that there is 

spread of the human tau between neurons of the middle molecular layer (MML) 

of the dentate gyrus at this stage – highlighting that this mislocalisation, and 

synaptic spread will occur in the early stages of the disease. Tau-mediated 

postsynaptic dysfunction has been confirmed both in in vitro and in vivo studies 

(Hill et al., 2019; Hoover et al., 2010; Lasagna-Reeves et al., 2012; 

Mondragón-Rodríguez et al., 2018; Ondrejcak et al., 2018; Puzzo et al., 2017; 

Rocher et al., 2010; Tai et al., 2014; Tamagnini et al., 2017; Thies and 

Mandelkow, 2007).  

Although the postsynaptic roles of tau are more established, emerging 

evidence has also highlighted its roles in the disruption of presynaptic function. 

Tau accumulates in presynaptic terminals and can lead to a reduction in the 

number of vesicles available for release, inducing synaptic dysfunction and 

eventually leading to the loss of synapses (Decker et al., 2015). Tau can bind 

by its N-terminus to vesicles and by its C-terminus to actin filaments, cross-

linking them and slowing down their movement. This leads to a reduction in 

presynaptic vesicle release (Fig 1.4). This could be reversed by removing the 

N-terminal region or by targeting with a peptide to bind and block the binding 
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site on the vesicles (McInnes et al., 2018; Zhou et al., 2017). Although 

phosphorylated tau cannot enter the nucleus, it can interact directly with the 

nuclear pore complex and disrupt nuclear transport (Eftekharzadeh et al., 

2018; Fig 1.4). The sequestration of physiological tau into pathological 

aggregates will also limit the availability of normal tau to enter the nucleus and 

fulfil its roles in maintaining DNA integrity (Sultan et al., 2011). In cell culture 

experiments, it has been shown that small soluble tau oligomers are applied 

onto stem cell-derived cortical neurons or human neuroblastoma cells, some 

oligomers can be taken up into the nuclei so they may also have inter-nuclear 

effects (Evans et al., 2018; Karikari et al., 2019b, 2019a; Puangmalai et al., 

2020; Usenovic et al., 2015; Wegmann et al., 2016).  

1.1.5 Tau in co-operation with other proteins 

Amyloid beta (Aβ) is produced by the proteolytic cleavage of amyloid precursor 

protein (APP), which is synthesised in the cell body and then conveyed by 

vesicular axonal transport to presynaptic terminals. APP is normally inserted 

into the presynaptic membrane and removed by endocytosis; in the endosome 

it is cleaved to make Aβ by secretases. There are two main forms of Aβ which 

differ depending on the patten of secretase activity that cleave the APP to 

produce them. Gamma secretase will always cleave APP first. If this is followed 

by alpha secretase, the non-amyloidogenic form of Aβ (Aβ40) will be produced. 

However it is followed by beta secretase, then the amlyoidogenic form of Aβ 

(Aβ42) will be produced instead (Cai et al., 1993; Citron et al., 1992; Suzuki et 

al., 1994). Both forms of Aβ (Aβ40/ Aβ42) are found in AD patients and healthy 

controls, but the ratio of Aβ42 to Aβ40 can be used as a maker of disease 

progression. (Haass et al., 1992; Seubert et al., 1992; Shoji et al., 1992). In 

healthy individuals, CSF has soluble Aβ of which 90% is Aβ40 and the 

remaining 10% is Aβ42 (more hydrophobic and more prone to aggregation). 

As plaques are formed, soluble Aβ42 levels drop in the CSF can be used as a 

biomarker for AD. Aβ will aggregate through a similar cascade to tau, through 

fibrils to large insoluble aggregates called plaques (Masters et al., 1985) which 

are largely not expected to be toxic due to their folded nature rendering the 

reactive surfaces inaccessible. An early intermediary to this aggregation 
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process is oligomers, which like tau, are soluble and highly toxic (Walsh et al., 

2002).  

Aβ can accelerate the phosphorylation of tau in the early stages, causing its 

dissociation and aggregation (Lewis et al., 2001). However, in the later stages 

of tau pathology (NFTs) this is independent of Aβ pathology and in fact NFT 

pathology tracks with disease progression much better than Aβ pathology (Lue 

et al., 1999; McLean et al., 1999; Näslund et al., 2000; Wang et al., 1999).  

Tau can act together with amyloid beta (Aβ) oligomers to disrupt synaptic 

function. Co-treatment with Aβ oligomers and tau aggregates leads to tau mis-

sorting to dendrites which triggers the translocation of tubulin tyrosine ligase-

like enzyme 6 (TTLL6) into dendrites, which subsequently leads to the 

degradation of microtubules by Spastin, further damaging their integrity 

(Zempel et al., 2013). Dendritic aggregated tau can also act as a scaffold for 

the non-receptor-associated tyrosine kinase FYN. FYN is responsible for 

phosphorylating subunit 2 of the NMDA receptor (NMDAR), which leads to the 

stabilisation of the interaction between PSD95 and the NMDAR. By binding, it 

will enhance signalling and could contribute to the excitotoxicity that is reported 

with Aβ oligomers. Thus, the excitotoxicity caused by Aβ oligomers could 

depend on the co-presence of tau oligomers (Ittner et al., 2010; Roberson et 

al., 2007; Fig 1.4) 
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Figure 1.4: Functions of tau in pathology. 

Tau can cause disruption to a wide range of cellular processes, depending on its 

localisation within the affected cell. If it reaches the dendrites, it can induce the loss 

of dendritic spines leading to postsynaptic dysfunction (i). Although phospho-tau 

cannot enter the nucleus, it can bind and disrupt the function of the nuclear pore 

complex (ii). The most prominent and well described consequence of aggregated tau 

is the disassembly of microtubules (iii) and the consequent alterations in their stability, 

function, and ability to assist in trafficking and cell transport. (iv) Pathological tau can 

also mislocalise to presynaptic terminals, whereby it binds to vesicles and slows down 

their rate of release and restock, thus limiting output. Finally, pathological tau in one 

neuron can act as a seed to transmit the pathology to neighbouring neurons (v), thus 

enabling the progression of the disease.  
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1.1.6 Tau propagation

Tau pathology originates in a single region and then spreads methodically 

through defined pathways that are individual to the tauopathy of interest (Braak 

and Braak, 1991). Tau can seed the spread of pathology between neurons, 

enabling transfer between different brain regions. Over time tau oligomers 

(oTau), both brain-derived and recombinantly sourced, can be internalised into 

neurons following extracellular application. Once inside, oTau can interact with 

endogenous tau and induce it to misfold and aggregate (Gibbons et al., 2019; 

Walsh and Selkoe, 2016). Some of this newly misfolded tau complex is then 

secreted to initiate a new cycle of propagation and associated toxicity in 

healthy neurons (Gibbons et al., 2019; Walsh and Selkoe, 2016). This initiates 

the cascade of intracellular toxicity that then transmits throughout the network. 

This cycle of propagation is often referred to as the transneuronal spread 

model (Fig 1.5a) and has been demonstrated in animal studies using both 

transgenic and wild type animals as well as basic cell models (Boluda et al., 

2015; Clavaguera et al., 2009; Evans et al., 2018; Guo and Lee, 2011; He et 

al., 2020; Iba et al., 2013; Karikari et al., 2019a; Narasimhan et al., 2017; 

Puangmalai et al., 2020; Usenovic et al., 2015; Wegmann et al., 2016) 

A second model for propagation is that of selective vulnerability, whereby 

some neurons are more susceptible to pathology than others, perhaps due to 

the presence of misfolded tau protein. In response to neuronal stress, a 

presynaptic ‘affected’ neuron will release diffusible metabolic factors which can 

then target these ‘vulnerable neurons’, transducing the stress and inducing the 

process of protein aggregation in the postsynaptic target cell. In the early 

stages of disease, only the ‘vulnerable’ neurons will be affected, but as disease 

progresses, aggregates are also able to transfer from cell to cell via a direct 

internalisation and release mechanism (Walsh and Selkoe, 2016; Fig 1.5b).  



32 

Figure 1.5: Methods of neuronal vulnerability to tau propagation. 

A) The trans-neuronal spread model describes the direct physical transfer between 

neurons that make a synaptic connection. oTau is released into the extracellular 

space, internalised by the postsynaptic cell, and then stimulates the aggregation of 

endogenous tau.  B) The selective vulnerability model describes a paradigm in which 

some neurons are more susceptible to damage (vulnerable neurons; purple), perhaps 

due to the presence of misfolded tau protein. Here in response to neuronal stress, 

diffusible metabolic factors are released and transferred across the synapse, inducing 

aggregation in the target cell. As disease progresses further, eventually the 

aggregates will be able to transmit from cell to cell via internalisation and release and 

even the less vulnerable neurons can be affected (yellow) (Walsh and Selkoe, 2016).  
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1.1.7 Alzheimer’s disease and other tauopathies 

Tauopathies are a group of diseases in which misfolded or aggregated tau 

plays a key role in mediating neuronal dysfunction and subsequent loss. They 

can be sub-categorised broadly by whether tau plays a primary role, these are 

termed ‘primary tauopathies’, or whether tau contributes in combination with 

other proteins such as Aβ or alpha synuclein (αSyn), these are termed 

‘secondary tauopathies’. Although tauopathies share some common 

mechanisms, they can be distinguished by the isoforms and ultrastructure of 

the tau aggregates (Dickson et al., 2011; Rademakers et al., 2012).  

Alzheimer’s disease (AD), a secondary tauopathy, is the most prevalent 

neurodegenerative disorder. AD has two major pathological hallmarks; 

extracellular amyloid beta and intracellular neurofibrillary tangles (NFTs) (Jack 

et al., 2013). AD is characterised by progressive and irreversible neuronal 

atrophy. Acetylcholine neurons are predominantly affected, initially in the 

entorhinal cortex, but as the disease progresses also the hippocampus and 

the cortex are affected with tau pathology. AD pathology then progresses 

progressively around the brain following the pathways described in Braak and 

Braak (1991; Fig 1.6). 

1.1.8 Causes of Alzheimer’s disease

Only ~1 % of cases of AD are inherited, with the remaining majority idiopathic, 

occurring as the result of a combination of genetic and environmental factors 

(Mayeux, 2003). There are four genes responsible for a large proportion of the 

mutations seen in AD: APP, presenilin 1 and 2 and apolipoprotein-E (APOE; 

Bekris et al., 2010). Mutations in APP alter the activity of the secretases 

responsible the production of Aβ, resulting in increased production of the toxic 

form of Aβ. Although excess Aβ can be cleared from the brain by transport 

across the vascular endothelium or by degradation by proteases or microglia, 

the clearance rate declines over time and this results in a build-up. Presenilin 

(PS) is part of the gamma secretase, therefore mutations in PS1 or PS2 also 

increase the production of the toxic form of Aβ (Citron et al., 1997; De Strooper 

et al., 1998; Scheuner et al., 1996). While APP mutations will not always result 

in AD, mutations in PS1 or PS2 will always result in fully penetrant early onset 
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AD (Raux et al., 2005). APOE is found in the extracellular space as a 

component of high-density lipoproteins and is involved in lipid and cholesterol 

transport. Its risk is determined by the combination of E2, E3 and E4 alleles 

held (Corder et al., 1993; Huang, 2006). Although, to date, there have been no 

reported mutations in MAPT (the gene encoding tau) that are related to 

Alzheimer’s disease, there are a number reported for other tauopathies 

including frontotemporal dementia (Strang et al., 2019). These mutations have 

been used to generate transgenic tauopathy models to explore the pathology 

of dysfunctional tau on a general level (Ren et al., 2015). There are many other 

risk factors for tauopathies including diet, exercise and environmental factors 

(Barnard et al., 2014), which in combination with the genetic architecture will 

dictate whether someone will develop the disease, the age of onset and speed 

of progression.  

Figure 1.6: Progression of AD pathology throughout the brain. 

A) Amyloid beta pathology as described by Thal and Braak (Thal et al., 2002). 

Progression from the neocortex to the entorhinal area and the hippocampus, then 

onto the cerebellum and brainstem. B) Tau NFT pathology as described by Braak 

(Braak and Braak, 1991). Progression starting in the entorhinal region, spreading to 

the hippocampus and then later onto the neocortex. A difference in the starting 

regions and pattern of spread can be observed. Amyloid pathology is more 

widespread in earlier stages than tau pathology, which is typical of the biomarker 

presentation clinically. Figure reproduced from (Jouanne et al., 2017). 
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1.1.9 Symptoms  

Patients with Alzheimer’s disease can present with a range of symptoms and 

the average life span post diagnosis is around 10 years (Fig 1.7). In the 

preclinical stages, they may display mild cognitive difficulties but not enough 

to affect their day-to-day functioning. This then develops further into mild 

cognitive impairment (MCI) in the ‘prodromal stage’ where the presence of AD 

biomarkers can be detected (Albert et al., 2011; Parnetti et al., 2019; Winblad 

et al., 2004). MCI/prodromal AD is an ideal stage to target therapeutically 

before widespread pathology spread, but is hindered by the fact very few cases 

are diagnosed at this early stage (Petersen, 2004). As the disease progresses 

to different brain regions, patients can suffer from severe loss of cognitive 

function which then results in major changes to behaviour as well as loss of 

functionality such as language and motor skills. In the late stages of the 

disease, symptoms become more varied and patients can also suffer from 

anxiety and depression (Atri, 2019).  

Figure 1.7: Timeline of AD progression paired with clinical presentation. 

Details the progression from pre-symptomatic to MCI, through to mild, moderate, and 

severe AD. In most cases, AD is only clinically observable from the orange (moderate) 

stage, however this might be too late to act for treatment due to the widespread 

pathology by this stage.  
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1.1.10 Diagnosis and biomarkers 

It can be difficult to diagnose AD with certainty due to the overlap of symptoms 

with other neurodegenerative diseases. The presence of amyloid-beta 

aggregates and phosphorylated tau aggregates (NFTs) are used for 

pathological confirmation of AD diagnosis post-mortem and correlate well with 

disease progression (Nelson et al., 2012). However, Aβ and tau pathology also 

precede the onset of cognitive impairment in AD by as much as 15-20 years 

before clinical loss of function or changes to brain structure so provide 

attractive targets for clinical biomarker development for early stage AD (Fig 

1.8; Bateman et al., 2012; Buchhave et al., 2012; Fagan et al., 2014; 

Villemagne et al., 2013). 

Figure 1.8: A schematic to show the best diagnostic biomarkers for 

Alzheimer’s disease. 

Clinical presentation of symptoms such as memory loss, loss of clinical function and 

changes to brain structure are preceded by changes to amyloid beta and tau 

pathology. This gives a window in which treatment can be administered before 

extensive pathology spreading, if successfully diagnosed in time (Jack et al., 2010). 
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Clinical biomarkers are molecules that can provide a ‘measurable indicator of 

pathology’, allowing the detection of disease at earlier stages. They can both 

aid diagnosis of diseases like AD but also assist in predicting the underlying 

pathologies (Zetterberg, 2019; Zetterberg and Burnham, 2019). The use of 

11C Pittsburgh Compound B, florbetapir and florbetaben positron emission 

tomography (PET) imaging for Aβ pathology are well validated for Alzheimer’s 

disease and can provide 85–95% sensitivity and specificity (Zetterberg and 

Bendlin, 2021). It is worth noting that not all AD patients will have amyloid 

pathology and not all people with amyloid positive PET scans go on to develop 

the disease. It is therefore needed in combination with other tests in order to 

make an accurate diagnosis. CSF biomarkers for amyloid beta 1-42 (Aβ42), 

total tau (T-tau) and phosphorylated tau181 (P-tau181) can also be used for 

AD and provide similar sensitivity to PET scans (Zetterberg and Bendlin, 

2021). Although showing a good level of accuracy, the collection of CSF 

samples involves minor surgery and PET scans need expensive brain imaging 

techniques, so cheaper less invasive methods are required.

Blood-based biomarkers allow for the possibility of screening for the same 

pathological markers but using a quick, relatively cheap and less-invasive 

assay (Toombs and Zetterberg, 2020). For example, using specific targeted 

biomarkers, such as P-tau181, a similar level of specificity and sensitivity as 

CSF Aβ42/Aβ40 and CSF T-tau can be achieved when comparing cohorts of 

Alzheimer’s disease patients to those that are cognitively normal (Janelidze et 

al., 2020; Karikari et al., 2020; Mielke et al., 2019; Thijssen et al., 2020). For 

example, plasma P-tau181 correlates well with CSF P-tau181 (Mattsson et al., 

2016) with Aβ PET and tau PET (Mielke et al., 2019; Thijssen et al., 2020) and 

with Braak stage (Karikari et al., 2020), whilst not with neurofilament light (NFL; 

a common marker of neurodegeneration) (Thijssen et al., 2020).  
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1.1.11 Treating tauopathies: Alzheimer’s disease 

Brain atrophy cannot be reversed and so treating AD at the earliest possible 

stage is imperative. Alzheimer’s disease and dementia are distinct from one 

another. People who have clinical Alzheimer’s disease can develop dementia 

and the majority do although there are people who, despite having amyloid 

pathology, will never go on to develop Alzheimer’s dementia within their 

lifetime. This provides a challenge for accurate diagnosis. Given the small 

proportion of cases that are heritable, mass genetic screening is unlikely to be 

an effective solution.  

Initially, it was thought that by introducing small compounds termed ‘plaque 

busters’ or synthetic peptides, amyloid beta deposition in plaques could be 

reversed and that it may be possible to drive down amyloid pathology in the 

brain (Soto, 1999). Although initially promising, in some cases these peptides 

were found to brake the plaques down into small soluble toxic aggregates, and, 

even in cases where they were successful in driving down the levels of soluble 

amyloid beta, this did not correlate with an improvement in cognitive function 

(Mullane and Williams, 2020).  

Another idea for targeting tau pathology is the use of peptides that prevent 

aggregation. Tau has two hexapeptide motifs with enhanced β-propensity that 

make it more likely to form beta sheets. By generating a peptide that binds and 

blocks this region, aggregation can be reduced (Pir et al., 2019). However, the 

problem with peptide-based therapy that there is a low level of blood-brain-

barrier permeability and a high likelihood of degradation by proteases. There 

are a number of other approaches for targeting tau pathology that are also 

emerging including anti-aggregation agents (Bulic et al., 2010; Jouanne et al., 

2017; Wischik et al., 2014) and antisense therapies for  tauopathies with 

targetable mutations such as frontotemporal dementia (Schoch et al., 2016).  

Perhaps the most promising of all treatment approaches over the last decade 

has been immunotherapy, for both Aβ and tau. By introducing antibodies 

targeting Aβ in rodent models, protein deposits were reduced, and cognitive 

function improved. Solanezumab, an example of immunotherapy targeted at 

Aβ failed in phase III trials in 2018 after not significantly altering cognitive 
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decline (even though it had shown promise in animal and early human trials) 

(Honig et al, 2018). Solanezumab is one example of many immunotherapy 

trials for Aβ; all have failed at the clinical trial stage to meet their endpoints 

(Wang et al, 2017; Panza et al, 2020). This may be because the administration 

is too late in the course of disease progression or that not enough of the dose 

enters the brain. However, it might still be a good approach if delivered to pre-

symptomatic patients, dependent on advancements and availability of 

biomarker technology. The field is now shifting to also explore the possibility 

of anti-tau-based immunotherapy. There are a range of trials which aim to 

neutralise either monomeric (Boutajangout et al., 2011; Yanamandra et al., 

2015, 2013), phosphorylated, mutated (Boutajangout et al., 2011; Chai et al., 

2011; Congdon et al., 2013; d’Abramo et al., 2013; Kontsekova et al., 2014) or 

aggregated versions of the tau protein (Castillo-Carranza et al., 2014). When 

choosing an immunotherapy target there are many considerations, including, 

but not limited to, the epitope, the isotope of tau that it targets, the charge of 

the antibody and whether a whole or fragment of antibody is used (Sigurdsson, 

2018). These factors will all alter the efficiency of the immunotherapy.  

Immunotherapy must be targeted at a certain epitope of the protein and the 

target will determine the effects on tau function. This highlights the importance 

of understanding the underlying biological basis. It also means that just 

because a trial fails for one disease, it does not mean that it cannot be 

repurposed for another pathology with the same proteinopathies. For example, 

the Gosuranemab (Biogen) antibody failed at stage 2 in progressive 

supranuclear palsy but is now repurposed for tau targeting in AD. It is unlikely 

that one form of immunotherapy will be sufficient to work across all pathologies 

of tau or of amyloid beta (Sigurdsson, 2018). Basic science underpins the 

understanding of the mechanisms of protein-mediated degeneration and 

needs to guide the development of potential treatment strategies, to facilitate 

their timely success. 
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1.2.1 Parkinson’s disease  

Parkinson’s disease (PD) was initially named ‘The Shaking Palsy’ by James 

Parkinson in 1817 when he observed, weakened muscle tone, resting tremor 

and stooping in his patients (Parkinson, 1817). It was later renamed by Jean-

Martin Charcot to reflect its discoverer James Parkinson (Charcot, 1877). As 

scientists and clinicians began to understand more about the symptoms and 

the progression of this disease, a better understanding and methodology for 

diagnosis emerged. The discovery of Lewy bodies as a key pathology was first 

reported by Lewy (1912) and they are now known to be one of the major 

hallmarks of PD, as well as in Lewy body dementia and Parkinson’s disease 

dementia. PD is a disorder that follows a typical spreading pattern around the 

brain and can be categorised by the location of pathology and clinical 

symptoms to give a measure of the stage of disease. These stages were 

outlined by Braak (Braak et al., 2003, 2002). PD is a disorder affecting many 

areas of the brain but one of the predominant and most susceptible to damage 

is the basal ganglia. The substantia nigra (SN) is a region within the basal 

ganglia and is an integral part of the circuitry. It is an area that suffers 

substantial neuronal loss throughout the disease and is well characterised as 

a key target for degeneration (Gibb and Lees, 1991; Paulus and Jellinger, 

1991). The SN is home to one of the key populations of dopaminergic neurons 

in the brain and these are primarily lost over the course of the disease. 

Dopamine is a monoamine neurotransmitter involved in the processes of 

movement, reward and emotion, amongst many others. It was first discovered 

to be a neurotransmitter in the late 1950’s (Bertler and Rosengren, 1959; 

Carlsson, 1959). The dopamine circuitry in the basal ganglia is complex and 

its projections need to be finely managed in order to be able to perform 

movements. Loss of dopaminergic neurons over the course of the disease lead 

to this balance being compromised and thus patients have difficulty controlling 

movement and co-ordination. The main changes to the pathway circuitry 

during PD are highlighted in Figure 1.9. They demonstrate the shift in the 

balance of the direct and indirect pathways, and the resulting effects on both 

the basal ganglia itself and the surrounding regions of the cortex, the brain 

stem, and the thalamus (Fig 1.9). 
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Figure 1.9: Schematic of the changes to basal ganglia circuitry that occur 

during Parkinson’s disease. 

Illustrated are the main regions of the basal ganglia, as well as the cortex, the 

brainstem, and the thalamus. The circuitry is complicated and can be divided into two 

pathways, the direct (through D1 dopamine receptors) and the indirect (through D2 

dopamine receptors). The left-hand side demonstrates the physiological condition, 

with teal arrows representing excitatory projections and magenta representing 

inhibitory projections. The right-hand side demonstrates the changes that occur in 

Parkinson’s disease, starting from the loss of dopaminergic neuron projection from 

the substantia nigra pars compacta (SNpc) and the subsequent changes to the 

strength of connections across the circuit. Thinner arrows represent a decrease in the 

activity of the projection compared to physiology. Thicker arrows, on the other hand 

represent an increase in activity of that projection compared to the physiological 

circuit. CM, centromedian nucleus; VA/VL, ventra; anterior/ ventral lateral nucleus; 

SNc, substantia nigra pars compacta; GPe, globus pallidus, external segment; STN, 

Subthalamic nucleus; GPi, globus pallidus, internal segment; SNr, substantia nigra 

pars reticula; PPN, pedunculopontine nucleus. (Figure concept from Smith et al., 

2012). 
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1.2.2 Parkinson’s disease - causes  

Parkinson’s disease has a complex aetiology, with a lifetime incidence of 

around 2% (Polymeropoulos et al., 1997). The biggest risk factor for 

developing PD is age (Eriksen et al., 2009; Hindle, 2010; Morgan and Finch, 

1988; Niccoli and Partridge, 2012; Samii et al., 2004). Dopaminergic neurons 

are lost naturally over time and around 1 % of people over the age of 60 and 

4 % of people over the age of 80 are affected (de Lau and Breteler, 2006). 

There is a slightly higher prevalence of disease in men than women (Haaxma 

et al., 2007; Shulman, 2007; Van Den Eeden et al., 2003), which might be due 

to oestrogen-mediated increase in dopamine release in the striatum (Haaxma 

et al., 2007). There is, however, no discrimination in prevalence across 

ethnicities (Van Den Eeden et al., 2003).  

Parkinson’s disease can be hereditary, and this accounts for between 5 and 

10 % of cases. Mutations in the genes SNCA, which encodes alpha synuclein, 

or LRRK2, which encodes Leucine-rich repeat kinase 2, are known to be linked 

to the autosomal dominant form of familial PD. The link between SNCA and 

alpha synuclein was established in 1997 (Spillantini et al., 1997). Mutations 

lead to the misfolding and aggression of alpha synuclein protein which cannot 

be degraded by the ubiquitin-proteasomal-pathway and hence alpha synuclein 

is accumulated into inclusions. These toxic inclusions affect basic cellular 

functions, trafficking and transmission, eventually leading to cell death (Winner 

et al., 2011). LRRK2 harbours the most common familial mutations for PD and 

encodes a kinase that controls the phosphorylation of alpha synuclein and tau. 

LRRK2 mutations cause disruption to the level of phosphorylation and 

increase the amount of pathologically aggregated alpha synuclein and tau 

within neurons (Zimprich et al., 2004). A second set of genes PARK2, PINK1, 

DJ-1 and ATP13A2 are all linked to the autosomal recessive forms of familial 

Parkinson’s disease and affect various other cellular processes (Lesage and 

Brice, 2009).  

For the other 90% of cases, there are numerous risk factors, including genetic 

risk factors which have been highlighted using genome-wide-association-

studies (Klein and Westenberger, 2012) as well as lifestyle factors including 
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smoking, caffeine and vitamin C and E intake; all of which are reported to 

reduce the risk of developing PD and thus could be neuroprotective 

(Checkoway et al., 2002; de Lau et al., 2005; Hantikainen et al., 2021; Hernán 

et al., 2003, 2002; Quik et al., 2012; Zhang et al., 2002). The mechanisms 

underlying these inverse relationships are yet to be established. For example, 

in meta-analysis studies, smoking has been associated with a significantly 

lower risk of developing PD (Li et al., 2015; Chen et al., 2010), however it is 

not clear which element of cigarette smoking is responsible for this reduction 

in risk. Studies have demonstrated that the reduced risk is also present in 

cases of smokeless tobacco use over non-smokers (O’Reilly et al., 2005), as 

well as those who have been exposed to environmental tobacco smoke 

(Nielsen et al., 2012). For example, nicotine, which is found in tobacco smoke 

can bind to and activate nicotinic acetylcholine receptors on dopaminergic 

terminals and modulate dopamine release and striatal activity (Ma et al., 2017; 

Quik et al., 2012, 2009). Nicotine has been shown to have protective effects in 

the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) animal model of PD; 

reducing striatal damage and improving motor function (Bordia et al., 2006; 

Janson et al., 1992; Parain et al., 2001). It also reduced levodopa-induced 

dyskinesias in rodents and monkeys (Quik et al., 2013a, 2013b; Zhang et al., 

2014a, 2014b). However clinical trials in humans have yielded inconsistent 

results (Lemay et al., 2004; Mitsuoka et al., 2002; Villafane et al., 2007).  

Systemic analysis of over 100 observational studies of human caffeine intake 

confirms that it also confers a reduction in the risk of developing PD (Bakshi et 

al., 2020; Grosso et al., 2017; Hong et al., 2020; Li et al., 2012). In the MPTP 

(PD) animal model, caffeine consumption can reduce degeneration when 

given before treatment with MPTP (Xu et al., 2002), but can also confer 

neuroprotection when administered after the MPTP treatment (Sonsalla et al., 

2012). Caffeine acts mainly at the adenosine A2A receptor (A2AR) as an 

antagonist to promote wakefulness (Huang et al., 2005). Studies to block A2A

receptors or genetically deleting them have demonstrated protection of 

dopaminergic neurons in PD animals (Chen and Schwarzschild, 2020; Ferreira 

et al., 2017; Kachroo and Schwarzschild, 2012). The action on A2A receptors 

is of particular interest in PD as they are highly expressed in the striatum of 
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neurons in the indirect pathway (Figure 1.9). Here the A2A receptors are co-

localised with D2 receptors allowing dopamine and adenosine to have 

antagonistic effects on the same neurons (Cieślak et al., 2008). Activation of 

A2A receptors therefore reduces the affinity of D2 dopamine receptors for 

dopamine and therefore reduces the ability to control movement (Cieślak et 

al., 2008; Popoli et al., 1994). It is also known that A2A receptor activation 

inhibits the release of GABA in the striatum while enhancing GABA 

transmission in the globus pallidus, which also disrupts the balance of the 

direct and indirect dopaminergic pathways (Cieślak et al., 2008). Thus, it was 

proposed that A2AR antagonists could provide a viable treatment option for PD 

(Berger et al., 2020; Munoz and Fujioka, 2018). Over 25 clinical trials in 

humans have been carried out to assess the efficacy of A2AR antagonists in 

PD (Ren and Chen, 2020), culminating in the FDA approval of Istradefylline 

(an A2AR antagonist) which is now prescribed as a combination therapy 

levodopa/carbidopa to help to manage ‘off’ periods (Berger et al., 2020).  

Another confounding factor in PD pathogenesis is mitochondrial dysfunction 

and the subsequent accumulation of reactive oxidative species (ROS; Lesage 

and Brice, 2009). The high levels of ROS in PD are thought to result from a 

combination of high levels of iron in the SNpc and from dopamine metabolism. 

Dopamine undergoes oxidation to form dopamine quinones and free radicals 

(Muñoz et al., 2012). Dopamine levels are normally regulated through by the 

neuronal enzyme MAO-A, however in PD, the glial enzyme MAO-B becomes 

the primary dopamine metabolising enzyme (Riederer et al., 1987). A by-

product of MAO-B-mediated dopamine metabolism is H2O2 which can enter 

dopaminergic neurons, react with iron, and form hydroxyl radicals (Kumar and 

Andersen, 2004; Nagatsu and Sawada, 2006). This explains the rationale 

behind the addition of MAO-B inhibitors as a clinical PD treatment in humans 

(Binde et al., 2020).  

The MPTP primate model is one of the most commonly used PD animal 

models and works by blocking mitochondrial complex one, increasing ROS 

and leading to similar degeneration patterns to those observed in PD (Sian et 

al., 1999). Environmental stress in the form of pesticides found in drinking 

water or on farms has been correlated with risk due to a higher reported 
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prevalence in rural areas of the United States (Lai et al., 2002). There is also 

evidence that exposure to certain metals like iron and copper can increase risk 

due to their ability to bind to and disrupt alpha synuclein’s function (Bush, 2000; 

Dexter et al., 1991, 1989; Gorell et al., 1997).  

1.2.3 Parkinson’s disease – diagnosis and symptoms  

Diagnosis of PD is challenging as several the symptoms overlap with those of 

other neurodegenerative disorders. The Unified Parkinson’s Disease Rating 

Scale (UPDRS) is a series of questions and tasks designed to characterise if 

a patient displays characteristic PD phenotypes and is then used post-

diagnosis to track progression. The UPDRS scale is used internationally 

across clinical trials and for diagnoses allow worldwide uniformity (Fahn and 

Elton, 1987). Symptoms of PD only present clinically when 70-80 % of the 

dopamine input to the striatum is lost (Bernheimer et al., 1973). Motor 

deficiencies are the most common early symptoms, resulting from the 

reduction of dopamine in the substantia nigra, including a unilateral resting 

tremor, increased rigidity and a loss of postural control (Hisahara and 

Shimohama, 2011; Fig 1.10). Sometimes if the balance of medication is not 

correct, patients can experience bradykinesia (slow movement) or tardive 

dyskinesia (unwanted jerks or movement).  As the disease progresses, finer 

motor control becomes affected leading to further symptoms including 

micrographia (progressively small handwriting) and loss of control over facial 

expressions (Lesage and Brice, 2009). One of the most disabling symptoms 

of PD, which tends to occur in the later stages of disease is freezing of gait, 

where there is a delay between deciding to move and initialising the movement 

(Schapira et al., 2009; Fig 1.10). Patients can also develop mental health 

complications such as depression and anxiety as PD progresses. However, it 

is unclear whether these are part of the pathology or a consequence of the 

effects the other symptoms on quality of life. As patients become more heavily 

medicated over time, medication-induced side effects can present and can be 

as, if not even more, disabling as the pathology itself (Chaudhuri et al., 2006).  
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Figure 1.10: The non-motor symptoms of Parkinson’s disease (PD). 

Parkinson’s disease is often miscategorized as just a movement disorder, affecting 

posture, movement control and gait problems as the image in the center shows. 

However, often overlooked, there are also widespread non-motor symptoms that can 

have a large effect on patients’ quality of life, some of the main symptoms are 

categorized and listed. A number of these side effects will occur in the later stages of 

the disease and may be a result of the drug regime rather than as a direct result of 

the pathology.  
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1.2.4 Parkinson’s disease - spread of disease pathology 

The early stages (1 and 2) of PD are known as the ‘pre-symptomatic stages 

and represent the time period before patients present with a substantial clinical 

motor deficit but do exhibit pathology in the form of inclusion bodies in the 

brainstem. PD is believed to originate in the dorsal motor nucleus of the vagus 

nerve (Del Tredici et al., 2002), however at this stage, Lewy body pathology 

can also found in the olfactory bulb (Barz et al., 1997; Fig 1.11). By stage 2 the 

pathology has also spread to the medulla and pons. One of the first symptoms 

of PD that is almost universal (~90%) across patients is olfactory loss and this 

tends to occur in these early stages of the disease (Haehner et al., 2007; Ross 

et al., 2008; Sommer et al., 2004). Stages 3 and 4 are the first symptomatic 

stages and these are characterised pathologically by the spread of Lewy 

bodies to the basal ganglia, specifically into the substantia nigra pars 

compacta (SNPc; Eriksen et al., 2009; Fig 1.11), which is the primary site for 

dopaminergic cell loss in PD. Dopaminergic neurons can be located by their 

neuromelanin content which appears as a black pigment. Lewy bodies when 

they form tend to displace neuromelanin within dopaminergic neurons. 

Dopaminergic neuronal loss is accelerated in stage 4. Other affected regions 

include the basal forebrain and the hippocampus (Dickson et al., 1991; Divac, 

1975). Stage 5 and 6 are the final stages of the disease and represent the 

advanced stages of the disease where patients begin to suffer from a range of 

non-motor and autonomic deficits alongside their symptoms.  
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Figure 1.11: Illustration of the pathological spread in cases of idiopathic Parkinson’s disease. 

A) In stages 1 and 2, pathology is found in the olfactory bulb and the medulla oblongata. B) By stages 3 and 4, the substantia nigra and areas of 

the basal forebrain start to become affected, first mildly, but then progressing to more severe. This is where the symptomatic clinical presentation 

usually arises. By stage 5 and 6, pathology has spread further into the neocortex and surrounding regions and symptoms increase in severity 

(Braak et al, 2002).
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1.2.5 Alpha-synuclein - physiology and pathology 

Alpha synuclein (αSyn) is a small intracellular protein of only 140 amino acids 

that is abundantly expressed throughout the brain. It is found primarily at 

presynaptic terminals where it plays a role in vesicle trafficking and recycling 

via interactions with SNARE proteins (Fig 1.12 and 1.13; Lashuel et al., 2013) 

but can also be found in the mitochondria and nucleus. Like tau, monomeric 

αSyn is an intrinsically disordered protein (IDP). IDPs do not show a well-

defined three-dimensional structure, often due to having a high proportion of 

charged or polar amino acids in their sequence (Skrabana et al., 2006). This 

structural flexibility allows them to carry out their roles within neurons and is 

lost upon aggregation when the protein becomes ordered and rigid. 

Pathological αSyn was first discovered in the amyloid beta inclusions of 

Alzheimer’s patients (Uéda et al., 1993) and only later was its role in PD 

uncovered. Aggregation is commonly induced by reactive oxygen species 

(ROS) following damage to the structure of αSyn and follows a similar pattern 

of aggregation to tau, starting with accumulation into soluble oligomers, then 

to fibrils and through to Lewy bodies and Lewy neurites.  

Oligomers of αSyn cause toxicity by a range of cellular mechanisms (Fig 1.12). 

αSyn aggregates decrease the ability of the ubiquitin proteasome pathway 

(UPP) to remove abnormal proteins, so ubiquitin-bound proteins are often 

found as a component of Lewy bodies (Alves-Rodrigues et al., 1998; Dehay et 

al., 2015). They can also induce mitochondrial dysfunction by depolarising 

mitochondria, which results in intracellular calcium retention and cell swelling 

(Luth et al., 2014), or by targeting the mitochondria itself, accumulating on the 

outer membrane and making it permeable which leads to mitochondrial 

fragmentation and mitophagy. αSyn aggregates can directly interact with 

complex 1 to increase the levels of reactive oxygen species which then in turn 

increase the oxidative damage within the cell. Extracellularly applied oligomers 

of αSyn can also impair LTP by binding and activating NMDA receptors  

(Diógenes et al., 2012). At presynaptic terminals, oligomeric Syn can induce 

synaptic dysfunction by disrupting vesicle trafficking (Jakes et al., 1994). It can 

also interfere with synaptobrevin in the SNARE complex, which is vital for the 

fusion of vesicles with the membrane ready for neurotransmitter release (Burré 
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et al., 2010; Choi et al., 2013; Lashuel et al., 2013; Murphy et al., 2000; Figure 

1.13) 

Figure 1.12: Effects of alpha synuclein aggregates within individual neurons 

Pink shell: details the proposed mechanisms of toxicity of the oligomers. Yellow shell: 

examples of some of the effects that the oligomers have within neurons. Green shell: 

disruption caused to cellular systems by the accumulation of aggregates. Blue outline: 

pathological outcomes. ER—endoplasmic reticulum. UPR—unfolded protein 

response. Figure reproduced from (Roberts and Brown, 2015).  

Toxic αSyn oligomers can be transmitted between cells, providing a possible 

mechanism for disease progression. When autophagy fails, exosomes are 

used to release the oligomers into the extracellular space (Danzer et al., 2012).  

Rostami et al., (2017) demonstrated that the cellular distress induced by 

aggregates causes tunnelling nanotubes to form. These are utilised by 

neighbouring astrocytes to send mitochondria as an additional energy source. 

At the same time, the aggregates can travel down these microtubules to 

neighbouring astrocytes, transferring the pathology. 
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Figure 1.13: Presynaptic roles of alpha synuclein in physiology and pathology. 

Physiologically, alpha synuclein (αSyn, purple; left panel) assists in the trafficking of vesicles via their interactions with the vesicle-associated 

SNARE (v-SNARE) and the target membrane associated SNARE (t-SNARE). It also assists in the refilling of neurotransmitters into vesicles after 

release. Pathologically, when aggregated (red; right panel), it can impair neurotransmitter release in a number of ways, it can directly inhibit 

release, alter vesicle trafficking, and also slow the recycling process by inhibiting vesicle refilling (Figure concept from Lashuel et al, 2013).
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1.2.6 Treatments for Parkinson’s disease 

All current pharmacological treatments for Parkinson’s disease act by relieving 

symptoms rather than by targeting the underlying cause. Having established 

that a loss of dopaminergic signalling is central to disease progression, 

researchers searched for a method to boost the dopamine signal that declines 

in the brains of PD patients. This came in the form of levodopa (L-3,4-

dihydroxyphenylalanine; L-DOPA), which is then converted into dopamine via 

DOPA decarboxylase dopamine and noradrenaline neurons (Cotzias et al., 

1969, 1967; Yahr et al., 1969; Fig 1.14). This was a revolutionary discovery in 

its time and is still the current frontline treatment for newly diagnosed 

Parkinson’s disease patents. The rate limiting step in the production of 

dopamine lies between tyrosine and L-DOPA and so the administration allows 

this to be bypassed and a quicker boost to dopamine levels. Unfortunately, 

only 1% of the dose that is taken orally will reach the target site in the brain. 

As with many pharmaceutical therapies the issue is tolerance and over time 

patients develop tolerance and need to increase their levels of medication. At 

the peak of the dose of L-DOPA, patients can sometimes suffer from motor 

overload, which is referred to as dyskinesia, unwanted jerk 

movements (Schapira et al., 2009). There is therefore a ceiling to which the 

dose can be increased as all of these medications have side effects that have 

to be managed. This means that as the disease progresses, patients need to 

supplement L-DOPA with various other drugs (Fig 1.14). As the disease 

progresses, patients can suffer from ‘on’ and ‘off’ periods. ‘On’ periods refer to 

a period of time in which the anti-parkinsonian dopaminergic medications are 

working, and symptoms are improved. ‘Off periods’ refer to a worsening of 

symptoms despite continued anti-parkinsonian medication, which can 

manifest as a delay to symptom alleviation after a dose of levodopa, a decline 

in benefit of the treatment (at the end of a dose) or the complete lack of efficacy 

of a therapeutic dose altogether (Swope, 2004).  

To prevent loss of orally administered L-DOPA in the periphery, DOPA 

decarboxylase inhibitors can be prescribed which prevent the breakdown to 

dopamine. They cannot pass the blood brain barrier, so they only prevent 

peripheral breakdown. This means that instead of only 1% of the dose reaching 
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the brain, up to 10% can. Dopamine agonists can also be used which mimic 

the activity of dopamine at dopamine receptors without the need for the dopa 

decarboxylase step needed for L-DOPA (Schapira et al., 2009). MAO and 

COMT inhibitors can also be used to supplement drug regimens when patients 

develop tolerance to L-DOPA (Hammond et al., 2007).  

Long-term pharmacological therapy results in decreased efficacy and can 

induce complex side effects (Poewe et al., 2017). In these cases, deep brain 

stimulation can be considered. Candidates must have had PD for a minimum 

of 5 years and must have originally responded to L-DOPA treatment to be 

considered for deep-brain stimulation. Microelectrodes are implanted 

surgically into one of the following regions STN, GPi or Ventralis intermedius 

(VIM) and connected to a pulse delivery device to target the overactive indirect 

pathway.

Figure 1.14: Pharmacological approaches to treating Parkinson’s disease. 

The symptoms of Parkinson's disease can be managed using a variety of drugs. The 

drugs increase dopamine signalling by regulating various components of dopamine 

metabolism, synthesis, release, and signal transduction. The frontline treatment is L-

DOPA; however, this often needs to be supplemented with dopamine agonists, MAO-

B and COMT inhibitors as the disease progresses.  
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1.2.7 Gene therapy 

There are several potential ways to utilise gene therapy to help patients 

suffering from PD (Chen et al., 2005). Firstly, via increasing the production of 

dopamine, thus improving quality of life through symptom reduction. This can 

be done by delivering a combination of three different enzymes aminoacid 

decarboxylase (AADC), tyrosine hydroxylase (TH) and GTP-cyclohydrolase 1 

(GCH-1). Tyrosine hydroxylase converts tyrosine to DOPA, AADC (DOPA 

decarboxylase) converts DOPA to dopamine and GCH-1 is the rate limiting 

step in the synthesis of tetrahydrobiopterin, which acts as a cofactor for 

tyrosine hydroxylase. In human trials, bilateral intra-striatal delivery of a 

combination of these three enzymes (a treatment called ProSavin) into the 

putamen was well tolerated and significantly improved motor symptoms by 1 

year compared to baseline (Palfi et al., 2014). Moderate improvements could 

still be observed at the 5-year follow up stage (Palfi et al., 2018). There is 

evidence that level of dopamine replacement achieved, although enough to 

give significant reduction in symptoms, could be enhanced further. Parallel 

trials are now underway to discover different viral options that could increase 

efficiency, such as OXB-102 which is currently in pre-clinical trials (Badin et 

al., 2019).  

The second is to introduce adeno-associated viral vectors (AAV) encoding 

glutamic acid decarboxylase (GAD), the enzyme which is the rate limiting step 

in the synthesis of GABA, into the subthalamic nucleus (STN). Increased 

GABA transmission in the STN inhibits glutamatergic neurons, thus increases 

movement (Emborg et al., 2007). Results from Phase I (Luo et al., 2002) and 

Phase II clinical trials (LeWitt et al., 2011) showed that bilateral delivery of 

AAV-GAD into the STN was safe and tolerable and that there was significant 

improvement in motor impairment, with little off-target effects.  

A third approach would be to deliver neurotrophic factors such as glial derived 

neurotrophic factor (GDNF) or cerebral dopamine neurotrophic factor (CDNF) 

(Coune et al., 2012). This approach is hindered by these factors being too 

large to readily cross the blood brain barrier (Boado and Pardridge, 2009; 

Wang et al., 2012). Recent trials have shown promise in the delivery of GDNF 
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directly into the brain. Dopamine activity was increased by 54 %, although no 

corresponding change to UPDRS score meant that they did not successfully 

meet their clinical endpoints (Whone et al., 2019). This may be due to the 

length of the study period. For GDNF, the drug can be delivered via bilateral 

intraputamenal implanted catheters which are connected to a port which is 

fixed behind the patient’s ear (Fig 1.15). This overcomes the lack of access 

across the blood brain barrier and the surgery itself proved successful, safe 

and effective (Fig 1.15; Whone et al., 2019). 

Figure 1.15: GDNF trial using the new investigational drug delivery system. 

(Left) Schematic of the delivery system designed for this trial. Four catheters are 

implanted to deliver intermittent bilateral intraputamenal infusions of GDNF. The 

catheters are attached to an external pump which is fitted behind the patient’s ear to 

allow delivery (Marshall, 2019). (Right) 18F-DOPA images (PET imaging) to assess 

whether GDNF can increase the levels of L-DOPA in the striatum. A significant 

increase from baseline levels was seen in GDNF but not placebo receiving patients 

(Whone et al, 2019). 

There are now 2 clinical trials underway (by Herantis Pharma) utilising the 

same delivery system to deliver a different neurotrophic factor called CDNF 

(Phase I/II trial; NCT03295786). Early results after 6 months show that delivery 

is safe and tolerable. The same company is also working on a non-invasive 

fragment of CDNF (xCDNF) which is able to cross the blood brain barrier, 

clinical trials for this are due to begin in 2023 (Herantis Pharma, 2020).  
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1.2.8 Stem cells  

The DNs that are lost during PD progression cannot be naturally regenerated. 

As the neuronal loss is selective to midbrain dopaminergic neurons in PD, 

targeted cell replacement has been an attractive strategy for a number of 

decades (Backlund et al., 1985; Freed et al., 1992; Lindvall et al., 1990; Widner 

et al., 1992). There are two options to produce stem cells: those that originate 

from embryos and then differentiate, and those that come from adult cells and 

are reprogrammed. In the 1990’s DNs were generated from embryonic stem 

cells (from foetal mesencephalic tissue) and grafted into the striatum of PD 

patients. Although successfully boosting levels of dopamine (for ~20 years), 

the grafted neurons were still susceptible to the pathology (Barker et al., 2015; 

Kefalopoulou et al., 2014; Li et al., 2016). There are also ethical issues 

surrounding the use of embryonic stem cells, making tissue acquisition 

challenging for the current TRANSEURO trial (Fan et al., 2020).  

The second option is to harvest adult stem cells from the patient, which 

ensures that there will be no immunorejection and reduces the risk of 

tumorigenesis. Using Yamanaka transcription factors (Oct4, Sox2, Klf4 and c-

Myc) pluripotency can be induced into adult stem cells (iPSCs) and they can 

then be differentiated into midbrain dopaminergic neurons (Kirkeby et al., 

2012; Kriks et al., 2011). Editing tools like CRISPR/Cas9 can then be used 

generate isogenic cell lines of patient mutations. This is as close as in vitro

biology can get to modelling human disease cells (Soldner et al., 2011). It is a 

costly and time consuming process so generating a way to produce HLA-

homozygous ‘universal stem cells’ that can match large groups of the 

population rather than be individualised to the patient is the next step (Fan et 

al., 2020; Taylor et al., 2012).  

The next challenge is to develop cells to graft that are resistant to 

degeneration. There is growing evidence that endogenous alpha synuclein is 

needed in order for Lewy pathology propagation and so generating graft cells 

with alpha synuclein knocked out is an attractive prospect for generating 

pathology-resistant midbrain DNs (Abeliovich et al., 2000; Chen et al., 2019; 

Luk et al., 2009).  
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1.3 Electrophysiological evaluation of oligomer pathology 

Electrophysiology provides a valuable tool for evaluating the effects of 

aggregated proteins on neuronal function. Given that changes on this cellular 

level likely precede symptom development, it can give valuable insights into 

the early changes and how they might be able to be targeted to alter the 

progression of pathology. This thesis will deal only with in vitro

electrophysiology in acute brain slices, but these electrophysiological 

techniques can also be used in vivo under different circumstances. In vivo 

experiments would give a greater level of translatability as the whole brain 

remains intact. However, I used in vitro experiments as they allow much 

greater control over the structure and concentration of aggregates and allow 

for fine pharmacological manipulations.  In vitro, there are two commonly used 

electrophysiology techniques which can be implemented (Fig 1.16). The first 

is extracellular field recording which can provide an overview of the local 

network in the area of recording, detailing changes on a circuit level (Fig 

1.16A). This can be useful for the study of synaptic transmission and synaptic 

plasticity and sample many synapses, providing an average response. Field 

recordings can be performed in a number of regions but are commonly 

performed in the hippocampus by stimulating Schaffer collateral/commissural 

fibres where they make synapses onto CA1 pyramidal cells, and recording 

excitatory postsynaptic potentials (EPSPs) in the CA1 region (Zhang et al., 

2014).  

The second, more targeted, technique is patch clamp recording which can 

provide access to specific changes within a single neuron (Fig 1.16B). The 

technique was developed by Neher and Sakmann (1976) in order to record the 

current flowing through single channels on a small patch of membrane. It was 

then later extended to measure from channels distributed across whole-cell 

membranes (Hamill et al., 1981). It can provide high resolution measurements 

from single neurons including sub-threshold information (such as changes in 

membrane potential and input resistance) which is not obtainable from 

extracellular field recordings. It works by forming a high resistance seal 

between the end of a glass recording pipette and the cell of interest. Negative 

pressure is then applied which ruptures the membrane and allows the contents 
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of the patch pipette to dialyse the cell. This type of recording is known as 

‘whole-cell’ recording and allows for simultaneous current and voltage 

measurements to be taken from the cell. There are other forms of patch clamp 

recording which differ slightly in the initial patch protocol (inside out, outside 

out, cell attached, nucleated patch), with the form of recording defined by the 

experimental question (Van Hook and Thoreson, 2014). Once in whole-cell 

configuration, recordings can be made in one of two ways, either using the 

current clamp or voltage clamp configuration (Van Hook and Thoreson, 2014). 

In voltage clamp, the voltage across the cell membrane is clamped (usually 

around -60 mV) and the current needed to maintain this voltage level can be 

recorded. In current clamp, the cells resting membrane potential (mV) can be 

measured. This method allows the membrane potential to fluctuate in 

response to synaptic inputs or other membrane currents. Current can be 

injected (via the patch pipette) in order to elicit and record a voltage response.  

Figure 1.16: Electrophysiological approaches to measuring neuronal function. 

A schematic to demonstrate the two most used in vitro approaches to evaluate the 

effect of tau dysfunction on neuronal activity. A) Extracellular field recordings in the 

CA1 region of the hippocampus use an electrode to stimulate the Schaffer collateral 

fibers and recording where they synapse onto CA1 pyramidal neurons. Recording 

field excitatory post-synaptic potentials (fEPSPs) allows the study of circuit activity. B) 

Whole-cell patch clamp recording allows for the parameterisation of single neurons 

and the study of the intracellular effects of structure and concentration-defined protein 

aggregates.  
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There are three main delivery approaches used to evaluate the effects of 

protein aggregates, these are: transgenic mice, extracellular bath application/ 

viral infection, or delivery into single cells via the patch pipette.   

1.3.1 Transgenic models 

A classic approach to study physiological protein function is to generate 

transgenic mouse models and compare them to their wild-type littermates. This 

approach has several limitations, including compensation from other proteins 

during development. For example, in MAPT -/- mouse models there are limited 

functional effects observed, as other axonal proteins such as microtubule-

associated protein 1A (MAP1A) can compensate to perform the microtubule-

stabilization functions of tau (Dawson et al., 2001; Fujio et al., 2007; Harada et 

al., 1994; Tucker et al., 2001). Most studies of oligomer pathology using 

transgenic models depend upon promoting the overexpression of protein or by 

enhancing the level of aggregation and measuring the electrophysiological or 

behavioural phenotypes (Andorfer et al., 2005, 2003; Cowan et al., 2010; Lee 

et al., 2001; Polydoro et al., 2009; Spires et al., 2006; Tanemura et al., 2002; 

Tatebayashi et al., 2002; Wittmann et al., 2001; Yoshiyama et al., 2007). 

Another limitation in this case is that it is hard to quantify the exact form of 

protein responsible (e.g., small soluble oligomer, fibrils, insoluble aggregates, 

tangles), or the concentration of protein needed to see these effects. This 

introduces variation into data and makes equating changes in neuronal 

properties with tau aggregate structure and concentration difficult.  

1.3.2 Extracellular bath application or viral injection 

A different approach to study oligomer pathology is to perfuse the protein 

aggregates (recombinant or isolated from patient samples) onto the acute 

brain slices or by injecting them in vivo (Lasagna-Reeves et al., 2012). This 

method will circumvent the challenges of compensation observed with 

transgenic models and has been used successfully to elucidate many 

elements of aggregate pathology (Acquarone et al., 2019; Fá et al., 2016; 

Lasagna-Reeves et al., 2012; Ondrejcak et al., 2018). It does however have 

similar limitations in that the pathological effects cannot be easily attributed to 

the structure or concentration of protein aggregate. It can be hard to know how 
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much of the aggregate has been taken up into each neuron as in both cases 

they are applied extracellularly and thus they cannot determine whether the 

effects observed are due to the internalisation of aggregates or indirectly 

through the proteins acting extracellularly or indirectly through other cells, such 

as glia and astrocytes.  

1.3.3 Delivery via patch-pipette 

The lab of Dr Wall (where the work for this PhD thesis was undertaken), 

developed a novel approach utilising structurally defined, concentration-

controlled preparations of oligomers, delivered via the patch pipette to 

characterise changes in neuronal function using whole-cell patch clamp 

recording (Kaufmann et al., 2016). Utilising a single-neuron approach allows 

one cell to be targeted in a network free from pathology, thus allowing direct 

time- and concentration- dependent effects of protein aggregates to be 

measured. This technique permits the targeting to pre- or post-synaptic cells 

to study synaptic transmission and plasticity as well as tracking of aggregate 

movement through the cell from the soma to processes. This technique 

provides an unparalleled level of mechanistic detail and will be implemented 

throughout this thesis to study aggregate-induced pathology. This technique 

does have a number of limitations including that the maximum recording 

timescale is defied by the lifetime of the slice and that the timescale from the 

introduction of aggregates to effects can vary from cell to cell. It can also be 

challenging to translate the single cell findings into an in vivo functional assay 

(for example behavioural tests) as only on neuron is targeted rather than the 

network.  
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1.4 Carbon dioxide in health and disease 

1.4.1 Carbon dioxide 

Carbon dioxide (CO2) is excreted by breathing and its regulation is vital for life. 

The levels of CO2 in the blood fluctuate around the physiological normal level 

of 40 mm Hg (Huckstepp et al., 2010b). If the level of blood CO2 rises and the 

lungs can’t remove it quickly enough then respiratory acidosis will occur, this 

is normally characterised by blood pH falling below 7.35 (normally the pH is 

between 7.35 and 7.45).  In severe cases, this can lead to heart failure or death 

(Patel and Sharma, 2021). CO2 levels can be altered by many situations, for 

example they will be increased in people who suffer from asthma, sleep 

apnoea or chronic obstructive pulmonary disease (COPD)(Owens and 

Malhotra, 2010). On the contrary, levels can be lowered when people 

hyperventilate (Brown, 1953; Wilson et al., 1991).  

The ventilatory response to changes in the levels of PCO2 consists of both a 

peripheral and a central response. The central CO2 chemoreceptors are 

responsible for around 60-70% of the hypercapnic respiratory response, while 

the peripheral CO2 chemoreceptors are responsible for the remaining 30-40 % 

of the response. The ventilatory response to PCO2 changes can be modelled 

using a two component model, whereby the peripheral and central 

chemoreceptor responses (components) can be separated by the differences 

in their time constants (Dahan et al., 2007; Pedersen et al., 1999). In humans, 

when PCO2 levels are increased from 44 to 55 mm Hg CO2 and ventilation 

was measured, the peripheral chemoreceptors correspond to the fast 

component of the response (time constant ~ 3-10 s) whereas central 

chemoreceptors correspond to the slower component of the response (time 

constant ~ 2 mins; Dahan et al., 2007)). Central chemoreceptors are mainly 

localised on the surface of the ventral medulla but also on the nucleus of the 

solitary tract, locus coeruleus, caudal medullary raphe and the fastigial nucleus 

of the cerebellum. There will be some degree of temporal specificity depending 

on the site of CO2 detection (Nattie, 1999). 
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1.4.2 Connexins  

Connexins are a family of proteins that are embedded in cell membranes and 

can form large-pored channels. They assemble in groups of six into large 

conductance hexameric channels called connexons (Fig 1.17). Assembly of 

connexons occurs before delivery to the plasma membrane (Goodenough et 

al., 1996; Kumar and Gilula, 1996; Willecke et al., 2002) and once formed may 

either be delivered to the membrane or maintained in intracellular stores for a 

later timepoint (George et al., 1999).  Two connexons on plasma membranes 

of neighbouring cells can then co-assemble to form a ‘gap junction’. These 

channels allow the passage of both ions and other small molecules such as 

glucose and lactate. This inter-neuron connection is a key form of cell-to-cell 

communication. If there is just the one connexon that opens into the 

extracellular space and is not docked to an adjacent cell, they are known as a 

‘hemichannels’ and have functions that are distinct from those of gap junctions. 

(Dale, 2008; Huckstepp et al., 2010b; Pearson et al., 2005; Stout et al., 2002; 

Weissman et al., 2004). Hemichannels can release adenosine triphosphate 

(ATP) to signal via ionotropic P2X and metabotropic P2Y receptors to mediate 

intracellular communication (Huckstepp et al., 2010b; Pearson et al., 2005). 

They can also, through opening, drastically alter both neuronal excitability and 

whole-cell conductance (Moore et al., 2014). Hemichannels can be homomeric 

if they consist of six of the same connexin proteins or heteromeric if they 

consist of a combination of different connexins and can have varying different 

effects to the homomeric channels. This is a complicating factor when studying 

the functional effects of specific connexins.  
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Figure 1.17: Connexin assembly into gap junctions and hemichannels. 

(Left) Connexin channels assemble in groups of 6 to form connexons. These then 

either co-assemble with another connexon on a neighbouring neuron and form a ‘gap 

junction’ or remain as a single connexon open to the extracellular space, in which 

case they are known as ‘hemichannel’. (Right) Structure of Cx26 showing the position 

of residues K125 (blue) and R104 (red) that form the carbamate bridge under 

alterations of CO2 levels. Mutations of these two important residues abolishes the 

sensitivity to CO2 (Adapted from Nijjar et al., 2021).  

1.4.3 Carbon dioxide and connexins 

There are 21 connexin genes in the human genome. There are a subfamily of 

these connexins that have evolved to be directly sensitive (not through a pH 

change) to CO2 (connexin 26 (Cx26), connexin 30 (Cx30) and connexin 32 

(32)) (de Wolf et al., 2016; Huckstepp et al., 2010b, 2010a; Meigh et al., 2013). 

Of these, Cx26 shows the strongest sensitivity and this is known to be 

mediated directly via the carbamylation of lysine residue 125 (Huckstepp et al., 

2010b; Meigh et al., 2013). This is supported by compelling evidence that if 

this carbamylation motif is inserted into a CO2-insensitive connexin (connexin 

31), then CO2 sensitivity can be induced in these channels (Meigh et al., 2014). 

Further evidence of this direct action through the carbamylation site comes 

from mutation studies: if either K125R or R104A are mutated within connexin 

26, the CO2 sensitivity is abolished (Meigh et al., 2014). If K125 is mutated to 

C125 instead then the hemichannel instead becomes sensitive to NO or NO2
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(Meigh et al., 2015). There is also no evidence of connexin 26 sensitivity to 

carbon monoxide (personal communication, Dale 2020). Finally, there are now 

cryoEM structures of gap junctions that support the carbamylation of K125 at 

different levels of PCO2 (Brotherton et al., 2020). Since the physiological 

midpoint for Cx26 hemichannel opening is ~40 mm Hg CO2, there will be a 

proportion of Cx26 hemichannels that are open at rest.  

There is substantial additional functional research to support the direct 

interaction between CO2 and Cx26 hemichannels. Firstly, in early patch clamp 

experiments, clear conductance changes were observed when the level of 

CO2 was altered in cell lines (expressing Cx26; Fig 1.18). Raising the level of 

CO2 to 55 mm Hg caused an increase in whole-cell conductance and in 

contrast, reducing to 20 mm Hg caused a decrease in whole-cell conductance. 

These effects are completely independent of any changes to pH (as all 

experiments were performed with isohydric solutions) (Huckstepp et al., 

2010a, 2010b).  

Connexin 26 is capable of forming heteromeric hemichannels or gap junctions 

with a number of other connexins, including Cx32, which is also sensitive to 

CO2, although at higher levels (~ 70 mm Hg; Koval et al., 2014). Both Cx26 

and Cx32 are expressed on the surface of the ventral medulla and thus it is 

feasible that they could form heteromeric channels, but the function of these 

channels is currently unknown.  
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Figure 1.18: The results of changing the level of PCO2 on connexin 26 

hemichannels, effects on conductance. 

(A) Through direct interactions between CO2 and then connexins themselves, open 

probability can be shifted. Increasing the level of PCO2 results in the opening of more 

hemichannels. Decreasing the level of PCO2 results in the closing of more 

hemichannels. (B) Initial patch clamp recordings (Huckstepp et al, 2010) in cell lines 

expressing connexin 26 hemichannels. Altering the level of CO2 (under isohydric 

conditions), results in changes to channel open probability and consequently to 

conductance changes. (C) Schematic to demonstrate how the dominant negative 

version of Cx26 allows hemichannel responses to be evaluated. This innovative 

method uses two mutations (K125R and R104A) to the connexin 26 gene that result 

in a subunit that can assemble with wild type connexin 26 subunits to form 

hemichannels but these resulting hemichannels are unable to change conformation 

and open in response to CO2.  
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1.4.4 Physiological consequences of CO2 sensitivity on breathing 

Altering the level of CO2 (without compensation) will result a change in pH 

which has been linked in a number of studies to the regulation of control of 

breathing (Gourine et al., 2010; Hosford et al., 2018; Kumar et al., 2014; 

Loeschcke, 1982; Trapp et al., 2008; S. Wang et al., 2013). There is also 

compelling evidence that CO2 can have direct effects on breathing (Eldridge 

et al., 1985; Shams, 1985).  

Raised CO2 levels trigger the release of ATP from glial cells in the brainstem 

and this has direct effects on breathing (Gourine et al., 2005; Huckstepp et al., 

2010a). Over many years, increased understanding of the direct mechanism 

of CO2 interaction with connexin 26 has allowed the development of genetic 

tools with which to understand the physiological functions that this sensitivity 

contributes to. By generating a dominant negative subunit of Cx26, the 

functional effects of the sensitivity can be studied. This innovative method uses 

two mutations (K125R and R104A) to the Cx26 gene that result in a subunit 

that can assemble with wild type Cx26 subunits to form hemichannels, but the 

resulting hemichannels are unable to change conformation and open in 

response to CO2 (Fig 1.18). In initial in vivo experiments, the dominant 

negative subunit of Cx26 was expressed in the glial cells within the medulla 

oblongata. It was demonstrated that CO2 binding to Cx26 contributes to 

roughly half of the adaptive ventilatory response to hypercapnia that is 

controlled by central chemosensors (van de Wiel et al., 2020).  

1.4.5 Conservation of Cx26-mediated CO2 sensitivity across 

species

CO2-sensitive Connexin 26 homologs are found in humans, rats, chickens, and 

naked mole rats. However, the level of CO2 needed to open the channels 

differs across species. In humans and in rats the resting pCO2 is ~ 40 mm Hg 

CO2 and a shift to 55 mm Hg CO2 is sufficient to significantly open the 

channels. However, in chickens, Cx26-mediated CO2 sensitivity is lower, and 

they show significant channel opening at 35 mm Hg CO2. The mole rat, in 

contrast is only CO2 sensitive if the level is increased to 70 mm Hg CO2 (de 
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Wolf et al., 2017). These distinctions are particularly interesting when one 

considers the environments in which these species reside and how this could 

be beneficial for respiratory chemoreception. Naked mole rats reside 

underground in burrows, with low gas permeability, therefore, will be 

rebreathing air and will thus experience hypoxia and hypercapnia. They are 

therefore adapted to survive better and maintain body weight in these 

conditions than standard laboratory rats (Arieli et al., 1977). It has further been 

shown that the level of CO2 equilibrated in subepidermal gas pockets of the 

mole rat is considerably higher than that of the standard laboratory rat, thus 

suggesting that the resting pCO2 may be higher (Ar et al., 1977). Whereas 

birds need to be able to fly at high altitudes. At higher altitudes, the birds will 

breathe more frequently and thus lower their pCO2. Therefore, they need to be 

able to tolerate much lower pCO2 levels than mammals in order to regulate 

their breathing (Osborne et al., 1977; Osborne and Mitchell, 1978) and 

maintain blood flow (Faraci and Fedde, 1986).  They have adapted to have a 

lower resting pCO2 of ~30 mm Hg, for example in chickens it is reported to be 

~33 mm Hg CO2 (Calder and Schmidt-Nielsen, 1968; de Wolf et al., 2017).  

1.4.6 Not just a glial connexin

Although widely considered to be a primarily glial connexin (Nagy et al., 2011), 

connexin 26 is also expressed in a small number of neuronal populations 

throughout the brain. DN coupling via gap junctions was first described by 

Grace and Bunney (1983). A study by Vandecasteele et al. (2005) confirmed 

the presence of functional gap junctions between pairs of neighbouring DNs in 

the SNpc (Vandecasteele et al., 2007; Fig 1.19). They followed this with a 

second study to look at which connexins were present in the dopaminergic 

neurons (Fig 1.19). At postnatal day (P)7-10, connexins 26, 30 36, 23 and 43 

are expressed (mRNA, from single cell RT-PCR). There is then a 

developmental shift and by P17-21 there is expression instead of Cx31.1, 36 

and 43 (Vandecasteele et al., 2006). This is of particular interest given that 

connexins 26 and 30 are known to be directly sensitive to changes in CO2

levels. Note that this demonstration of the mRNA being present does not mean 

that there are functional hemichannels. They performed dye loading 

experiments with luciferase yellow to look for functional hemichannels. By 
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lowering the calcium, hemichannels should open and allow the dye to be taken 

up, however they did not find evidence of this. This may have been because 

the connexins assemble as heteromers and this prevents the uptake.  

Figure 1.19: Demonstration of functional gap junctions between neighbouring 

dopaminergic neurons of the substantial nigra and the corresponding connexin 

expression 

A. Whole-cell patch clamp recording of pairs of neighbouring dopaminergic neurons 

demonstrating functional gap junctions (electrical coupling) between cell 1 and cell 2. 

By injecting current (either +100 pA or -200 pA) only into one cell, a voltage response 

can be elicited in both cells. (Vandecasteele et al., 2005) B. A follow up study in which 

single cell RT-PCR was used to establish which members of the connexin subfamilies 

are expressed (mRNA) in representative example dopaminergic neurons within the 

substantia nigra. At postnatal day (P)7-10, connexins 26, 30 36, 23 and 43 can be 

found. There is then a developmental shift and by P17-21 there is expression instead 

of Cx31.1, 36 and 43. (Vandecasteele et al., 2006).  
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1.5 Recording regions and their physiological functions 

1.5.1 Hippocampus – structure and connectivity 

The hippocampus is divided into 4 main subfields CA1, CA2, CA3 and the 

dentate gyrus (DG). It is a region of the brain that is well characterised, and 

the circuitry of innervation is well established (Figure 1.20A). Input arrives to 

the hippocampus from the entorhinal cortex (EC) via two pathways, the 

perforant pathway (PP) and the temporoammonic (TA) pathway. The PP is the 

main input to the hippocampus, and it encompasses the traditional excitatory 

tri-synaptic pathway (Knierim, 2015). Axons from layer II of the EC project to 

the granule cells in the dentate gyrus (DG). DG axons are known as Mossy 

Fibres (MF) and they relay the signal from the DG to CA3 neurons. Then the 

signal is relayed along CA3 axons, which are known as Schaffer Collaterals 

(SC) to CA1 neurons. Finally, CA1 neurons can the relay the signal back to 

the EC, which forms the major output pathway of the hippocampus (Anderson 

et al., 2009; Neves et al., 2008). There are also additional projections from the 

EC directly to CA3 through the PP and also from the EC directly to CA1 through 

the TA pathway (Deng et al., 2010; Kajiwara et al., 2008; Figure 1.20A). 

The CA1 layer of cells was chosen for my experiments as it contains pyramidal 

cells that are easy to locate and characterise (Figure 1.20B, C) and are easy 

to parameterise due to existing models developed and already implemented 

in the lab (Badel et al., 2008a, 2008b). 
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Figure 1.20: Structure and connectivity at the level of the hippocampus and a 

detailed example of CA1 neuron morphology

A. A schematic to demonstrate the circuitry of the hippocampus. There are two main 

input pathways from the entorhinal cortex (EC) - the perforant pathway (PP) and the 

temporoammonic (TA) pathway. The traditional excitatory tri-synaptic pathway runs 

from layer II of the EC to the dentate gyrus, then project to the pyramidal neurons in 

CA3 through the Mossy fibers (MF). These neurons then relay the message onto CA1 

neurons through the Schaffer collaterals (SC). Followed by a projection back to the 

EC. There are additional projections from the EC directly to CA3 through the PP and 

also from the EC directly to CA1 through the TA pathway. The hippocampal 

recordings in this thesis were made from CA1 neurons in acutely prepared slices. 

Figure adapted from (Deng et al., 2010). B. Representative example of a recorded 

CA1 neuron that was filled with Alexa Fluor 488 to allow its morphology and 

localization to be examined. Imaged using Leica 770 confocal microscopy over bright 

field to highlight its position in the slice, scale bar = 14 µm. C. An illustration of the 

morphology of a CA1 pyramidal neuron. Its soma is in the stratum pyramidale (SP) 

and basal dendrites project into the stratum oriens (SO). Its apical dendrite is long 

and through the stratum radiatum (SR; where the proximal apical dendrites are found) 

to the stratum lacunosum-moleculare (SLM, where the most distal apical dendrites 

are located). Both the basal and apical dendrites display branches of projections. 

Figure adapted from (Ishizuka et al., 1995). 

1.5.2 Hippocampus – role in learning and memory 

The hippocampus is a region of the brain with important physiological roles in 

learning and memory (Ballard et al., 2019; Knierim, 2015; Scoville and Milner, 

1957; Squire, 2009; Squire et al., 2015). It is also one of the key sites of 

pathology in Alzheimer’s disease, where atrophy results in impaired cognition, 

working and episodic memory (Jack et al., 1999; O’Shea et al., 2016). 

Synaptic plasticity in the form of long-term potentiation (LTP) and long-term 

depression (LTD) are key processes involved the in the storage and 

maintenance of memory (Abraham et al., 2019; Nabavi et al., 2014; Neves et 

al., 2008; Ryan et al., 2015). The CA1 region of the hippocampus provides a 

good site for studying synaptic plasticity as its circuitry is well characterised 

and it readily displays both long term potentiation (LTP) and long term 

depression (LTD) (Bliss and Gardner-Medwin, 1973; Bliss and Collingridge, 
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1993; Bliss and Lømo, 1973; Dhuriya and Sharma, 2020; Lüscher and 

Malenka, 2012; Malenka and Bear, 2004).  

1.5.3 Neocortex 

A subset of my experiments were performed in the neocortex, which has roles 

in memory storage and reasoning as well as perception and the generation of 

motor command. The structure and inter-layer connectivity is well conserved 

across species (Kozloski et al., 2001; Silberberg et al., 2002) which has 

allowed for effective characterisation in animal models. The layered columnar 

structure of the sensory cortices was first proposed by Vernon Mountcastle, in 

1957 following initial characterisation in cats, but recent work (for ethical and 

practical reasons) tends to use rodent models instead (Mountcastle, 1998). 

The neocortex has a layered structure, with layer one at the outer edge of the 

slice, then layer II/III, layer IV, layer V and finally layer VI towards the border 

before the hippocampus. Neurons within each layer vary in size and project to 

different brain regions including the thalamus, the striatum and other areas of 

the cortex (Fig 1.21). Attempts have been made to use modelling approaches 

alongside electrophysiology to digitally reconstruct this network to understand 

its function better (Markram et al., 2015). In layer V, there are two subgroups 

of neurons, thick and thin tufted, which differ by the morphology of their apical 

dendrites and their neuronal inputs. In this study I targeted the thick tufted 

group, which are located deeper into layer V and whose axons project to the 

striatum, the pons, and the spinal cord. Thick tufted neurons are easily 

identifiable by their thicker apical dendrites and extensive branching in layer 1 

of the cortex and burst firing on whole-cell breakthrough (Romand et al., 2011). 

Neurons in layer V are able to form synaptic connections with neighbouring 

neurons (Markram et al., 1997; Ramaswamy et al., 2015) and therefore 

provide a useful tool for studying synaptic transmission. This was the rationale 

behind using this brain region, as the synaptic connection rate (between pairs 

of neurons) was higher than in the hippocampus. Thick-tufted neurons in layer 

V were targeted as they have a connection rate of 1 in 10 pairs (Markram et 

al., 1997). These neurons have also been shown previously to work well with 

the dynamic IV extraction method which our lab have used previously to 
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parameterise neurons (Badel et al., 2008a, 2008b; Harrison et al., 2015; 

Kaufmann et al., 2016).  

Figure 1.21: A simplified schematic of the microcircuitry of the neocortex. 

A) The layers of excitatory neurons and their projection pathways are indicated 

(Figure reproduced from Harris and Mrsic-Flogel, 2013). B) Golgi stain of the neurons 

in the neocortex, demonstrating their elaborate axonal and dendritic ramifications and

columnar structure (adapted from Ramón y Cajal, 1911). 

Although the neocortex is not the most recognised region of pathology in PD 

and AD, Lewy body pathology can develop in the cortex and this is often paired 

with the loss of cholinergic input from the basal forebrain to the cerebral cortex 

and consequent neurodegeneration (Bohnen and Albin, 2011; Müller and 

Bohnen, 2013; Sugiyama et al., 1994). It is therefore a useful target region for 

evaluating protein aggregate pathology for my studies. 
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1.5.4 Pyramidal neurons 

Layer V neurons in the cortex and CA1 neurons in the hippocampus are both 

examples of pyramidal neurons, which have a characteristic structure 

(Spruston, 2008). Pyramidal neurons are extensively studied and therefore 

provide an attractive target, both for electrophysiological characterisation and 

for modelling studies. Their structure is well conserved across brain regions 

(Fig 1.22) and consists of a soma with a single projecting axon which projects 

via collaterals both locally and to long range targets. Their dendrites consist of 

both short (basal) and a long projecting apical dendrite. Both sets of dendrites 

are highly specialised and able to receive synaptic inputs (London and 

Häusser, 2005). They express several different types of ion channels, 

including GIRK and HCN channels and the number of channels increases with 

distance from the soma. This means that they can be activated and inhibited 

by a range of neuromodulators (Berger et al., 2001; Takigawa and Alzheimer, 

1999).  

Figure 1.22: A comparison of the structure of pyramidal neurons in Layer of the 

neocortex and the CA1 region of the hippocampus. 

A) Both examples of pyramidal neurons, they demonstrate considerable similarity in 

structure but differ in length of their apical dendrite and number of oblique dendrites. 

B) The apical tuft (purple) receives excitatory inputs that can differ from those 

targeting proximal apical dendrites or basal dendrites. For example, for in CA1 

pyramidal neurons, the dendrites in the apical tuft located receive synaptic input 

directly from the entorhinal cortex, whereas the basal and proximal apical dendrites 



75 

in the stratum radiatum receive input primarily from CA3 cells via the Schaffer 

Collaterals. (Amaral and Lavenex, 2007; Figure adapted from Spruston, 2008).  

1.5.5 Basal ganglia 

The basal ganglia is a region near the base of the brain that encompasses 

different sub-regions including the substantia nigra (pars compacta and pars 

reticulata), the striatum (caudate nucleus and putamen), the globus pallidus 

(external GPe and internal GPi) and the subthalamic nucleus (STN). The 

substantia nigra pars compacta (SNpc) is a one of the key dopaminergic nuclei 

in the brain and its neurons play important roles in the control of movement, 

reward, and sleep. Glutamatergic transmission into the basal ganglia is 

received from the neocortex. From the SNpc, the basal ganglia circuitry has 

two major pathways of dopaminergic innervation (Figure 1.9; Lanciego et al., 

2012).  

Dopamine is a small molecule excitatory neurotransmitter widely distributed 

throughout the brain. Dopamine receptors belong to the G-protein coupled 

receptor (GPCR) subfamily and can be classified into receptor families D1 and 

D2 by their physiology and pharmacology (Bhatia et al., 2021). Dopamine 

receptors from the D1 family (D1 and D5) are coupled to Gαs. When dopamine 

binds to a D1 family dopamine receptor, the globus pallidus interna/substantia 

nigra pars reticular (GPi/SNr) is inhibited directly and this results in the 

upregulation of the glutamatergic output from thalamus to neocortex, thus 

increasing movement (Bhatia et al., 2021; Keeler et al., 2014). Thus, when 

neurons are lost from the SNpc, there results a lack of regulation, a loss of 

excitation to the neocortex and thus impaired motor control.  

The D2 receptor family is comprised of receptors D2, D3 and D4, which couple 

to Gαi. When dopamine binds to a D2 receptor, it inhibits the subthalamic 

nucleus (STN) via a pathway through the globus pallidus externa (GPe). The 

STN can then send excitatory projections back to the GPi/SNR (Keeler et al., 

2014). The binding of dopamine to D2 family receptors has also been shown 

to decrease the activity of tyrosine hydroxylase by modulating its level of 

phosphorylation (Kehr, 1974; Roth, 1984; Wolf and Roth, 1990). A reduction 

in D2 receptors (after neurons are lost), will lead to less inhibition of movement 
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and dystonia (DeLong and Wichmann, 2007; Galvan and Wichmann, 2008; 

Keeler et al., 2014).  

There are two D2 receptor variants, D2S and D2L which are produced by 

alternative splicing, with the long version harbouring an extra 29 nucleotide 

cytoplasmic loop. D2S and D2L localise to the presynaptic and postsynaptic 

membranes respectively (Hisahara and Shimohama, 2011). Some populations 

also have local D2 autoreceptors which respond to dopamine and modulate 

the neuronal resting potential. These D2S receptors are found at pre-synapses 

and acts as a negative feedback loop so when dopamine is released, it binds 

and prevents further release of dopamine via hyperpolarisation of the 

membrane potential and thus a decrease in firing rate and excitability (Mercuri 

et al., 1997; Silva and Bunney, 1988). This occurs via activation of a GIRK 

conductance (Cathala and Paupardin-Tritsch, 1999; Lacey et al., 1987).  

1.5.6 Ventral tegmental area 

The ventral tegmental area (VTA) is a group of neurons located close to the 

midline on the floor of the midbrain and is one of the core regions of 

dopaminergic signalling in the brain. Several recent studies have shown that 

the VTA is highly heterogeneous containing different subtypes of neurons and 

many projection sites (Fig 1.23). Between 65-70 % of neurons are 

dopaminergic, with most of the remaining neurons (~35%) GABAergic and a 

small percentage being glutamatergic. In this thesis, I focus on the GABAergic 

neurons, of which ~32% are both VGAT- (vesicular transporter) and GAD67-

positive, ~67% are VGAT-positive and only 1% are positive for GAD67 but not 

for VGAT, highlighting the heterogeneity even within the GABAergic 

subgroups of the VTA (Chowdhury et al., 2019).  

Some of the GABAergic neurons can also co-release other transmitters such 

as glutamate and dopamine (Bouarab et al., 2019; Morales and Root, 2014; 

Root et al., 2018; Takata et al., 2018; Yoo et al., 2016; Fig 1.24). Although it is 

important to distinguish that dopaminergic neurons that co-release GABA 

cannot be identified by conventional markers as they synthesise their GABA 

using ALDH1a1 rather than GAD (Kim et al., 2015) and they load vesicles with 

VMAT2, independent of VGAT (Tritsch et al., 2012).  
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Figure 1.23: A simplified schematic of the complex circuitry of the ventral 

tegmental area and surrounding brain regions. 

Dopamine neurons receive excitatory inputs from a number of regions including the 

lateral hypothalamus, medial prefrontal cortex (mPFC) and the pedunculopontine 

tegmental nucleus/ laterodorsal tegmental nucleus. They then project to the 

basolateral amygdala, medial prefrontal cortex, and the nucleus accumbens (NAc). 

GABAergic neurons receive excitatory inputs from the lateral habenula and inhibit 

both the mPFC and the NAc as well locally inhibiting dopamine neurons in the VTA. 

Figure adapted from Stuber et al., (2012).  

VTA dopaminergic neurons have well-defined roles in motivation, 

reinforcement learning and reward processing (Holly and Miczek, 2016; 

Lammel et al., 2014; Morales and Margolis, 2017). GABAergic neurons play a 

modulatory role, with both local and long range projections (Bouarab et al., 

2019) and are believed to encode the prediction of reward (Eshel et al., 2015; 

Tan et al., 2012; van Zessen et al., 2012). Long-term potentiation of local 

GABAergic synapses onto VTA DA neurons, greatly increases the inhibition of 

DA neurons (Simmons et al., 2017) and this can be blocked by a single 

administration of drugs of abuse such as morphine, ethanol or cocaine (Guan 

and Ye, 2010; Niehaus et al., 2010; Nugent et al., 2009, 2007). Long range 

GABAergic projections from the VTA to the dorsal raphe nucleus (DRN) are 

involved in the encoding of both aversion (activation of rostral VTA neurons 

that project to DRN serotonergic neurons) and reward (activation of caudal 

VTA neurons that project to DRN GABAergic neurons (Li et al., 2019). 
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Figure 1.24: Complex heterogeneity of GABAergic inputs and outputs from the 

ventral tegmental area 

The VTA has a complex input and output pattern GABA neurons from a wide range 

of brain regions. It is complicated further by the presence of synapses that can co-

release combinations of other neurotransmitters too (e.g., dopamine and glutamate 

or GABA and glutamate). Abbreviations: BNST, bed nucleus of the stria terminalis; 

CeA, central amygdala; DRN, dorsal raphe nucleus; LHb, lateral habenula; LH, lateral 

hypothalamus; NAc, nucleus accumbens; PAG, periaqueductal gray; PFC, prefrontal 

cortex; SC, superior colliculus; VP, ventral pallidum; VTA, ventral tegmental area. 

(Adapted from Bouarab et al., 2019)  

Although this role in aversion and reward is well characterised, more recently 

the VTA has also been found to also have important roles in other behaviours. 

For example, it has been demonstrated that the VTA is a key component of 

the sleep/wake circuitry, with VTA-dopaminergic neuron activation sufficient to 

drive wakefulness and necessary for the maintenance of wakefulness (Eban-

Rothschild et al., 2016; Fifel et al., 2018). It has been shown that VTA 

GABAergic neurons can also mediate changes in activity across the 

sleep/wake cycle and their activation can alter the sleep/wake state (Takata et 

al., 2018; Yu et al., 2019) and that disruption of these GABAergic neurons can 

lead to mania (Yu et al., 2020). Given the important and varied roles of these 

neuronal populations in a wide range of behaviours, any factors that modulate 

their function and excitability could potentially also influence these behaviours.  
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1.6 PhD Aims 

1. To use whole-cell patch clamp recording to introduce oligomeric forms 

of tau protein into hippocampal neurons to evaluate its effects on 

neuronal function: (Chapter 3) 

a. Firstly, on action potential dynamics and subthreshold neuronal 

properties in single cells 

b. Then using synaptically connected pairs of cortical cells, to 

establish whether there are specific pre- or postsynaptic effects 

of oligomeric tau protein on synaptic transmission and plasticity 

(both short- and long-term)   

c. Finally using high-resolution imaging techniques to study oTau 

localisation  

2. To use truncations of the full-length tau protein to test if there are 

specific regions of the tau molecule that are responsible for the 

observed changes in neuronal properties, and to begin to decipher the 

mechanisms underlying these changes. (Chapter 4) 

3. To introduce alpha synuclein monomers and oligomers into identified 

dopaminergic cells in the substantia nigra and observe the time 

dependent electrophysiological effects, then to assess how they are 

mediated. (Chapter 5) 

4. To use electrophysiology, pharmacology and immunohistochemistry to 

evaluate the CO2 sensitivity of dopaminergic neurons in the substantia 

nigra and GABA neurons in the VTA. (Chapter 6)
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2. Methods and Materials 
2. Methods and Materials 

Parts of this chapter have been published previously:   

 Hill et al., 2020, Star protocols  

 Hill et al, 2021a, b (Invited book chapters, in press). 

2.1 Tau production 

I generated tau oligomers following the protocols published in Karikari et al., 

(2017; Fig 2.1). Some of the preparations were maintained unlabelled and 

some were labelled with a fluorescent dye to allow monitoring of cellular 

localisation following injection into neurons. Alongside the tau production, I 

also generated control samples which were not inoculated with a tau plasmid 

in stage 2.1.1. These controls (both labelled and unlabelled) were interleaved 

with the testing of the tau samples for comparison. 

Figure 2.1: A simplified diagram of the tau production protocol 

A schematic displaying the key stages from initial glycerol stocks of plasmids through 

expression and purification stages to detection of the purified protein via SDS-PAGE. 

Detailed methods follow (2.1.1-2.1.3)  
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2.1.1 Protein expression 

Escherichia coli BL21 (DE3) carrying pProEX plasmids (Promega, Fig 2.2) 

coding for wild-type full-length tau-441 (Uniprot ID: P10636-8; appendix ref) 

with N-terminal 6xHis and FLAG tags and cysteine modifications 

(C291A/C322A/I260C), were inoculated into Luria broth (15 ml) containing 

ampicillin (100 mg/ml) and chloramphenicol (35 μg/ml) and incubated at 37 °C 

at 180 rpm overnight. Cultures were then added to 750 ml LB broth with 

ampicillin (100 mg/ml) and returned to the shaking incubator for 90 minutes. 

When the OD600 reached 0.6, 0.5mM isopropyl β-D-1 thiogalactopyranoside 

(IPTG) was added for 1 hour. Samples were centrifuged for 10 minutes at 4 

°C at 9800 g. The supernatant was removed, and pellets washed with 10 mM 

7.4 buffer Na2HPO4 twice before being re-dissolved in 10 mM sodium 

phosphate buffer (pH 7.4) and stored at -20 ºC until use. 

Figure 2.2: pProEXHTA-Flag-Mtau40 plasmid structure. 

Escherichia coli BL21 (DE3) carrying pProEX plasmids (Promega) coding for wild-

type full-length tau-441 (Uniprot ID: P10636-8) with N-terminal 6xHis and FLAG tags 

and cysteine modifications (C291A/C322A/I260C).
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2.1.2 Protein purification 

Samples were defrosted on ice and boiled for 10 minutes at 100 °C. A protease 

inhibitor cocktail tablet was added (Thermofisher Scientific, #A32963) and left 

to dissociate for 1 hour at room temperature. Each sample was then sonicated 

at 70% power for 1 minute and centrifuged at 4 °C, at 48000 g for 15 minutes. 

The supernatant containing the crude extract was kept and purified using an 

immobilised metal affinity chromatography (IMAC) A Ni-NTA column.  

Buffer A: 50 mM Na2PO4 pH 7.0, 500 mM NaCl, 10 mM Imidazole 

Buffer B: 50 mM Na2PO4 pH 7.0, 500 mM NaCl, 25mM Imidazole 

Buffer C: 50 mM Na2PO4 pH 7.0, 500 mM NaCl, 500 mM Imidazole 

The column was first washed with 70% ethanol. The chelating sepharose 

resin, added to the column (GEHealthcare, UK), was charged with 10 mM 

NiCl2/CH3COONa pH 4.0 and equilibrated with buffer A followed by the 

addition of the crude extract.  The column was then washed once with buffer 

A, twice with buffer B (increased imidazole concentration for washing) and 

finally then washed once with buffer C to elute the purified protein from the 

column in 1 ml fractions. Eluted fractions were frozen at -20 ˚C until use.  
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2.1.3 Concentrating the tau protein 

Collected 1 ml fractions of eluted protein were run on six percent hand-cast 

non-denaturing sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) gels (Table 2.1) to find those with the highest yields. 

Resolving gel: Stacking gel: 

5.2 ml H2O 2.975 ml H2O 

2 ml bis-acrylamide (Sigma Aldrich 

#A3574) 

0.67 ml bis-acrylamide 

2.6 ml 1.5M Tris/HCl pH 8.8 1.25 ml 0.5M Tris/HCl pH 6.8 

100 ml 10% SDS (Sigma Aldrich 

#L3771) 

50 ml 10% SDS 

100 ml 10% APS (Sigma Aldrich 

#A3678) 

50 ml 10% APS (made fresh) 

10 ml TEMED (Sigma Aldrich #T-

7024) 

5 ml TEMED 

Table 2.1: Recipe for six percent hand-cast non-denaturing sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gels. 

APS and TEMED were added immediately before use. Resolving gel was allowed to 

set for 30 minutes before stacking was added and then allowed to set for a further 30 

minutes. Gels were then used immediately.  

After running the gels, they were stained with Instant Blue (Expedeon, #ISB1L) 

for 1 hour at room temperature. Fractions that contained high protein yields 

were then pooled together for concentrating. Vivaspin falcons (5000 MWCO; 

Sigma Aldrich, #VS2011) were washed with 1 ml NaH2PO4 buffer pH 7.4 and 

then defrosted samples were added and centrifuged for 30 minutes x 2600 xg 

x 4 °C until ~80 % had gone through. A bicinchoninic acid (BCA, G-

Biosciences, #786-570) curve was used to calculate the concentration and 

where needed the remaining liquid concentrated with further spins and 

concentration recalculated until all samples reached 1 mg/ml. 
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2.1.4 Labelling of tau protein oligomers  

One of the aims of this project was to monitor the localisation of the introduced 

tau within neurons. A label that binds to cysteine residues (Alexa Fluor 488 

C5-maleimide (Molecular Probes, #A10254)) was chosen for this in order to 

reduce aggregation and maintain the tau at a low molecular weight. The initial 

tau plasmid had 3 cysteine modifications in order to maintain function and allow 

this labelling. These modifications have previously been shown to have no 

detrimental effects on tau function (Karikari et al., 2019a; Kumar et al., 2014; 

Michel et al., 2014; Shammas et al., 2015). Samples were adjusted to 1 mg/ml, 

with 1 ml tris(2-carboxyethyl)phosphine (TCEP, Sigma Aldrich, #C4706), and 

Buffer NA2HPO4 pH 7.4 and left for 1 hour to allow the 5 x molar excess of 

TCEP to reduce the protein down to monomers. The label (1.5 ml, 4x molar 

excess) was then added, and the samples allowed to reform oligomers 

overnight. Samples were freeze-dried on dry ice before being stored at -80 °C.  

The following day samples were defrosted on ice and the label dialysed out 

using dialysis buffer (50 mM Tris HCl pH 7.5, 100 mM NaCl) in a Slide-A-

LyzerTM MINI Dialysis device (10K MWCO, Thermofisher Scientific, #69570). 

The buffer was changed 4 times over 12 hours and the sample recovered at 

the end of the day. Unlabelled controls were prepared following the same 

protocol but with equal volume of 10 mM NA2HPO4 pH 7.4 instead of the 

maleimide label. The entire labelling process was performed at room 

temperature. 

2.1.5 Structural characterisation of oTau using transmission 

electron microscopy  

Transmission electron microscopy was used to confirm the aggregated nature 

of the protein. Formvar/carbon-coated 300-mesh copper grids (Agar scientific, 

#162) were glow-discharged using the ELMO system from Cordouan 

Technologies. Samples (5 μl) of labelled or unlabelled tau-441 preparations 

were pipetted onto the grid and allowed to bind for 1 minute. Filter paper was 

then used to remove any excess liquid and 5 μl of 2 % uranyl acetate was 

added for 1 minute. Filter paper was then used to remove any excess uranyl 
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acetate stain and the grids were imaged using a JEOL-2100F transmission 

electron microscope. 

2.1.6 Preparation of tau monomers  

In order to confirm that any observed effects on neuron electrophysiology were 

specifically the result of oligomeric tau protein, the oligomeric samples were 

broken down into monomers and then tested. To do this, 5 mM of reducing 

agent dithiothreitol (DTT, Sigma Aldrich, #10197777001) was added to the 

samples which were then incubated at 60 ̊ C for 30 minutes. This was sufficient 

to break the tau oligomers down to monomers (Fá et al., 2016). This was 

confirmed using hand-cast non-denaturing SDS-PAGE 6% and staining with 

Instant blue (Expedeon, #ISB1L). I then validated that the monomers would 

remain monomeric for a 3-hour period following breakdown, if stored on ice, 

thus providing a period in which experiments could be carried out. A 

confirmatory gel was run at the end of the experiments to demonstrate that a 

partner sample, treated with this monomerisation protocol also remained 

monomeric after 3 hours.  



86 

2.2 Tau N-terminal mutant production 

2.2.1 Plasmid modification and primer design   

A New England Biolabs Q5 site-directed mutagenesis kit (NEB, #E0554S) was 

used to generate the deletion of the N-terminal region of the tau protein from 

the original full-length plasmid (Appendix; 8.3). I left the first methionine amino 

acid in place for structural integrity and designed the primers to cut out amino 

acids 2-122 (pink region, Fig 2.3; Table 2.2).  

Primer: Sequence (5’ to 3’): 

Forward AGCCTGGAAGACGAAGCT
Reverse CATGGATCCCTTATCGTCATC

Table 2.2: Primers for plasmid modification 

i500 mM primer stocks in EB buffer and stored at -20 degrees. Working stocks 

of 10 mM were made fresh with nuclease-free water for each SDM protocol.  

Figure 2.3: pProEXHTA-Flag-Mtau40 plasmid with deletion and primers marked. 

Plasmid encodes full length human wild type 441- Tau, preceded by His and Flag tags 

upstream. The pink region marks the proposed deletion of t77he N-terminal region (2-

122). Purple arrows represent the forwards and reverse primers used to complete the 

site directed mutagenesis.
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2.2.2 Site directed mutagenesis 

Site directed mutagenesis was carried out using the template plasmid DNA 

and primers detailed in 2.2.1. For full protocol details please see kit, but briefly:

Volume Final concentration 

Master Mix 12.6 ml 1x 

10 mM forward primer 1.25 ml 0.5 mM 

10 mM reverse primer 1.25 ml 0.5 mM 

Template DNA 0.5 ml 1-25 ng  

Nuclease-free water 9.5 ml 

The following cycle conditions were used to carry out the initial mutagenesis: 

Temperature Time 

Initial denaturing  98 degrees 30 seconds 

25 cycles  98 degrees 10 seconds 

56 degrees 20 seconds 

72 degrees 20 seconds per kb (6.5kb) 

Final extension 72 degrees 2 minutes 

Hold 4 degrees 

The PCR product was used to set up three KLD reactions using 1 - 3 ml starting 

material: 

PCR product 1 ml 2 ml 3 ml 

2 x KLD reaction buffer  5 ml (1x FC) 5 ml (1x FC) 5 ml (1x FC)

10 x KLD Enzyme mix 1 ml (1x FC) 1 ml (1x FC) 1 ml (1x FC)

Nuclease free water 3 ml 2 ml 1 ml 
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2.2.3 Transformation into competent cells 

5 ml of the KLD product was added to 50 ml of competent cells (from the NEB 

SDM kit, #E0554S), incubated on ice for 30 minutes and heat shocked at 42˚C 

for 30 seconds. After a 5-minute incubation on ice, 950 ml SOC medium 

(Sigma Aldrich, #S1797) was added to each sample and placed in a shaking 

incubator at 37 ˚C for 1 hour. Dilutions of 50, 100 and 850 ml were plated onto 

LB + ampicillin (100 mg/ml) plates and allowed to incubate and grow overnight 

at 37 ˚C in a shaking incubator. The following day, 12 colonies were picked, 

and added to 5-10 ml fresh LB buffer + ampicillin (100 mg/ml). Samples were 

incubated shaking at 37 ˚C overnight.  

2.2.4 Miniprep and DNA double digest 

A Monarch Plasmid Miniprep Kit (NEB, #T1010) was used to isolate the 

plasmid DNA from E.Coli and stored at 4˚C. A DNA double digest of the 

isolated plasmid DNA was carried out using 2 ml DNA, restriction enzymes 

BamHI and EcoRI (0.5 ml each), chosen as they cut either side of tau (Fig 2.3), 

CutSmart buffer (NEB, #B7204S) 2 ml and 15 ml Nuclease-free water. 

Reactions were left at 37 ˚C in water bath overnight. Undigested full-length 

samples should give a 1.4kb fragment and successful mutagenesis should 

give a 1.1kb fragment. DNA gel electrophoresis was used to confirm the 

presence of the truncated fragment. Proteins were separated using SDS-

PAGE electrophoresis in a 1 % gel. A protein ladder was used for size 

reference (#P7712 or #P7712S from New England BioLabs, size range = 11 – 

245 kDa). 25 ml of each sample was loaded and ran for 1 hour (120 V, 200 

mA, 50 W). Gel detection performed using an ImageQuant™ LAS4000 

biomolecular imaging system (GE Healthcare). 

2.2.5 Sequencing  

Sequencing was performed to check that the mutagenesis had been 

successful for all samples that showed deletions on gel electrophoresis (5 ml 

DNA 80-100 ng, 5 ml primer). Sequencing primers were made up to 500 mM 

stock in EB buffer and stored at -20 ˚C. A working stock was created in water 

and used for the sequencing preparations. Sequencing was outsourced to 

Eurofins. Snap gene was used to evaluate the sequencing data. 
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2.2.6 Transformation of successful colonies 

1 ml DNA was added to 100 ml competent cells (thawed on ice) and incubated 

for 40 minutes on ice. Heat shock was performed for 90 seconds at 43 ˚C and 

then 1 ml SOC medium (Sigma Aldrich, #S1797) added. Samples were 

incubated for 1 hour at 37 ˚C and then 10 ml and 100 ml spread onto LB + 

ampicillin (100 mg/ml) plates for each of the samples. The remaining sample 

was spun for 5 minutes at 13000 g to pellet, the supernatant removed, and 

pellet resuspended in 100 ml LB. 100 ml was then plated onto a LB + ampicillin 

(100 mg/ml) plate and all plates were incubated at 37 ˚C overnight. The 

following morning colonies were inoculated into LB + ampicillin (100 mg/ml) 

and left to grow overnight. After 24 hours, samples were either used to make 

50% glycerol stocks and frozen at -80 ˚C or inoculated into larger 750 ml 

cultures of LB + ampicillin (100 mg/ml) and the protocol for producing full-

length tau was initiated (as in 2.1.1-2.1.3).  

2.2.7 Western blot protocol 

Blocking solution: TBS + Tween 20 with 2 % dried skimmed milk (Marvel, UK) 

Transfer solution: 200 ml blocking x10, 400 ml methanol, 1400 ml water 

Following purification, to ensure that the observed bands on SDS-page were 

tau-positive, a western blot was used. The resolving gel was washed in transfer 

solution to remove SDS and then was transferred to an ECL nitrocellulose 

membrane (Amersham Biosciences, #10600002). The gel was packed into a 

Mini Trans-Blot Cell (Bio-Rad) and submerged in transfer solution at 4 °C. 

Electrophoresis was used to enable transfer to the membrane at 200 mA for 

2.5 hours. The membrane was then removed and blocked with TBS + Tween 

20 (TBST) containing 2 % dried skimmed milk (Marvel, UK) for 1 hour to 

prevent non-specific binding. The primary antibody was added against tau 

(HT7, ThermoFisher, 1:1000, #MN1000) for 2 hours and the washed 4 times 

with TBST. The secondary antibody (horseradish peroxidase (HRP)-

conjugated anti-mouse antibody, 1:1000 dilution; ThermoFisher #61-6520)

was then added for 1 hour at room temperature. Finally, the membrane was 

washed a further 4 times with TBST and then imaged using an 

electrochemiluminescent detection kit (BIORAD Clarity Western ECL, #170-
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5060). Gel detection performed using an ImageQuant™ LAS4000 

biomolecular imaging system (GE Healthcare). 

2.3 Methods: Alpha Synuclein preparation 

2.3.1 Alpha synuclein sonication to produce oligomers 

Due to time constraints, alpha synuclein aggregates were bought from Abcam 

(ab218819) in the form of pre-formed fibrils. In order to introduce alpha 

synuclein as oligomers into neurons (as with the tau protein), the pre-formed 

fibrils were added to a 500 µl vial of intracellular solution (to produce the correct 

final concentration, always after filtration) then sonicated on full power for 15 

minutes in an ultrasonic water bath. Samples were then kept on ice until use.  

2.3.2 Structural confirmation 

Confirmation the proteins were in oligomeric form was completed with negative 

stain transmission electron microscopy.  
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2.4 Methods: Electrophysiology  

2.4.1 Preparation of tissue 

C57/Bl6 wild type mice (2-4 weeks) were used for experiments. The precise 

postnatal age of the mice used can be found in individual Chapters. Mice were 

killed by cervical dislocation and then decapitated in accordance with the U.K. 

Animals (Scientific Procedures) Act (1986). All experiments were approved by 

the University of Warwick local Animals Welfare and Ethics Board (AWERB).  

2.4.2 Solutions 

Solution Contains (mM): 

Cutting aCSF 127 NaCl, 1.9 KCl, 8 MgCl2, 0.5 CaCl2, 1.2 KH2PO4, 26 

NaHCO3, 10 D-glucose (pH 7.4 when bubbled with 95% 

O2 and 5% CO2, 300 mOSM) 

Recording 

aCSF 

127 NaCl, 1.9 KCl, 1 MgCl2, 2 CaCl2, 1.2 KH2PO4, 26 

NaHCO3, 10 D-glucose (pH 7.4 when bubbled with 95% 

O2 and 5% CO2, 300 mOSM) 

Intracellular 

patch solution 

135 Potassium gluconate, 7 NaCl, 10 HEPES, 0.5 

EGTA, 10 Phosphocreatine, 2 MgATP, 0.3 NaGTP (293 

mOSM, pH 7.2) 

(to allow identification of the recorded cells, in a subset 

of experiments, Alexa Fluor Hydrazide dyes (488 or 

594) were added to intracellular solution to a final 

concentration of 0.05 mM final concentration 

Table 2.3: Recipes for the solutions needed for whole-cell patch clamp 

recording in mouse brain slices 
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2.4.2 Sub-dissection and slicing 

The brain was rapidly removed and submerged in cold (2-4°C) high Mg2+, low 

Ca2+ cutting aCSF (Table 2.3). Specific dissections were carried out depending 

on the regions of interest: 

Hippocampus: The cerebellum was removed, and a cut made down the 

midline to separate the hemispheres. These were glued midline down onto a 

metal stage to allow the cutting of parasagittal hippocampal slices.  

Neocortex: The cerebellum was removed, and a cut made down the midline 

to separate the hemispheres. These were glued midline down onto a metal 

stage which was tilted by +15˚, such that the blade started cutting from the 

surface (layer 1) of the neocortex towards the caudal border of the neocortex. 

This ensured the integrity of layer V pyramidal cell dendrites in slices close to 

the midline (Kerr et al., 2013).  

Substantia nigra and ventral tegmental area: The cerebellum and a small 

rostral section were removed and then the brain was glued onto a metal stage 

rostral end facing downwards to allow the cutting of coronal slices. 

Dorsal striatum for fast scan cyclic voltammetry recording: The 

cerebellum and a small rostral section were cut off and then the brain was 

glued onto a metal stage rostral end facing upwards to allow the cutting of 

coronal slices. 

350 µM slices were cut using a Microm HM 650V microslicer and transferred 

into a Gibbs chamber filled with oxygenated recording aCSF (Table 2.3). The 

slices were stored at 34 °C in until they were used for recording or dye loading 

(between 1 and 8 hours after slicing).  
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2.4.3 Preparation of pipettes 

Glass pipettes were pulled with a micropipette puller (Sutter Instruments 

P1000) using borosilicate glass capillary tubes (Multichannel systems, 

#300057, OD=1.5 mm, ID=0.86 mm). Pipette resistance was between 5 and 

10 mΩ for all experiments.  

2.4.4 Whole-cell patch clamp recording 

A slice was transferred to the recording chamber, perfused with recording 

aCSF (rate: 2-3 ml/minute) and oxygenated at 30 °C. Slices were visualized 

using IR-DIC optics with an Olympus BX151W microscope (Scientifica) and a 

CCD camera (Hitachi). Whole-cell current clamp recordings (Fig 2.4) were 

made from pyramidal cells in area CA1 of the hippocampus, layer V thick-tufted 

neurons in the somatosensory cortex, dopaminergic neurons in the substantia 

nigra and GABAergic neurons in the ventral tegmental area using patch 

pipettes (5–10 MΩ) manufactured from thick-walled glass (Multichannel 

systems, #300057). Cells were identified by their position in the slice which 

was confirmed from their electrophysiological properties and their morphology 

visualised with fluorescence imaging. Recordings of voltage responses were 

made at several different time points in current clamp using an Axon 

Multiclamp 700B amplifier (Molecular Devices, USA) and digitised at 20 kHz. 

Axon pClamp 10 software (Molecular Devices) was used for data acquisition 

and to perform analysis. For all recordings, only cells that had resting 

membrane potentials of between -60 mV and -75 mV at whole-cell break 

through were analysed. Bridge balance was monitored throughout and any 

cells that had changes of more than 20 % over the course of the experiments 

were discarded.   
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Figure 2.4: Simplified schematic of the whole-cell patch clamp protocol. 

Neurons are identified using brightfield imaging. A) Then using a glass pipette (5-10 

MΩ resistance), the neuron is approached with positive pressure to dimple the 

membrane. A square current step is applied of 5-10 mV (as shown in A) as it makes 

the sealing process easier to monitor. B) Once the dimple is observed, pressure is 

released, and this allows a high resistance seal to form between the end of the pipette 

and the cell membrane. This seal needs to be at least 1 GΩ. At this point the trace 

will appear flat with only fast electrode capacitance transients visible these can be 

zeroed off at this step. C) Gently applied negative pressure ruptures the membrane 

and this allows breakthrough into whole-cell mode at which point the capacitance is 

now greater as it reflects the capacitance of the whole-cell. Recording can then be 

moved from voltage clamp into current clamp mode (D) to start the experiment, during 

which time the contents of the patch pipette will start to dialyse the cell. Oligomeric 

protein can be introduced via the patch pipette for efficient dialysis into the recorded 

neuron.  
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2.4.5 Dot blots to determine filtration effects 

Intracellular patch solution is usually filtered before use to prevent debris from 

blocking the patch pipettes. However, the filtering may remove the added tau 

protein and thus dot blots were performed to determine whether tau protein 

should be added to the intracellular solution before or after filtration (Fig 2.5). 

For each sample, 2 ml was spotted onto nitrocellulose membrane, allowed to 

dry for 15 minutes, and then blocked with 10 % non-fat milk in TBST for 1 hour. 

The membranes were then washed 5 times with TBST and incubated for 2 

hours with primary antibodies diluted in TBST: T22 (Merck; 1:1000 dilution), 

HT7 (ThermoFisher; 1:1000 dilution), K9JA (Dako; 1:5000 dilution). The 

membranes were washed 5 times with 10 % TBST and then treated for 2 hours 

with secondary antibody (anti-rabbit IgG or anti-mouse IgG, Thermofisher, 

#31460, #61-6520). Following further washes, the membranes were 

developed with an electrochemiluminescent detection kit (BIORAD Clarity 

Western ECL #170-5060). Gel detection performed using an ImageQuant™ 

LAS4000 biomolecular imaging system (GE Healthcare).  

Figure 2.5: Dot blot analysis to confirm when the most effective time is to add 

oTau to the intracellular recording solution. 

Samples (2 µl) were blotted onto a nitrocellulose membrane, blocked, and treated 

with one of the primary antibodies (T22, K9JA or HT7), followed by their respective 

secondary. Three different conditions were tested: 1) Control: filtered intracellular 

solution 2) Intracellular solution with oTau added and then filtered and 3) Filtered 

intracellular solution with oTau added after the filtering. It is clear that some oTau is 

lost in condition 2 and therefore condition 3 was used for all experiments. 
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Blots confirmed the tau was oligomeric (T22, oligomer specific), and showed 

that the tau reacted strongly with HT7 and K9JA antibodies, which bind to the 

mid-region and microtubule binding region of tau respectively (Chen et al, 

2019). There was loss of oTau when it was added pre-filtration. oTau was 

therefore added after the solutions had been filtered. For individual 

experiments, tau oligomers from a 22 mM stock (monomer concentration) 

were added to filtered patch solution to give a final concentration of either 44 

nM, 133 nM or 444 nM (2, 6 and 20 µg/ml tau) for CA1 neurons and 666 nM 

for layer V cells to account for their increased size (30 µg/ml tau). 

2.4.6 Stimulation protocols 

All cells were allowed to stabilise for a few minutes after breaking through into 

whole-cell mode before data was acquired. A range of different stimulation 

protocols have been used across experiments.  

Standard IV protocol 

The standard current-voltage relationship was constructed by injecting step 

currents (1 s) from -200 pA (CA1 pyramidal cells), -600 to -400 pA (layer V 

pyramidal cells) and -300 pA (dopaminergic neurons) incrementing by 100 pA 

until a regular firing pattern was induced (Fig 2.6). A plot of step current against 

voltage response around the resting potential was used to measure the input 

resistance (gradient of the fitted line).  

Hyperpolarising step protocol  

Hyperpolarising step currents (50 pA, 100 ms) were injected at 1 Hz with the 

corresponding voltage responses recorded (Fig 2.6). This allowed 

quantification of the time course of changes in input resistance/conductance. 

For analysis, average voltage responses can be constructed for 10-minute 

periods. 
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Dynamic IV protocol 

The dynamic-IV current provides a more naturalistic current to the neurons 

(Badel et al., 2008b, 2008a). It is generated using the summed numerical 

output of two Ornstein–Uhlenbeck processes (Uhlenbeck & Ornstein, 1930) 

with time constants τfast = 3 ms and τslow = 10 ms. This current waveform, which 

mimics the stochastic actions of AMPA and GABAA receptor channel 

activation, is injected into cells and the resulting voltage recorded (a fluctuating 

noisy trace) (Fig 2.6). The current trace is the same for all recordings to allow 

a comparison over time, however the amplitude of the current (gain) can be 

altered to achieve a consistent firing rate across recordings. The voltage trace 

was used to measure the frequency of action potential firing and to construct 

a dynamic-IV curve. The firing rate was measured from voltage traces evoked 

by injecting a current waveform of the same gain and offset for all timepoints 

(to achieve a firing rate ~1-3 Hz). Action potentials were detected by a 

manually set threshold and the interval between action potentials measured.  

The dynamic membrane current (Iion) can be calculated using: 

����(�, �) +  ������ =  ����(�) − �
��

��

for which the injected current (Iinj) is known, the derivative (dV/dt) can be 

calculated from the experimentally measured voltage response, and the 

capacitance (C) is calculated as in (Badel et al., 2008b). A scatter plot of the 

transmembrane current against voltage (Fig 2.6D) illustrates the dynamic 

relationship between the two, with the effects of weak background synaptic 

activity and other sources of high‐frequency variability being accounted for as 

intrinsic noise (������) (Badel et al., 2008b). Averaging the transmembrane 

current in 1 mV bins removes the time dependence of ���� (V, t) to yield the 

typical ionic current at a particular voltage, and thus defines the dynamic I–V 

curve (����): 

����(�) = ���� [����(�, �)]

The exponential integrate‐and‐fire model (Fourcaud-Trocmé et al., 2003) 

provides an excellent fit to the dynamic I-V curve (Badel et al., 2008b, 2008a; 
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Harrison et al., 2015; Fig 2.6E). The exponential integrate‐and‐fire (EIF) model 

is characterized by a voltage forcing term F(V) that is related to the ���� as: 

�(�) =
−����(�)

�

where the steady state forcing function F(V) for the EIF model is given as: 

�(�) =
1

�
�� − � + ∆���� �

� − ��
∆�

�� =  −
����(�)

�

By fitting the dynamic curve to the EIF model, I could then extract four 

parameters: membrane time constant (τ), resting potential (E), spike‐initiation 

threshold (VT) and spike‐onset sharpness (ΔT), which describes the voltage 

range over which an AP initiates (Badel et al., 2008a, 2008b; Harrison et al., 

2015; Kaufmann et al., 2016). Dynamic I–V curves are constructed from the 

pre‐spike voltage response (subthreshold and run up to spike) with all data 

falling within a 200 ms window after each spike being excluded from analysis. 

All analysis of the Dynamic IV traces was completed using MATLAB and Julia 

software platforms (Bezanson et al., 2017). 
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Figure 2.6: Extraction of electrophysiological parameters 

A number of different techniques are used in this thesis in order to parameterise 

neurons electrophysiologically. A) The simplest is the continuous injection of a 100 

ms 50 pA hyperpolarizing current step delivered every 1 s. The resulting voltage 

response time course is recorded and can be used as a measure of input resistance 

change over time. (B) The next is the standard IV protocol used to extract neural 

parameters. In this example, current steps (1 s long) start at -300 pA and are 

increased by 50 pA (top panel) until a regular firing pattern is induced (bottom panel).  

Current steps around the resting potential can be used to extract the input resistance.  

(C) The third current injection protocol (dynamic IV) injects a naturalistic current into 

the cell (top panel) and the voltage recorded (bottom panel) can be used to determine 

the firing rate under a naturalistic state, and it can also extract a number of other 

parameters (Badel et al, 2008, Harrison et al, 2015). (D) From the voltage response, 

the mean ionic current Iion is plotted against membrane potential (grey). The black line 

is the dynamic IV curve generated by the average current at a particular voltage (in 1 

mV time bins). (E) The negative of Iion/C is then plotted (grey) along with the EIF 

(exponential integrate-and-fire) computational model fit (black line). From this curve 

subthreshold parameters can be extracted (such as resting potential E, time constant 

Ƭ, spike-onset sharpness, capacitance, and spike-threshold voltage VT).  
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Synaptic transmission 

To measure synaptic transmission between connected neighbouring 

neocortical thick-tufted layer-V pyramidal cells, 3 simultaneous whole-cell 

current-clamp recordings were made in somatosensory cortex (Markram et al 

1997; Kerr et al 2013). Recordings were made from neurons in slices from 

P12-18 mice since unitary EPSPs from younger mice have a larger amplitude 

than unitary EPSPs in slices from older mice, and younger mice show marked 

short-term depression (Reyes and Sakmann 1999; Kerr et al 2013) which can 

be used to measure the effects of oligomeric tau (oTau) on release probability. 

Once synaptic connectivity was confirmed, 6 action potentials were evoked in 

the presynaptic neuron (5 at 20 Hz followed by a single recovery action 

potential after a 1 second interval) using 5 ms current steps. The amplitude of 

the current steps was carefully monitored throughout experiments to ensure 

they reliably induced the firing of single action potentials. These stimulus trains 

were separated by 10 seconds and repeated for the duration of recordings. 

The amplitude of overlapping unitary EPSPs was accurately measured using 

voltage deconvolution (Kerr et al., 2013; Richardson and Silberberg, 2008a). 

Long term synaptic plasticity  

To measure long-term potentiation (LTP), whole-cell current-clamp recordings 

were made from CA1 hippocampal pyramidal cells in the presence of 50 µM 

picrotoxin (to block GABAA receptors). Schaffer collaterals were stimulated 

with a concentric bipolar electrode (FHC, Maine USA) every 20 s. The 

stimulation strength was set to evoke reliable and robust synaptic transmission 

(EPSP amplitude ~ 3 mV) without producing action potential firing in the 

postsynaptic cell. Stimulations of the theta-frequency (4-12 Hz) are commonly 

used to induce LTP (Grover, Kim, Cooke and Holmes, 2009; Bland, 1986; 

Buzsáki, 2002).  After a 15-minute baseline with stable EPSP amplitudes, LTP 

was induced by theta-burst stimulation (10 trains of 10 stimuli (100 Hz) 

separated by 100 ms) and EPSPs were recorded for at least 30 minutes. 

Theta-burst stimulation is a robust and commonly used approach to generate 

LTP (Larson and Munkácsy, 2015).  
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To measure metabotropic glutamate receptor (mGluR) -mediated long-term 

depression (LTD), whole-cell current-clamp recordings were made from CA1 

hippocampal pyramidal cells in the presence of 50 µM picrotoxin (to block 

GABAA receptors) and 5 mM L689,500 to block NMDA receptors. Schaffer 

collaterals were stimulated (as above) to evoke reliable and robust synaptic 

transmission (EPSP amplitude ~ 3 mV) without producing action potential firing 

in the postsynaptic cell. After a 10-minute baseline, LTD was induced by 100 

µM of the mGluR5 agonist DHPG for 10 minutes and EPSPs were recorded 

for 30 minutes further following wash.  

Recording isolated voltage-gated sodium currents  

To record voltage-gated sodium channel currents in isolation, the intracellular 

and extracellular solutions used were modified from Milescu, et al (2010) (Fig 

2.7). The extracellular solution contained the following (in mM): 124 NaCl, 25 

NaHCO3, 3 KCl, 1.5 CoCl2, 1.0 MgSO4, 0.5 NaH2PO4, and 30 D-glucose, 

equilibrated with 95% O2 and 5% CO2 (pH 7.4). Calcium chloride was replaced 

with cobalt chloride in order to block the voltage-gated calcium channel 

currents. Experiments were performed at room temperature (~ 22ºC to 

improve the quality of the voltage clamp, (Milescu et al., 2010)). To reduce the 

amplitude of the sodium channel currents, 50 mM Na+ was present in the 

intracellular solution: 70 Cs-gluconate, 30 Na-gluconate, 10 TEA-Cl, 5 4-AP, 

10 EGTA, 1 CaCl2, 10 HEPES, 4 Mg-ATP, 0.3 Na3-GTP, 10 Na2-

phosphocreatine. Series resistance (Rs) was measured throughout the 

recording and were typically in the range of 6-12 MΩ. Cells with Rs over 15 MΩ 

or those that varied by more than 20 % over the period of recording were 

discarded.  R s was not compensated, but the liquid junction potential of ~ 8 

mV was corrected for. Leak currents were subtracted using a standard P/N 

protocol (Bezanilla and Armstrong, 1977), where a scaled down version of the 

protocol is given (in this case ¼ of the size) in order to measure the passive 

(leak) current. This response is assumed to be linear, so can be scaled and 

subtracted from the recorded trace to display only active changes (voltage-

gated sodium currents).  

The stimulation protocol was adapted from Milescu et al., (2010) to allow fully 

clamped somatic Na+ channel currents to be recorded. Neurons were held at 
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-80 mV.  A depolarising pre-pulse was given (5 ms, -40 mV) to activate axonal, 

but not somatic, sodium channels. This was followed by a 1 ms step to -55 mV 

and then voltage steps (from -60 to 60 mV, 5 ms duration) were used to elicit 

controlled Na+ channel current responses. The inter-sweep interval was 2 s. 

From the current responses, plots of current vs voltage or conductance vs 

voltage were calculated. Conductance is given by the following equation: 

����������� (�) = ���/(����� − ���������)

The plot of conductance vs voltage was fitted with a Boltzmann equation:  

� =  
�� −  ��

1 +  �(����)/��
+ ��

and then the half activation voltage and the rate constant of activation were 

extracted and compared between control and oTau introduced neurons.  
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Figure 2.7: Protocol for recording voltage-gated sodium currents in acute 
slices 

Recording voltage-gated sodium currents in acute slices is complicated by the inability 

to efficiently voltage clamp them, and this arises due to their size and 

multicompartment nature. In this protocol developed by Milescu et al., (2010), a 

solution is described. A) The result of attempting to record the currents with no 

additional intervention; the currents are uncontrolled due to inefficient clamp. B) 

Introducing a pre-pulse ahead of the current steps activates the axonal but not 

somatic sodium channels, allowing for controlled (well-clamped) recordings to be 

made of somatic voltage-gated sodium channels. C) Subtraction of trace B from A to 

give the uncontrolled axial current D) Protocol for stimulation to perform the pre-pulse 
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and recording steps in voltage clamp. Specific stimulation and response pairs are 

indicated via colour coding.  

Hodgkin Huxley modelling  

The Hodgkin-Huxley (HH; Hodgkin & Huxley, 1952) model provides a unified 

framework for modelling the ionic conductances that generate APs. The HH 

model can be applied to study voltage-gated sodium and potassium channels. 

It proposes that each sodium channel contains a set of 3 identical, rapidly 

responding, activation gates (the m-gates), and a single, slower-responding, 

inactivation gate (the h-gate) (Hodgkin & Huxley, 1952).  

The membrane current is given by:  

� =  ��
���

��
+ ��(�� − ��) + ���(�� − ���) + ��(�� − ��)

Where � is the total membrane current and �� is the membrane capacitance, 

��, ��� and �� are the potassium, sodium and leak conductances per unit area, 

and �� , ��� and �� are reversal potentials.  

The sodium conductance can be given by: 

���(�) = ḡ���(��)�ℎ(��)(�� − ���)

Where ḡNa is the maximal sodium conductance and m and h are quantities 

between 0 and 1 that are associated with sodium channel activation and 

inactivation, respectively. Vm is the membrane potential and ENa is the reversal 

potential for sodium.  

Initial parameters were assigned as follows: ḡ��: 120 ��/���, ḡ�: 36 ��/���, 

��: 0.3 ��/��� , ��: 1 µ�/���, ��: − 70 ��, ���: 60 ��,  ��: −88 ��,

��: −54.4 �� in line with Hodgkin and Huxley 1952; for the squid giant axon). 



105 

2.5 Methods specific to connexin hemichannel measurements 

2.5.1 Isohydric solution preparation 

Solutions with different bicarbonate content were used to alter the levels of 

CO2 perfusing the brain slices under isohydric conditions (constant pH, as in 

de Wolf et al, 2006). The standard baseline solution is 35 mm Hg CO2 aCSF. 

This is then either increased to 55 mm Hg CO2 to raise CO2 levels or decreased 

to 20 mm Hg CO2 to lower CO2 levels. The composition of these aCSF recipes 

is given in Table 2.4 and differ in their concentrations of NaCl and NaHCO3.  

Solution Contains (mM): 

Control (35 mmHg 

CO2) aCSF 

124 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 3 KCl, 10 D‐

glucose, 1 MgSO4, 2 CaCl2, (pH 7.4 when bubbled 

with 95% O2 and 5% CO2) 

Hypercapnic (55 

mmHg CO2) aCSF 

100 NaCl, 50 NaHCO3, 1.25 NaH2PO4, 3 KCl, 10 D‐

glucose, 1 MgSO4, 2 CaCl2, (pH 7.4 when bubbled 

with 95% O2 and 5% CO2) 

Hypocapnic (20 

mmHg CO2) aCSF 

140 NaCl, 10 NaHCO3, 1.25 NaH2PO4, 3 KCl, 10 D‐

glucose, 1 MgSO4, 2 CaCl2, (pH 7.4 when bubbled 

with 95% O2 and 5% CO2) 

Table 2.4: Recipes for the solutions needed for isohydric aCSF buffers for 

altering the level of CO2 at a constant pH.  

To ensure that the solutions remain isohydric (constant pH) then the pH was 

adjusted by perfusing with different CO2/O2 mixtures to match the pH of the 35 

mm Hg CO2 solution (Fig 2.8): 

For 20 mm Hg CO2, two 0-10 cc/MIN AIR x 100 (6831) mixers were used, one 

for the 100 % O2 line and one for the 95% O2/5% CO2 line to mix the two gases 

in a roughly 1:1 proportion.  

For 55 mm Hg CO2, one 0-250 cc/MIN AIR x 100 (6831) mixer was used for 

the 95% O2/5% CO2 line and one 0 -10 cc/min AIR (6387) mixer was used for 

the 100 % CO2 line, to mix the gases in a roughly 0.96 to 0.04 proportion. 

Throughout the day, pH was monitored to ensure that it did not change.  
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Figure 2.8: Mixer set up to enable smooth isohydric CO2 level change. 

The 35 mm Hg CO2 buffer was bubbled with 95% O2 5% CO2. The pH of this buffer 

was ~7.4. The 55 mm Hg CO2 buffer was saturated with 9% CO2 (with the balance 

being O2) with pH maintained to match control (35 mm Hg). This was achieved by 

mixing the 95% O2 5% CO2 line with a 100 % CO2 line (adjustments were made using 

the mixer dials). The 20 mm Hg CO2 buffer was saturated with 2% CO2 (with the 

balance being O2), with pH maintained to match control (35 mm Hg). This was 

achieved by mixing the 95% O2 5% CO2 line with a 100 % O2 line (adjustments were 

made using the mixer dials).  
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2.5.2 Dye loading 

The methods were based on the protocols published in Huckstepp et al., 

(2010). Whole-cell patch clamp recordings were first used to confirm that the 

dye loading was performed in the correct regions (substantia nigra pars 

compacta and ventral tegmental area). Slices were then incubated in 35 

mmHg CO2 aCSF for 20 minutes. The perfusion solution was changed over to 

the 55 mmHg CO2 (high CO2, hypercapnic) solution containing 5(6)-carboxy-

fluorescein dye (CBF, 100 µM, Novabiochem, #8.51082.001) for 20 minutes. 

This allowed any CO2-sensitive hemichannels to open and the CBF dye to 

diffuse into the cells. The perfusion solution was then changed to 35 mmHg 

CO2 solution containing CBF, to allow the CO2-sensitive hemichannels to 

close, trapping the dye within the cells (Fig 2.9). The slice was washed for 3 

hours to reduce background staining before imaging. Images were rapidly 

acquired using the CCD camera (Hitachi) with 488 nm fluorescence (CoolLED) 

since CBF bleaches quickly and cannot be fixed with PFA.  

Figure 2.9: Simplified schematic of the dye loading protocol. 

A schematic to demonstrate the dye loading protocol. The slice is equilibrated for 20 

mins in control aCSF (35 mmHg CO2) at 30 °C. 55 mmHg CO2 aCSF (hypercapnic) 

containing 5(6)-carboxy-fluorescein (CBF, 100 µM) was then applied for 20 mins to 

allow CO2 sensitive-hemichannels to open. Then 35 mmHg CO2 aCSF containing 

CBF (100 µM) was applied for 5 minutes to allow the hemichannels to close. Finally, 

the slice was washed with 35 mmHg CO2 aCSF for 3 hours to reduce the background 

staining before imaging. The dye loading method is based on that described in 

Huckstepp et al., (2010).  
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2.6 Immunohistochemistry 

Mice (P7-10 and P17-20) were either cardiac perfused with 4% PFA and then 

post-fixed overnight at 4 ˚C (Chapter 6) or slices were cut as normal then fixed 

with 4% PFA for 1 hour at room temperature (Chapters 3 and 5). For the 

cardiac perfused mice, an overdose via intraperitoneal injection of sodium 

pentobarbital (>100 mg/kg) was given, followed directly by transcardial 

perfusion with non-heparinized PFA (4%; made in PBS). All cardiac perfusions 

were kindly performed by appropriate licence holders (Dr Huckstepp, Dr 

Bhandare or Dr Van de Wiel). If cardiac perfused, the tissue was washed 

thoroughly with PBS and then sliced coronally (350 µm). All slices were 

washed 5 times with PBS and then blocked for an hour (1% BSA, 0.4% Triton 

100X in PBS, 400 µl per slice), then washed 3 times for 5 minutes with PBS. 

The relevant primary antibodies were applied (200 µl per slice, see individual 

chapters for details) for an hour at room temperature and then kept at 4 - 8 ˚C 

overnight. Slices were washed 5 times for 5 minutes with PBS and the 

corresponding secondary antibody (200 µl per slice) added for 4 hours at room 

temperature. Slices were then washed 5 times for 5 minutes with PBS and 

mounted on glass slides with Vectashield (Vector laboratories, #H-5000). All 

imaging was carried with confocal microscopy (Leica 710 and Zen Black for 

image acquisition and processing, respectively). Controls were carried out 

without the primary antibodies and showed no fluorescence.   

2.7 Transmission electron microscopy 

Formvar/carbon-coated 300-mesh copper grids (#S162, Agar Scientific) were 

glow-discharged using the ELMO system from Cordouan Technologies. Five 

microliters of labelled or unlabelled tau-441 preparations were pipetted onto 

the grid and allowed to bind for 1 min. Excess samples were removed with a 

strip of filter paper, and 5 μl of 2% uranyl acetate added for 1 min. After 

removing the excess stain with a strip of filter paper, the grids were imaged 

using a JEOL-2100F transmission electron microscope. 
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2.8 Statistical analysis and software 

All statistical analysis was performed in GraphPad Prism using non-parametric 

methods: Kruskal–Wallis analysis of variance (ANOVA), Mann Whitney and 

Wilcoxon signed-rank tests as required for non-parametric data.  

Parametric tests such as t-tests or ANOVAs assume that the data is normally 

distributed (Hodges Jr and Lehmann, 1956). However, tests for normality such 

as Kolmogorov‐Smirnov or Shapiro‐Wilk are only useful for large sample sizes. 

If it is not possible to assume normality, then the most conservative strategy is 

to use a nonparametric test designed for non-normal data (Ghasemi and 

Zahediasl, 2012; Morgan, 2017). Therefore, while non-parametric tests have 

lower statistical power than their parametric equivalents, they are the correct 

choice for these studies with low sample sizes (Sullivan et al., 2016). Non-

parametric analyses were performed for all comparisons. 

All data is represented as mean and standard error of the mean with individual 

experiments represented by single data points. Each recorded cell is one data 

point. All experimental conditions were measured using multiple animals and 

recording conditions were interleaved to remove bias introduced from 

individual animals. Data points for each experimental condition were derived 

from a minimum of 4 individual animals. No experimenter blinding was 

performed as the same quality control criteria was applied to all recordings.  

Biorender.com was used for the generation of figures under an appropriate 

personal software license.  

2.9 Drugs and pharmacological agents 

Drugs were stored as stock solutions in dH2O or DMSO as required (1-100 

mM) and diluted freshly into aCSF on the day of use. See 8.1 (Appendix) for 

full materials and reagents list.  
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3.  Chapter 3:  

3. Oligomeric tau injection alters action 

potential dynamics and disrupts synaptic 

transmission in vitro

Parts of this chapter have been published previously (Hill et al., 2019): 

Figure 3.1: oTau mediated effects on neuronal function, synaptic 

transmission, and plasticity.  

Visual abstract to represent the key findings of this results chapter. oTau introduced 

into single neurons alters action potential waveform, disrupts synaptic transmission 

(pre-synaptic action) and alters synaptic plasticity (post-synaptic action).  

3.1 Introduction  

Tau is a highly soluble microtubule-associated protein that acts within neurons 

to modify their stability (Baas and Qiang, 2019; Binder et al., 1985; Caceres 

and Kosik, 1990; Hirokawa et al., 1988). Aside from its role in stabilising axonal 

microtubules, physiologically tau is also found elsewhere in neurons. It is 

known to be expressed in the dendrites and plays important roles in regulating 

plasticity at the synapse. Endogenous (non-misfolded) tau has been recorded 

at both pre-synaptic terminals (Pooler et al., 2013; Sokolow et al., 2015; 
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Yamada et al., 2014) and post-synaptic boutons (Gómez-Ramos et al., 2009; 

Ittner et al., 2010; Regan et al., 2015; Tai et al., 2012). Pathologically, tau 

contributes to several diseases, commonly termed tauopathies. Here, 

abnormally phosphorylated tau can dissociate from microtubules to form 

oligomers and fibrils (Avila et al., 2006) which associate in the soma-dendritic 

compartment. Tau can aggregate further to form neurofibrillary tangles (NFTs) 

and, although their presence strongly correlates with disease progression 

(Nelson et al., 2009), it is the soluble oligomers that appear to be the toxic 

species in terms of disrupting neuronal function and these disruptions can 

occur in the absence of any NFT pathology (Andorfer et al., 2003; Cowan et 

al., 2010; Lee et al., 2001; Spires et al., 2006; Tanemura et al., 2002; 

Tatebayashi et al., 2002; Wittmann et al., 2001; Yoshiyama et al., 2007). 

Understanding which forms of the tau protein within the aggregation cascade 

are the most toxic will allow the generation of more targeted treatments for 

tauopathies in the future. 

There is relatively little quantitative information on the concentration- and time-

dependent actions of soluble tau oligomers (oTau) on the electrophysiological 

and synaptic properties of single neurons. To address this problem, in this 

Chapter, whole-cell patch clamp recording was used to introduce known 

concentrations of oligomeric full-length human tau-441 into mouse 

hippocampal CA1 pyramidal and neocortical layer-V thick-tufted pyramidal 

cells. A combination of standard electrophysiological profiling and detailed 

computational modelling was implemented to allow the full characterisation of 

the effects of oTau. Standard current-voltage relationships were constructed 

at regular time intervals (every 10 mins), to confirm the cell type, to monitor the 

quality of the recording and to provide an overview of electrophysiological 

deterioration in response to the introduced oligomers. This is a standard 

method for assessing neuronal responses, first described in Hodgkin and 

Huxley (1952). Working with my collaborators in the Zeeman Institute 

(Warwick), I also implemented a simplified reduced refractory integrate and 

fire (rEIF) model to enhance my analysis of the effects of oTau.  Dynamic I-V 

curves were generated from the voltage responses to injected noisy fluctuating 

currents (see Methods for full details; (Badel et al., 2008a) at each of the 
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recorded time points (every 10 mins). These were then used to fit to the rEIF 

model and allowed full parameterisation of changes in the electrophysiological 

properties over time.  

3.2 Results  

3.2.1 Preparation of tau oligomers (oTau) 

The recombinant tau used for this project was generated under the guidance 

of Dr Karikari. This allowed me to fully characterise the structure of the protein 

and the stage of aggregation, ensuring consistency across the range of my 

experiments. Recombinant full-length human tau-441 was expressed in E. coli, 

purified and aggregated following the protocols outlined in Karikari et al., 

(2019b, 2017). This is the longest of the six isoforms of tau found in humans 

(2N4R; Fig 3.2) and harbours no disease-related mutations or additional post 

translational modifications such as phosphorylation.  

Figure 3.2: Structure of the full-length human tau used in this study. 

Based on full-length human wild type tau, this construct has both N-terminal repeats 

(N1 and N2) and 4 microtubule binding repeat domains (R1, R2, R3 and R4). Also 

known as Tau-441, it is the longest isoform of the six commonly found in humans. To 

allow visualisation, oTau was labelled with an Alexa Fluor 488 maleimide dye which 

binds to cysteine residues. As there are two native cysteines within important 

microtubule binding regions, these were modified to alanine (C291A and C322A, 

shown as black dots below R2 and R3) and replaced with one at the edge of this 

region (residue 260 (I260C) in R1). This tau construct has been used previously 

(Karikari et al., 2017). 

Tau was labelled with an Alexa Fluor maleimide dye (488) that binds to 

cysteine residues to allow localisation and to maintain the oligomeric species 

at a low molecular weight. Three mutations were introduced into tau to ensure 

that this labelling did not disrupt function: two cysteines that normally reside in 
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the microtubule binding region were modified to alanines (C291A and C322A), 

and a cysteine was introduced to allow binding at the edge of the repeat region 

(I260C). Labelling limits aggregation because tau can aggregate via the 

formation of disulphide bonds; this aggregation is reduced by blocking cysteine 

residues with the label (Karikari et al., 2017). 

3.2.2 Electron microscopy to characterise the oTau 

This study focussed on oligomeric tau, which is known to disrupt neuronal 

function (Fá et al., 2016; Ondrejcak et al., 2018). As transmission electron 

microscopy (TEM) allows the identification and quantification of the size and 

shape of protein species, I used negative-stain TEM to analyse the 

aggregation state. My observations confirmed that the oTau had a spherical 

granular form, typical of oligomeric species, that were of similar size and profile 

to previous preparations using the same protocol (Karikari et al., 2017; Fig 

3.3A). No protein aggregates were observed in the control sample (Fig 3.3B).  

Figure 3.3: Characterisation of the aggregation level of the recombinant tau 

samples using negative-stain transmission electron microscopy. 

A. Example negative-stain electron micrograph of oTau to assess the state of 

aggregation. Clear granular structures can be observed which indicate oligomeric 

form. Scale Bar = 200 nm. Insert, a higher magnification of a single spherical oligomer 

structure. Scale bar = 20 nm. B. Example negative-stain electron micrograph of 

labelled control (buffer and label only) shows no oligomeric protein present. Scale bar 

= 200 nm.
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3.2.4 Immunohistochemistry to monitor localisation of oTau 

The fluorescent labelling of oTau allows it to be visualised within neurons 

following its introduction via the patch pipette. This allowed me to determine 

where oTau could diffuse within the period of recording, and if it became 

concentrated in specific regions of the cell. This could then be correlated with 

any changes seen in the neuron’s electrophysiology (Figure 3.4A). As a 

marker for the recorded cells, and to ensure being able to locate them with 

confocal microscopy, recorded neurons were also filled with Alexa Fluor 594 

dye (red; Figure 3.4B). This, in combination with the labelled oTau (green), 

facilitated the imaging of oTau localisation. For these studies, neurons were 

recorded from for at least 20 minutes, the pipette carefully removed, and the 

slice fixed in 4% PFA, washed and mounted. Initially standard confocal 

imaging was used using a Leica 710 and Zen software for acquisition and 

processing, respectively. Constructing a Z-stack for the whole neuron 

confirmed that the oTau (green) was emerging from the pipette and entering 

the soma of the recorded cell, where it appeared to aggregate. This imaging 

method was unable to detect tau outside of the cell body, likely due to the low 

resolution of imaging and low concentration of oligomer.  

I therefore repeated the experiments but imaged this time with the Airy Scan 

module of the Leica 880 in combination with Zen software for acquisition and 

processing, respectively. This allowed me to observe a diffuse spread of tau 

throughout the recorded neuron in both the axon and in the dendrites. Within 

the dendrites oTau could be observed parallel to the dendritic bifurcation and 

at localised in regions that could be postsynaptic sites (Figure 3.4C). This is 

the first time such widespread diffusion of oTau has been documented in such 

a short timeframe, facilitated by the introduction via patch-pipette (30 minutes, 

Fig 3.4B, C).  
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Figure 3.4: Localisation of oTau within a CA1 neuron after 30 minutes after 

introduction at the soma 

A. SIV response for the recorded CA1 PC (steps from -200 pA, by +100 pA). The SIV 

trace clearly fits the profile of a CA1 pyramidal neuron. B. Alexa Fluor dye was 

introduced (in the patch solution) to allow the neuron and its processes to be 

identified. The AiryScan module of the Leica 880 was used to perform a tile-scan of 

Z-stacks (28 tiles, 258 Z-planes) to image the entire neuron. The Z-stacks were then 

processed and stitched using the Zen software suite. The neuronal morphology 

matches that of a CA1 pyramidal neuron (Figure 1.20). Scale bar = 20 µm. C. oTau 

(labelled green) was introduced via at the soma. Clear aggregation in the soma can 

be observed (left). However, oTau was also observed to have spread throughout the 

processes, including down a dendrite adjacent to the bifurcation. Scale bar = 10 µm. 
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3.2.5 Electrophysiological effects of oTau introduction on CA1 

pyramidal cell subthreshold properties 

The aim of the next stage of the project was to fully characterise the effects of 

oTau on CA1 pyramidal neurons in the hippocampus. To ensure the validity of 

my observations, I carried out several interleaved control experiments. Firstly, 

alongside tau production, I generated labelled and unlabelled control samples 

(no inoculation with tau plasmids, using the same volume of sodium phosphate 

buffer pH 7.4 in its place). oTau or the control samples were added each day 

in the same volume to intracellular solution to ensure that there was no effect 

on cell properties from the dilution of the intracellular solution. Secondly, to 

ensure that the observed effects were not the results of the non-specific 

actions of introducing any aggregation-competent molecule, I used bovine 

serum albumin (BSA). BSA has a similar molecular weight to tau. I used it at a 

much higher concentration than oTau (20 µM compared to 44-666 nM) and did 

not observe any significant differences from vehicle introduced recordings. 

This observation is further complimented by my results in Chapter 5 where 

introduction of alpha synuclein aggregates produces very different changes in 

electrophysiological properties.    

During these experiments, I wanted to extract a full set of electrophysiological 

parameters over the time course of the recordings. For this I used two different 

stimulation protocols (see Methods for full details).  The first, a step current 

injection, is used to develop a standard current-voltage relationship plot. From 

which, voltage steps close to the resting membrane potential were used to 

calculate input resistance manually using the gradient of the fitted line. The 

second stimulation protocol was the dynamic current-voltage relationship, 

which is generated from the voltage response to a fluctuating noisy current 

input that mimics native channel activity, providing a more natural stimulus for 

the neuron allowing a more thorough parameterisation. Using both standard 

and dynamic IV protocols, several concentrations of oligomeric tau were tested 

(44 nM, 133 nM and 444 nM oTau) to determine concentration-dependent 

effects. These oTau tests were interleaved with both control (vehicle) and BSA 

solutions. I had originally hoped to use both standard and dynamic 

relationships over the whole period of recording, but while the dynamic IV 
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parameter extraction was effective for all conditions at 0 mins (mean spike 

match of 72.2 ± 1.7 %, predicted vs experimental data), for the cells with oTau 

introduced, by 40 mins the model predictions were unable to accurately match 

the experimental spike data (mean spike match of 46.1 ± 5.5 %) (Fig 3.5). 

Therefore, this method was not used to extract parameters at later time points. 

The poor spike match could be due to the altered action potential waveform or 

a hidden threshold within the code, this needs to be investigated further. 

Despite not being able to use the dynamic current-voltage protocol to compare 

over time, the step current-voltage responses could be used to examine 

changes to resting membrane potential and input resistance. 
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Figure 3.5: Analysis using the dynamic IV method at 40 mins. 

Dynamic IV curve (pink) and EIF computational model fit (blue) for a control (left) and 

444 nM oTau (right) cell after 40 minutes of recording. From this curve a number of 

subthreshold parameters can be extracted (such as resting potential E, time constant 

τ, and spike-threshold voltage VT; see Methods for more details). Recorded (grey) 

and simulated (purple) voltage traces are overlaid. (Left) For the control cell, the 

experimental and simulated traces are well matched (85%). (Right) For the oTau 

introduced cell however, the experimental and simulated traces are poorly matched 

(29%) and therefore the EIF model cannot be used to parameterise the oTau induced 

neurons over time.  
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The introduced oTau took varying lengths of time to have its effects in each 

cell. This could be due to several factors including cell size, morphology and 

series resistance. Regardless of the observed effects of oTau, recordings were 

maintained as long as they remained stable (defined as: membrane potential 

that did not depolarise above -50 mV and less than 20% alteration in series 

resistance). The average recording time was 40 minutes and so this was 

chosen as the final time point to be compared with the results at 0 mins (whole-

cell breakthrough).  

There was no significant difference in any of the extracted parameters (resting 

membrane potential, capacitance, cell time constant, spike-onset sharpness, 

spike threshold) at 0 mins (0-5 minutes after whole-cell breakthrough) across 

all of the experimental treatments as determined with Kruskal-Wallis tests (n = 

10 for vehicle, n = 5 for BSA, n = 9 for oTau 44 nM, n =11 for oTau 133 nM 

and n =10 for oTau 444 nM, Table 3.1). Although for most conditions, there 

were no significant changes to most of the measured parameters over the 

period of recording, 444 nM oTau significantly increased input resistance (0 

mins, 176.8 ± 4.7 mΩ, 40 mins, 239.3 ± 36.3 mΩ, p = 0.002) and depolarised 

the resting membrane potential (from -68.0 ± 1.7 mV at 0 mins to -61.8 ± 1.7 

mV at 40 mins, p = 0.050; Fig 3.6C). This is consistent with previously reported 

data from the rTg4510 mouse model, which expresses human tau variant 

P301L, where the pyramidal cells are depolarised by ~ 8 mV compared to wild 

type littermates (Rocher et al., 2010). These changes were not observed with 

the introduction of vehicle, BSA, 44 or 133 nM oTau. Consistent with this 

increase in input resistance and depolarisation, there was also a significant 

increase in the action potential firing rate in cells injected with 444 nM oTau (p 

= 0.025, measured from the voltage response to dynamic noisy current input 

at time 0 and after 40 mins) and although not reaching significance, six out of 

seven cells injected with 133 nM oTau also had an increased firing rate (Table 

3.4). 
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Table 3.1: Electrophysiological parameters for all conditions made at time 0 (whole-cell breakthrough) for CA1 neurons. 

All recordings are made from hippocampal CA1 neurons. There was no significant difference between any of the measured parameters at time 

0 minutes (whole-cell breakthrough), using Kruskal Wallis ANOVAs. Data shown as mean and SEM for each experimental condition.  
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Figure 3.6: oTau introduction into CA1 hippocampal neurons has little effect on 

sub-threshold electrophysiological properties at low concentrations and at 

early time points (up to 30 minutes). 

A. (Left) Example voltage response of a CA1 hippocampal neuron in response to a 

standard fluctuating noisy current injection in a cell injected with vehicle solution at 

time 0 mins (breakthrough, top) and after 40 mins of recording (bottom). (Middle, top, 

and bottom) Middle column demonstrate the voltage response over identical time 

periods on an expanded time base, showing that there is no change over time. Right 

panel shows the voltage response to stepwise current injections for 0 and 40 mins. 
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The voltage response also does not change over time. B. (Left) Example voltage 

response of a CA1 hippocampal neuron in response to a fluctuating noisy current 

injection in a cell injected with 133 nM oTau at time 0 mins (breakthrough, top) and 

after 40 mins of recording (bottom). (Middle, top, and bottom) Insets demonstrate the 

same voltage response on an expanded time base, demonstrating that there is little 

change to the voltage response over time, but that the action potential amplitudes are 

smaller. (Right) shows the voltage response to stepwise current injections for 0 and 

40 mins. The voltage response does not change over time C.  (Left) Example voltage 

response of a CA1 hippocampal neuron in response to a fluctuating noisy current 

injection in a cell injected with 444 nM oTau at time 0 mins (breakthrough, top) and 

after 30 (middle) and 40 mins of recording (bottom). (Middle, top and bottom) Insets 

demonstrate the same voltage response on an expanded time base, demonstrating 

that there is little change to the voltage response over time at 30 minutes but 

significant changes at 40 mins. (Right) Similarly, there are clear changes at 40 

minutes, to the current-voltage relationship for the stepwise current injections to action 

potential amplitude and input resistance. 

3.2.6 oTau markedly slows action potential dynamics and reduces 

action potential amplitude 

To establish why there is a marked reduction in the spike match efficiency (Fig 

3.5) for cells where oTau was introduced using the dynamic current-voltage 

protocol, I investigated whether there were changes to the action potential 

waveform (amplitude, duration, rate of rise and decay). Significant changes 

were observed at the 40-minute time-point for all concentrations of oTau (Fig 

3.7) but were not observed when neurons were injected with either vehicle or 

BSA (Fig 3.7). For all three concentrations of oTau (44, 133, and 444 nM), 

there was a significant decrease in action potential amplitude, speed of rise 

and speed of decay at 40 minutes compared to time 0 mins (Fig 3.7). The time-

course for these changes in action potential parameters (amplitude and rate of 

rise) were examined for the different concentrations of oTau. The effects of 

444 nM oTau were significantly different from time 0 (whole-cell breakthrough) 

earlier than for 44 and 133 nM oTau (10 vs 20 minutes), characteristic of a 

concentration-dependent effect (Fig 3.7C).   
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Figure 3.7: Introduction of oligomeric tau causes a significant change to action 

potential dynamics. 

A. Representative voltage traces of a single action potential from single experiments 

at 0 mins (left) and 40 mins (right) for all conditions (vehicle, BSA, 44 nM oTau, 133 

nM oTau and 444 nM oTau). B. Mean data for analysis of changes to action potential 

waveform for each of the conditions (vehicle, BSA, 44 nM oTau, 133 nM oTau and 

444 nM oTau). Parameters measured were amplitude, duration, rate of rise and rate 

of decay. Bar charts displaying the mean and SEM data for each condition at the two 

timepoints (clear bar 0 mins, striped bar 40 mins), with individual data points overlaid. 

Action potential amplitude was decreased significantly from 0 minutes to 40 minutes 

with all concentrations of oTau tested (44 nM p = 0.004, 133 nM p = 0.002, 444 nM p 

= 0.002). Only the highest concentration of oTau (444 nM) gave a significant increase 

in action potential duration (p = 0.016). Rate of rise and decay was significantly slower 

for all three concentrations of introduced oTau (rise: 44 nM p = 0.004, 133 nM p = 

0.002 and 444 nM p = 0.004; decay: 44 nM p = 0.008, 133 nM p = 0.002 and 444 nM 

p = 0008). C. Action potential amplitude evaluated over 10-minute time intervals. The 

left panel shows the mean amplitude normalised to the baseline (0 mins) for the three 

different concentrations of oTau (44 nM, 133 nM, and 444 nM). This demonstrates 

the drop in amplitude for all three concentrations of oTau over time. The right panel 

shows action potential waveforms from individual representative experiments at time 

points from 0 mins to 40 mins for 133 nM or 444 nM oTau introduction demonstrating 

the decrease in amplitude and which also highlights the concentration-dependent 

effect. D. Rate of rise evaluated over 10-minute time intervals. The left panel shows 

the mean rate of rise normalised to the baseline (0 mins) for the three different 

concentrations of oTau (44 nM, 133 nM, and 444 nM). This demonstrates the slower 

rate of rise for all three concentrations of oTau over time. The right panel shows 

normalised and superimposed examples of action potentials to demonstrate the effect 

on oTau introduction on action potential rate of rise over the period of recording. 
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3.2.7 The changes in action potential kinetics do not occur with 

monomeric tau  

Given that some species of monomeric tau (seed-competent) can trigger 

intracellular tau aggregation (Mirbaha et al., 2018), it was important to 

distinguish whether the effects that I observed were specific to tau oligomers 

or just the result of increasing the concentration of tau in the cells. Oligomeric 

tau was monomerised using DTT and heat (see Methods) and maintained on 

ice to prevent re-aggregation while the experiments were carried out (Fig 

3.8A). This monomeric tau (mTau; 444 nM) was introduced into hippocampal 

pyramidal cells to evaluate whether it gave similar effects to oTau. There was 

no significant change in the current-voltage relationship over-time (Fig 3.8B, 

C) and no change in action potential amplitude (at 40 mins the mean amplitude 

was 98.6% of the amplitude at time 0, Fig 3.8C). Therefore, it is only the 

oligomeric forms of tau that give rise to the observed changes to action 

potential waveform and input resistance over the 40-minute time period of my 

recordings.  

3.2.8 The changes to action potential waveform are not due to 

changes in series resistance 

oTau was delivered into cells through a glass pipette with a small tip with 

relatively high resistance (5-10 MΩ). As the tau is aggregated, it is feasible that 

it could block the pipette tip and impede the correct measurement of voltage. 

To check that this was not the case, series resistance was monitored 

throughout the experiments and any recordings where it altered by more than 

20 % throughout the duration of the recording were excluded from analysis. 

There was no influence of the experimental condition on stability of series 

resistance throughout the recording. In general, I observed no significant 

change to series resistance over time and there was also no difference in the 

series resistance measurements for each of the conditions at 0 mins (Fig 

3.8D). 
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Figure 3.8: Evaluation of the effect of mTau on AP waveform showed no effect. 

A. SDS-Page gel demonstrating dimeric tau protein (lane A) and tau protein converted 

to monomers (mTau, lanes B), stained with Instant Blue, and imaged using Image 

Quant (see Methods). B. There were no significant differences between current-

voltage responses from a hippocampal CA1 neurons injected with 444 nM of mTau 

measured at 0 mins and after 40 mins of recording. C. (Top panel) Examples of action 

potential waveforms recorded at 0 mins and after 40 mins of recording from a neuron 

injected with 444 nM mTau. mTau does not change the amplitude or kinetics of the 

action potential waveform. (Bottom panel) summarises data from 5 neurons, showing 

that action potential amplitude does not change over time when neurons are injected 

with 444 nM mTau. D. The mean series resistance plotted against time for neurons 

injected with vehicle, BSA or oTau (44, 133, or 444 nM).  There was no significant 

difference in series resistance between treatments and the series resistance did not 

significantly alter during recordings. 
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3.2.9 Re-patching experiments confirm observations result from the 

introduction of oTau into the cell 

I used an experimental design, termed ‘re-patching’ previously published by 

(Qui et al., 2014) to further exclude the possibility that tau was blocking the 

pipette tip or accumulating inside the cell impeding voltage measurement. 

oTau was introduced into CA1 pyramidal cells and recordings (step and 

dynamic current inputs) taken for ~ 20 mins until the change in AP waveform 

phenotype was observed. The pipette was then carefully removed from the cell 

and the cell ‘re-patched’ with a fresh pipette containing only vehicle solution. If 

the action potential waveform remained altered, then it was the result of the 

oTau and not simply a blockage of the pipette (n= 3 oTau; Fig 3.9 A-C) There 

was no significant difference in the first and re-patch for double vehicle injected 

cells (n= 4 control, Fig 3.9 D-F).   

Figure 3.9: Re-patching experiments confirm that the observations are not due 

to blockage of the pipette tip. 

A. Schematic to illustrate the protocol for repatching experiments. Recordings were 

made in CA1 pyramidal neurons of the hippocampus for 20 minutes using a pipette 

filled with intracellular solution and vehicle. The pipette was then carefully removed 

and then the cell was immediately re-patched with a clean pipette containing 

intracellular solution + vehicle. B. In the control (vehicle) cells, there was little change 

over time (at 20 mins, it was 102.0 ± 4.0 % of the amplitude at time 0) and very little 
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change to action potential amplitude was observed between patches 1 and 2 (108.0 

± 11.0 % of amplitude at time zero, n = 4 neurons) suggesting that the re-patching 

protocol is stable. C. Example traces shown for the initial patch at time zero, 20 

minutes into the patch and then the re-recorded pipette for vehicle injected cells. D. A 

schematic to illustrate the protocol for repatching experiments with oTau injection. 

Recordings were made in CA1 pyramidal neurons of the hippocampus for 20 minutes 

using a pipette filled with intracellular solution + 444 nM oTau. The pipette was then 

carefully removed and then the cell re-patched with a clean pipette containing 

intracellular solution + vehicle. E. In cells injected with oTau (444 nM), action potential 

amplitude decreased over the course of 20 minutes (at 20 mins, it was 84.0 ± 3.1 % 

of the amplitude at time 0) and then remained reduced when the cell was re-patched 

with a separate pipette + vehicle (81.0 ± 5.0 % of amplitude at time zero, n = 3). F. 

Example traces shown in (F) for the initial patch at time zero, 20 minutes into the patch 

and then the re-recorded pipette.  

3.2.10 Introduction of oTau into presynaptic neurons markedly 

impairs basal synaptic transmission 

Given the marked effects of oTau on action potentials, I next investigated 

whether this translated into deficits in synaptic transmission. Such deficits have 

been reported previously, usually by using a stimulating electrode to activate 

many synaptic pathways in transgenic mice or mice that have had oTau 

perfused extracellularly. There are many limitations to these approaches. 

Firstly, using a stimulating electrode, it is not possible to know how many cells 

are being activated, whereas with paired recordings I could measure the effect 

of activating a single cell. Secondly, these methods expose every cell to the 

effects of tau to varying degrees which may lead to adaptation as the circuit 

could be changed. Using paired recordings, I was able to target oTau to either 

the pre- or post-synaptic cell and introduce the oTau into a small number of 

cells, which is unlikely to change the circuit. I initially considered studying the 

connection between CA1 and CA3 pyramidal cells (PCs) of the hippocampus, 

as I had already detailed the effects of oTau in CA1 PCs. However, the 

connection rate is low - between 1 and 5% (Debanne et al., 2008), which 

means large numbers of recordings will have to be made to find enough 

synaptic connections for significance. In contrast, neighbouring thick-tufted 

PCs in Layer V of the neocortex have a higher connection rate of ~ 10 % 
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(Markram et al., 1997). I located the somatosensory region of the neocortex 

under low magnification relative to the position of the hippocampus. I then 

identified thick-tufted layer V PCs using two methods. Firstly, I introduced dye 

via the intracellular solution to examine cellular morphology. Thick-tufted layer 

V PCs are large in size and have a distinct apical dendrite, projecting from 

layer Vb and bifurcating within layer II/III. Secondly, they have a distinct 

electrophysiological phenotype, as can be examined from the stepwise 

current-voltage relationship, typically exhibiting burst-firing action potentials 

(Kasper et al., 1994; Ramaswamy et al., 2015). Neurons that did not fit with 

expected morphological and electrophysiological phenotype were discarded 

from analysis (thin-tufted layer V PCs and interneurons). As I had moved to a 

new cell type, it was firstly important to validate that the results observed in the 

hippocampus were comparable to that of thick-tufted layer V PCs in the 

neocortex. In order to achieve similar results on a comparable timescale, the 

concentration of oTau was increased from 444 nM to 666 nM to account for 

the larger size of these cells relative to CA1 neurons (mean capacitance in 

CA1 neurons: 121.0 pF ± 6.2, in thick-tufted layer V PCs: 191.3 pF ± 20.8). 

There was no change in action potential amplitude for thick-tufted layer V PCs 

that were injected with vehicle (mean of 80.9 mV ± 1.8 vs 77.9 mV ± 2.1, p = 

0.134, n =10). Action potential amplitude was significantly reduced from 74.45 

± 2.1 mV at time zero to 60.1 ± 6.3 mV after 40 minutes (p = 0.014) in cells 

where oTau was injected (n = 8, Fig 3.10A). There was no change to input 

resistance for vehicle injected cells (90.1 ± 12.0 MΩ vs. 92.2 ± 13.0 MΩ, p = 

0.672), but for cells in which 666 nM oTau was introduced, the input resistance 

did increase over the course of 40 minutes of recording (from 92.5 MΩ ± 7.58 

at time zero to 108.2 ± 8.1 MΩ at 40 minutes p = 0.045, Fig 3.10A).  

In order to determine whether pairs of neighbouring thick-tufted layer V PCs 

were synaptically connected (Fig 3.10B-C), a stimulus train of 5 action 

potentials (20 Hz) was given with a one second pause and then a 6th recovery 

action potential (as in Kerr et al., 2013; Fig 3.10D). This allowed the effects on 

amplitude and latency of EPSPs along with the degree of depression and 

recovery to be examined. I performed these experiments in young (P12-P21 

mice as their unitary EPSPs have a larger amplitude than those from older 
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mice and show marked short-term depression (Kerr et al., 2013; Reyes and 

Sakmann, 1999), which can be used to measure the effects of oTau on release 

probability.  For each synaptically connected pair, oTau was either introduced 

into the pre- or the postsynaptic cell or neither (vehicle introduced instead) (Fig 

3.10C) Once a connection was found, the stimulus protocol was repeated 

every 10 seconds for the duration of the recording. Due to the small amplitude 

of many of the EPSPs, (average amplitude ~ 0.8 mV, in line with Markram et 

al., 1997), averages of the sweeps were taken at 10-minute time intervals (30-

50 sweeps per average). To establish whether there were changes to synaptic 

depression, the amplitude of each EPSP across the train needed to accurately 

be determined. This can be confounded as the EPSPs are superimposed on 

the decay (or tail) of the previous EPSP. Deconvolution and re-convolution of 

the traces allowed for the amplitude to be accurately measured (Richardson 

and Silberberg, 2008b). Briefly, EPSPs were averaged (after correcting for 

baseline drift) and then deconvolved. Each deconvolved EPSP was cropped 

and then reconvolved so that the individual average EPSPs were no longer 

superimposed on the decay of the previous EPSP (Fig 3.10 E-F). With 

assistance from collaborators at the Zeeman Institute, I wrote the code to 

perform this in Julia (available on request). The accuracy of the program was 

confirmed by reconvolving the uncropped EPSPs and the comparing the 

resulting waveform to the untransformed EPSPs.  There were a small number 

of EPSPs that were still too small to run the re-convolution, so these were used 

solely for the measurements based on the first EPSP but not used for synaptic 

depression.  
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Figure 3.10: Protocols for testing the effect of oTau on membrane properties 

and synaptic transmission in layer V pyramidal neurons. 

A. Voltage response to stepwise current injection protocol at 0 and 40-minute 

timepoints for control cells injected with vehicle (top) or 666 nM oTau (bottom). There 

was no significant change in the control cells but a reduction in action potential 

amplitude and an increase in input resistance. B. Micrograph of three Layer V PCs 

labeled with Alexa Fluor 488. Recordings were routinely made from three neighboring 

pyramidal cells to increase the probability of finding synaptically connected cells. C.  

Diagram of the protocol used to record pairs of synaptically coupled thick-tufted layer 

V PCs. Either both pipettes contained vehicle (bottom), or tau was targeted at the pre- 

or post-synaptic cell of the pair (top). D. Diagram to represent the stimulus delivered 

to the pairs of connected cells. A train of 5 action potentials (20 Hz) were stimulated 

in the presynaptic oTau cell using short depolarising current steps followed by a 1 

second gap and then a recovery action potential. EPSPs resulting from APs were then 

recorded in the postsynaptic vehicle cell. E. Example AP and corresponding EPSP to 

illustrate the recorded parameters (EPSP amplitude and latency). F. Method of 

accurately measuring the amplitude of the 2nd to 5th EPSPs in the train.  EPSPs were 

averaged (after removing any baseline drift; 1) and then deconvolved (top right; 2). 

The deconvolved EPSPs were cropped (3) and then reconvolved so that individual 

average EPSPs were not superimposed on the decay of the previous EPSP average 

(4). The accuracy of the deconvolution method was confirmed by reconvolving the 

uncropped EPSPs (5) and comparing the resultant waveforms to the original 

untransformed EPSPs (6). 

3.2.11 Introduction of oTau into the presynaptic cell of a connected 

pair impairs the synaptic transmission 

In total, 230 pairs of thick-tufted layer V PCs were recorded from, of which 24 

were connected synaptically. This gave an overall connection probability of 1 

in 9.6 pairs, comparable with the 1 in 10 pairs that were synaptically connected 

in a previous study of these neurons (Markram et al., 1997).  In 10 control 

pairs, vehicle was introduced into both the presynaptic and postsynaptic cells 

in the pair. For the remaining recordings, oTau was introduced in one pipette 

and vehicle in the other pipette. Therefore, once a connection was found, the 

tau would be in either the presynaptic or the postsynaptic cell. In 10 of the pairs 
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oTau was introduced into the presynaptic cell and vehicle into the postsynaptic 

cell. In the remaining 4 pairs, oTau was targeted to the postsynaptic cell, with 

vehicle introduced into the presynaptic cell. At early time points (0-10 minutes) 

there was no significant difference in the amplitude of the first EPSP in the train 

(p = 0.510) or its latency (p = 0.581) when either vehicle or oTau were 

introduced into the presynaptic cell (mean unitary EPSP amplitude: vehicle 0.8 

± 0.1 mV; oTau 0.6 ± 0.1 mV; latency: vehicle 2.2 ± 0.0002 ms, oTau 2.1 ± 

0.0001 ms). In control pairs (both vehicle), the amplitude of the EPSP 

remained stable throughout the recording (the amplitude of the first EPSP after 

40-50 minutes of recording was 80.5 ± 14.0 % (n = 10) of the EPSP amplitude 

at 0-10 minutes of recording, p = 0.375). However, when oTau was introduced 

into the presynaptic cell, at 40-50 minutes, the amplitude of the first EPSP was 

significantly reduced in 7 out of 10 of the paired recordings to 30.0 ± 10.0 % of 

the amplitude of EPSPs at 0-10 minutes (p = 0.034, n = 10, Fig 3.11 A-B). This 

was not a result of the recordings becoming unstable as the mean membrane 

potential at time zero, -67.5 ± 1.5 mV, was not significantly (p = 0.095) different 

from the membrane potential 40 minutes, -62.5 ± 1.3 mV. To ensure that the 

decrease in EPSP amplitude was not due to failure of action potential firing, 

every sweep was reanalysed and any with failed AP firing were removed from 

analysis (46 out of 3900 sweeps, ~ 1.2 %).  

3.2.12 Deficits in synaptic transmission are associated with 

increased short-term depression 

Changes to short term synaptic plasticity were measured using the train of 5 

AP (20 Hz, 50 ms interval) and evaluating the degree of depression across 

conditions. For analysis, the amplitude of EPSPs in the train (2nd- 5th EPSP) 

were measured relative to the amplitude of the first EPSP. In 9 out of 10 

recordings (in one recording the connection was too weak to accurately 

measure the amplitude of the 2nd -5th EPSPs) with vehicle introduced into both 

the pre- and postsynaptic cells, there was little change in the degree of short-

term depression over the duration of the recordings (Fig 3.11C, D). There was 

a small (but significant) increase in depression and a decrease in the paired-

pulse ratio (second EPSP/first EPSP amplitude) from 0 to 30 minutes (Fig 

3.11G). In the recordings (8 out of 10, two connections were too weak to 
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accurately measure) where oTau was introduced into the presynaptic cell there 

was an increase in the degree of short-term depression (Fig 3.11E, F).  If the 

reduction in EPSP amplitude induced by oTau was a consequence of a fall in 

the probability of neurotransmitter release, then short-term depression would 

have been expected to reduce (equivalent to the activation of presynaptic 

receptors such as adenosine A1, as in Kerr et al., 2013). This was not the case 

with oTau introduction and therefore the changes to short term plasticity are 

unlikely to be due to a fall in release probability. In 4 out of the 8 connections 

there was a complete failure of transmission during the train: the 2nd-5th EPSPs 

were absent (Fig 3.11E). Changes to AP waveform were not characterised 

from the pairs data due to the waveform being contaminated by the stimulus 

used to evoke the APs. All sweeps were, however, manually checked for AP 

failures and any sweeps that did have action potential failures were removed 

from analysis. Finally, paired-pulse ratio (amplitude of first EPSP/ amplitude of 

second EPSP) was calculated. Although there was a significant decrease in 

the ratio over time it is comparable between oTau and control. 

The recovery EPSP (evoked 1 s after the train of EPSPs) was used to 

determine the duration of the enhanced depression observed with oTau. The 

amplitude of the recovery EPSP was measured relative to the first EPSP in the 

train. Even though the degree of depression was significantly higher in the 

oTau introduced pairs, the recovery (amplitude of recovery EPSP/ amplitude 

of first EPSP) was not different between the conditions. Therefore 1 s is a long 

enough time for recovery of the enhanced depression and shows the 

depression is reversible.   
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Figure 3.11: Introduction of oTau into the presynaptic cell of a connected pair 

impairs the synaptic transmission. 

A. Mean normalised amplitude of the first EPSP in the train (normalised to the EPSP 

at 0-10mins). Each timepoint is an average of EPSPs across the 10-minute time 

window (~50 sweeps). The black line represents the pairs with vehicle in both pipettes 

and the red line represents pairs in which oTau (666 nM) was introduced into the 

presynaptic cell of the pair. For the control pairs there was no significant change over 

time (p = 0.375). However, for those with oTau introduced, there was a significant 
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decline in amplitude over time (control vs oTau 30-40 mins p = 0.029, 40-50 mins p = 

0.034). B.  At each timepoint, representative EPSP averages are shown for vehicle 

and oTau introduced pairs. They have been deconvolved, cropped and re-convolved 

so that the full rise and decay of each EPSP can be observed. A clear reduction can 

be observed for oTau introduced pairs. C. The 2nd to 5th EPSP amplitudes were also 

analysed following the deconvolution and reconvolution process. They are presented 

normalised to the first EPSP in the train’s amplitude in vehicle. Data is shown for 0-

10 minutes and at 30-40 minutes. There was a small but significant increase in 

depression between 0 mins and 30-40 mins for the 2nd EPSP (p = 0.032) and the 5th 

EPSP (p = 0.041). D. A representative single recording to show the average EPSP 

waveforms in vehicle for all 5 EPSPs in the train after vehicle introduction. Averages 

are shown for 0-10 mins and 30-40 mins of recording. The EPSP traces were 

normalised so the amplitude of the first EPSP remains the same, to highlight changes 

in depression. E. The 2nd to 5th EPSP amplitudes were also analysed following the 

deconvolution and reconvolution process. They are presented normalised to the first 

EPSP in the train’s amplitude when oTau has been injected into the presynaptic cell. 

Data is shown for 0-10 minutes and at 30-40 minutes. There was a significant increase 

in depression between 0-10 and 30-40 mins for the 2nd EPSP (p =0.0347), 3rd EPSP 

(p = 0.037) and 4th EPSP (p = 0.009). F. A representative single recording to show 

the average EPSP waveforms in vehicle for all 5 EPSPs in the train after oTau (666 

nM) introduction. Averages are shown for 0-10 mins and 30-40 mins of recording. The 

EPSP traces were normalised so the amplitude of the first EPSP remains the same, 

to highlight changes in depression. Although it is clear that the 3rd, 4th, and 5th EPSPs 

are absent, this was not a result of failed action potentials. G. Graphs to demonstrate 

the paired pulse ratio for cells with vehicle or oTau introduced (amplitude of the 

second EPSP/ amplitude of the first EPSP). The points are means from single 

experiments and the bars show the overall mean and SEMs for all recordings. For 

both conditions, there was a significant fall in the paired-pulse ratio over the duration 

of the recording (vehicle p = 0.032 and oTau p = 0.035). H. Following a 1 second 

recovery period a final EPSP was evoked (left). The amount of recovery (recovery 

EPSP/ first EPSP) decreases over time and is similar for cells for both conditions. 

Waveforms after 30-40 minutes (right, same recording as in F) showing the absence 

of the 3rd-5th EPSPs, but there is some recovery after the 1s interval (inset).  
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3.2.13 Introducing oTau into the postsynaptic cell does not impair 

basal synaptic transmission 

In the remaining 4 pairs of synaptically connected thick-tufted layer V PCs, 

where the oTau was introduced only into the postsynaptic cell, there was no 

significant reduction in EPSP amplitude over the recording period (average 

EPSP amplitude after 40 minutes was 91.8 % of the EPSP recorded at 0-10 

minutes) and there was no change to the degree of short-term depression (Fig 

3.12). Therefore, introduction of oTau over ~40 mins results in significant 

changes to basal synaptic transmission specifically at presynaptic sites.  

Figure 3.12: Introduction of oTau into postsynaptic neurons has no significant 

effect on basal synaptic transmission 

A. Using a similar protocol as was used for measuring the pre-synaptic effects of 

oTau, oTau (666 nM) is introduced to only the postsynaptic cell. Diagram illustrates 

the experimental setup. B. Normalised first EPSP amplitude (1st in the train of 5) at 10 

minute-averaged timepoints between 0 and 40 mins after tau (666 nM) introduction. 

Normalisation is done at each time point to the amplitude of the EPSP over the first 

0-10 minutes of recording. There was no significant change over the period of 

recording. C. Representative examples of EPSPs from single experiments. The 

EPSPs were averaged over 10 minutes and have been deconvolved, cropped and re-

convolved to show the full-time course for each EPSP waveform. Traces are shown 

for each of the averaged timepoints. D. The 2nd to 5th EPSP amplitudes were also 

analysed following the deconvolution and reconvolution process. They are presented 
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normalised to the first EPSP in the train’s amplitude. Data is shown for 0-10 minutes 

and at 30-40 minutes. There is no significant change over the period of recording. E. 

A representative single recording to show the average EPSP waveforms for all 5 

EPSPs in the train after oTau (666 nM) introduction. Averages are shown for 0-10 

mins and 30-40 mins of recording. The EPSP traces are not normalised. 

3.2.14 Post-synaptic oTau disrupts long term potentiation 

It has previously been demonstrated that extracellular application of oTau, but 

not monomeric (m)Tau can impair synaptic plasticity, both long-term 

potentiation (LTP) and long-term depression (LTD), (Fá et al., 2016; Lasagna-

Reeves et al., 2012). Ondrejcak et al., (2018) demonstrated that for a subset 

of AD brain extracts that produced an amyloid beta-independent reduction in 

LTP, immunodepletion of the extract with the Tau5 monoclonal antibody 

prevented the impairment of LTP, suggesting the importance of tau in 

mediating the changes to synaptic plasticity. However, from these 

experiments, it is not clear what the actual concentration of oTau is inside the 

cells or whether the actions on plasticity are pre- or postsynaptic. 

To investigate this, I made whole-cell current clamp recordings from CA1 

hippocampal neurons and stimulated the Schaffer collateral fibres (Fig 3.13A). 

oTau, vehicle or mTau were introduced into the postsynaptic neuron and the 

effects on long-term potentiation (LTP, induced with theta burst stimulation 

TBS) measured. There was no significant difference in the amplitude of EPSPs 

across all of the conditions at 0 mins (one-way ANOVA, p = 0.148). Although 

there was considerable variability between cells regarding the response to the 

TBS, there was no significant difference in the area under the curve (of the 

response to TBS) across conditions (p = 0.787). When vehicle was introduced 

into the postsynaptic cell, theta-burst stimulation (TBS) induced robust 

potentiation (30 minutes after the stimulation, EPSP amplitude was 3.9 ± 1.2 x 

the baseline amplitude, n = 7, Fig 3.13A). This potentiation was NMDA 

receptor dependent as it was abolished by the NMDA receptor antagonist 

L689,560 (5 µM, 0.4 ± 0.1 x the baseline EPSP amplitude after 30 minutes, n 

= 3, Fig 3.13B). In initial experiments I found that oTau (444 nM) abolished 

both STP and LTP (n = 7 slices, Fig 3.13C). The experiments were then 

repeated with a 10-fold reduction in the concentration of oTau (44 nM) which 
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also abolished LTP but did not completely prevent STP (n = 5, Fig 3.13D).  

Monomeric tau (444 nM) had little effect on the degree of potentiation 

compared to control (LTP p = 0.151 or STP p = 0.429, n = 5, Fig 3.13E, F). 

Therefore, even though there were no effects on basal synaptic transmission 

when oTau was introduced into the postsynaptic cell, it abolishes LTP, a 

measure of synaptic plasticity which could be one of the mechanisms 

underlying the learning and memory deficits in diseases involving tau 

oligomers such as Alzheimer’s disease.  
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Figure 3.13: Introduction of oTau into the postsynaptic neuron blocks the 

induction of long-term potentiation 

A. Illustration of the protocol used to measure long-term potentiation (LTP).  

Stimulation of the Schaffer collaterals evoked EPSPs in CA1 hippocampal cells. LTP 

was induced by theta burst stimulation (TBS). Vehicle or oTau were introduced via 

patch pipette to the CA1 neuron being recorded. B. Mean EPSP amplitude against 

time for vehicle controls (n = 7) and for 3 slices where 5 µM L689,560 was added to 

block NMDA receptors. The TBS protocol evoked robust potentiation which was 

abolished by the NMDA antagonist. Inset shows example average waveforms before 

TBS (1) and 30 mins after TBS (2) for both control and 5 µM L689,560. C. Mean EPSP 

amplitude against time for 444 nM oTau introduced cells (n = 7). STP and LTP were 

completely abolished by oTau. Inset shows example average waveforms before TBS 

(1) and 30 mins after TBS (2). D. Mean EPSP amplitude against time for 44 nM oTau 

introduced cells (n = 5). LTP was completely abolished by oTau. However, there was 

some short-term potentiation. Inset shows example average waveforms before TBS 

(1) and 30 mins after TBS (2). E. Mean EPSP amplitude against time for monomeric 

444 nM tau (mTau) introduced cells (n = 5). LTP was induced with mTau. Inset shows 

example average waveforms before TBS (1) and 30 mins after TBS (2). F. A summary 

graph demonstrating the mean potentiation. In control conditions (vehicle in the 

intracellular solution) after 30 minutes following TBS, EPSP amplitude was 

potentiated to 331.0 ± 132.0 % of the baseline amplitudes (n = 7). This potentiation 

was lost in the presence of L689,560 (53.0 ± 14.0 % of the baseline amplitude, n = 

3), with oTau 444 nM in the intracellular solution (99.0 ± 31.0 % of the baseline 

amplitude p = 0.042, n = 7, control vs 444 nM) and with 44 nM oTau in the intracellular 

solution (111.0 ± 10.0 % of the baseline amplitude, n = 5). In contrast potentiation 

persisted with mTau (444 nM) in the intracellular solution (335.0 ± 90.0 % of the 

baseline amplitudes, n = 5). A Kruskal Wallis one-way ANOVA gives a significant 

effect of treatment condition against vehicle (p = 0.003) and Dunn’s post hoc analysis 

shows significant differences between the potentiation of cells injected with vehicle 

and L689,560, 44 nM or 444 nM oTau (p = 0.006, p = 0.008 and p = 0.002 

respectively) compared to control. G. Example voltage responses to the TBS used to 

induce potentiation for a vehicle, 444 nM oTau and a 44 nM Tau introduced neuron. 

H. Mean voltage responses to TBS (measured as area under the curve; AUC) for a 

vehicle, 444 nM oTau and a 44 nM oTau introduced neuron. Graph shows mean and 

SEM data with individual data points overlaid. There was no difference across 

experimental group in response to TBS.  
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3.2.15 Post-synaptic oTau disrupts long term depression 

In preliminary experiments, I also began to evaluate the effects of post-

synaptic oligomeric tau on metabotropic glutamate receptor (mGluR)-

mediated long-term depression (LTD) with whole-cell current-clamp recordings 

from CA1 hippocampal pyramidal cells in the presence of 50 µM picrotoxin (to 

block GABAA receptors) and 5 µM L689,500 (to block NMDA receptors). As 

with the LTP protocol, the Schaffer collaterals were stimulated every 20 

seconds to evoke reliable and robust synaptic transmission (EPSP amplitude 

~ 3 mV). After a 10-minute baseline, LTD was induced by 100 µM of the 

mGluR5 agonist DHPG for 10 minutes and EPSPs were recorded for 30 

minutes further following induction (Fig 3.14A). When oTau (444 nM) was 

introduced into the CA1 neuron, the mean LTD at 30-minutes post induction 

was 56.0 ± 0.1% of baseline (n=6) in control cells and 106.0 ± 0.2 of baseline 

(n=5) in oTau cells (Fig 3.14B-D). Although only a preliminary study, this a 

significant reduction in depression at 30 mins following induction (Kruskal 

Wallis ANOVA, control vs oTau, p = 0.028). 
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Figure 3.14: Introduction of oTau into the postsynaptic neuron reduced long-

term depression. 

A. Illustration of the protocol used to measure long-term depression (LTD).  

Stimulation of the Schaffer collaterals evoked EPSPs in CA1 hippocampal cells. LTD 

was induced by application of 100 µM of the mGluR5 agonist DHPG for 10 minutes. 

Vehicle or oTau were introduced via the patch pipette to the CA1 neuron being 

recorded. B. Mean normalised EPSP amplitude against time for 444 nM oTau 

introduced cells (n = 6). LTD was completely abolished by oTau. Inset shows example 

average waveforms before DHPG application to induce LTD (1) and 30 mins after 

induction (2). C. Mean normalised EPSP amplitude against time for control cells (n = 

5). LTD was reliably achieved in controlled cells. Inset shows example average 

waveforms before DHPG application to induce LTD (1) and 30 mins after induction 

(2). D. Mean depression (normalised to baseline) for control and Tau introduced cells 

at 30-minutes post induction. Graph shows mean and SEM, data points are individual 

experiments overlaid. A significant reduction in depression can be observed in the 

oTau cells compared to control (p = 0.028). 
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3.3 Conclusion  

The aim of the work in this Chapter was to provide further understanding of the 

role of tau oligomers in the disruption of neuronal function. This field of 

research is important given the ageing global population and an increased 

pressure to understand neurodegenerative conditions like Alzheimer’s 

disease, in which tau is a key pathological player. Previous studies have 

utilised transgenic animal models of tauopathies (Booth et al., 2016; McInnes 

et al., 2018; Rudinskiy et al., 2014; Zhou et al., 2017), but it is difficult to 

determine the concentration or the form of tau that is responsible for the 

toxicity. Other approaches use extracellular bath-application of tau oligomers 

(Fá et al., 2016; Lasagna-Reeves et al., 2012; Puzzo et al., 2017) but it is 

difficult to know how much of the applied tau oligomers are taken up into 

neurons and then act directly inside the cells or whether the tau oligomers have 

indirect effects. It is also impossible to quantify the exact concentration of 

oligomers within the recorded cells. For both transgenic animals and 

extracellular application methods, it is not possible to say whether any effects 

synaptic transmission or plasticity are pre- or postsynaptic. Using my method, 

introducing tau through the patch pipette, I can directly target the characterised 

oTau into single neurons in a network that is free from pathology and allowing 

targeting of oTau to pre- or post-synaptic cells. In comparison with the other 

methods, I have outlined that:  i) my method requires a much lower quantity of 

oligomer per experiment; ii) each cell acts as its own control (upon whole-cell 

breakthrough) and iii) effects can be observed in real time; allowing for a direct 

correlation between the observed effects and the different concentrations of 

injected oligomer. I have demonstrated in this study comparable 

concentration-dependent effects for oTau introduction into CA1 neurons in the 

hippocampus and Layer V pyramidal neurons in the cortex. Marked changes 

to action potential dynamics, synaptic transmission and plasticity were 

mediated by oligomeric, but not monomeric, tau protein. Consistent with these 

electrophysiological changes, I have also demonstrated that oTau can diffuse 

from the injection site (soma) to synaptic sites within 30 minutes of recording. 

This study provides valuable new insight into the actions of tau oligomers 

within single neurons. It answered questions that have never before been 
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possible to explore with traditional methods. Though this study greatly 

enhances the field of knowledge regarding the actions of oligomeric tau in 

neurons, there are many unanswered questions regarding underlying 

mechanisms that will need to be investigated in future experiments (see 

Chapter 4).  
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4. Chapter 4:  

4. Truncating Tau Reveals Different 

Pathophysiological Actions of Oligomers in 

Single Neurons 

Results of this chapter have been published previously: (Hill et al., 2021, in review) 

Figure 4.1: Tau truncations can dissect apart the effects on action potential 

and neuronal excitability, a summary of identified mechanisms 
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4.1 Introduction  

In Chapter 3, in order to study the acute effects of tau oligomers, I used whole-

cell patch-clamp recording to introduce known concentrations of structurally 

defined oligomeric full-length human tau-441 (oTau) into mouse hippocampal 

CA1 pyramidal and neocortical layer-V thick-tufted pyramidal cells (Hill et al., 

2019). In this study, I have begun determining the mechanisms underlying 

these changes to excitability, conductance and action potential waveform. My 

strategy was to use recombinantly produced tau truncations to determine 

whether specific regions of tau are responsible for the observed effects. 

Identifying the regions of tau mediating neuronal dysfunction will assist in 

tracking down protein-protein interactions, help design assays for interacting 

partners and provide a mechanistic framework for drug development.  

To decide on the truncations to use, I considered two factors. Firstly, to find 

tau fragments that exist in the human brain, as this will also provide information 

on the pathological actions of these truncated tau molecules.  A fraction of the 

toxic oTau pool in human AD brains is released into cerebrospinal fluid (CSF) 

in a manner that associates with pathological AD markers. The majority of this 

tau appears as fragments or truncations, for example as N-terminal fragments 

of amino acids 1-123 or 1-224 (Cicognola et al., 2019). I then investigated if 

any of these fragments had already been evaluated in previous studies. Zhou 

et al., (2017) had used a similar N-terminal truncation of tau (to the 1-123 

fragment) to identify synaptic transmission deficits in cell culture models. 

Taking these two factors together, I decided to study the N-terminal truncation 

of amino acids 124-444 (CFRAG) and the resulting fragment of amino acids 1-

123 (NFRAG).  

I have implemented the same single-cell approach in combination with detailed 

computational modelling to start to determine the underlying mechanisms of 

the changes to excitability, conductance and action potential waveform. This 

approach provides a simple, yet highly effective way to generate detailed 

quantitative information on the functional effects of different mutations and 

truncations of tau oligomers, as well as to test pharmacological drugs and 

interventions. Understanding the direct actions of tau oligomers will lead to 
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better understanding of the disease process and provide new avenues for 

diagnostics and therapeutics. 

4.2 Results  

4.2.1 Structural characterisation of the tau samples 

In this study, the actions of oligomeric full length (FL) tau were compared to 

the effects of oligomers formed from two truncated forms of tau. The first is an 

N-terminal truncation (CFRAG) consisting of amino acids 124-444 (Fig 4.2A). 

The second is the N-terminal fragment that is removed by this truncation 

(NFRAG) and consists of amino acids 1-123 (Fig 4.2A).  

One of the goals of my previous study (Hill et al, 2019), was to visualise the 

localisation of the introduced tau oligomers in the recorded neuron. To achieve 

this, the tau oligomers were labelled (Alexa Fluor maleimide 488 bound to 

cysteine residues). This required the introduction of mutations to the tau 

molecule, to move the cysteine residues to enable efficient label binding 

without impeding tau function (Hill et al, 2019). In this study, I have used tau 

that was not labelled and therefore does not require these cysteine 

modifications. It therefore represents full length tau in its native state (Fig 

4.2A).  

The recombinant full length and truncation of tau used in the study were initially 

going to be produced by myself but due to time constraints were produced by 

collaborators at the University of Gothenburg.  

All three samples (FL, CFRAG and NFRAG) were examined in both aggregated 

and monomeric form. Negative-stain transmission electron microscopy (TEM) 

was used to evaluate the samples. TEM confirmed that all the oligomeric 

species were in the form of small aggregates rather than longer fibrils and that 

none of the monomeric species showed aggregates (Fig 4.2B). 
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Figure 4.2: Structure and characterisation of the tau truncations 

A) Schematic to illustrate the tau constructs used in this study. Full length (FL) tau 

has two N terminus repeats (N1, N2) and four microtubule-binding repeat domains 

(R1–R4). Two other truncations were tested. The first is an N-terminal truncation 

(termed CFRAG) which consists of amino acids 124-444. The second, is the N-terminal 

fragment that is removed by the CFRAG truncation (termed NFRAG) which consists of 

amino acids 1-123. All three versions of tau (FL, CFRAG and NFRAG) were characterised 

as monomers and after undergoing the oligomerisation protocol. B) The structure of 

the aggregates formed will differ significantly due to the structure of the monomeric 

forms. However negative-stain transmission electron microscopy was used to confirm 

that the monomeric samples had no aggregation and the samples that had undergone 

aggregation process demonstrated small, aggregated forms (resembling oligomeric 

form rather than fibrils), scale bar = 200 nm, inset: higher magnification scale bar = 

20 nm.  
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4.2.2 Using oligomeric CFRAG to separate effects on whole-cell 

conductance, neuronal excitability and action potential waveform 

I first compared the effects of oligomers made from N-terminal truncated tau 

(CFRAG) to full length (FL) tau with vehicle (PBS) as the control. I used the same 

concentration (444 nM) of tau oligomers as in Hill et al., (2019) which gave 

reproducible results. This concentration is based on the molecular weight of 

the monomer, as oligomeric composition is heterogeneous. This will result in 

an overestimate of the actual concentration of oligomers introduced (see Hill 

et al 2020). Following their introduction into hippocampal pyramidal neurons, 

standard and dynamic IV protocols (see Methods) were used to extract 

electrophysiological parameters. There was no significant difference in the 

electrophysiological parameters at time 0 (whole-cell breakthrough) across the 

three conditions (Kruskal-Wallis One-Way ANOVAs resting potential p = 

0.139, peak input resistance p = 0.229, firing rate p = 0.644, action potential 

amplitude p = 0.753 or action potential width p = 0.910, n = 12 for each 

condition, see Table 4.1). Therefore, the initial quality of recordings and 

neuronal properties were comparable across the experimental treatments.  

In neurons with vehicle (control) introduced, there were no significant changes 

to any of the measured parameters over the 40-minute period of recording (0 

vs 40 mins, peak input resistance p = 0.146, firing rate p = 0.183, action 

potential amplitude p = 0.073 or action potential width p = 0.227, see Table 

4.1, Fig 4.3). There were also no changes to the resting membrane potential 

over the duration of the recordings for any of the experimental conditions 

(vehicle, full length tau and truncated tau, p = 0.090, 0.086 and 0.080 

respectively, Fig 4.3A, B).  

Unmodified FL oTau had comparable effects to labelled FL oTau (Hill et al., 

2019): increased input resistance, increased neuronal excitability and changed 

the action potential waveform (reduced amplitude and increased width). This 

confirms that the effects of tau oligomers observed in my previous study were 

not altered by the cysteine mutations and label. I have previously 

demonstrated that the effects of FL tau were specific to oligomers and that 

monomeric versions had no significant effect on any of the neuronal properties 
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over the duration of the recordings, therefore I did not repeat this for the 

unmodified FL tau. I observed a significant increase in input resistance (Rin) 

upon introduction of FL tau (at 40 mins, the Rin was 130.0 ± 6.3 % of the 

resistance at time 0, whole-cell breakthrough, p = 0.001, Fig 4.3C). In contrast 

CFRAG introduction did not significantly alter Rin (at 40 mins, the Rin was 100.0 

± 2.1 % of the input resistance at time 0, p = 0.926, Fig 4.3C). There was a 

significant increase in neuronal excitability mediated by FL Tau (at 40 mins, 

the firing rate, measured from the voltage response to naturalistic current 

injection, was 171.0 ± 19.3 % of that at time 0, p = 0.020, Fig 4.3 E, F). I had 

originally assumed that the FL oTau-mediated increase in neuronal excitability 

resulted from the increase in input resistance. Therefore, as CFRAG had no 

effect on input resistance, I predicted that it would not affect neuronal 

excitability. However, surprisingly CFRAG significantly increased excitability (at 

40 mins, the firing rate was 164.0 ± 22.5 % of that at time 0, p = 0.013, Fig 

4.3E, F). This suggests that the effects on neuronal excitability can occur 

independently of changes in input resistance.  

As I previously reported for modified FL tau (Hill et al., 2019) native FL tau 

significantly changed the action potential (AP) waveform, with action potential 

amplitude at 40 minutes significantly (p =  0.001) reduced to 70.0 ± 7.4 % of 

that at time 0 minutes (Fig 4.3D, G) and action potential width at 40 minutes 

significantly (p = 0.035) increased to 134.0 ± 17.2 % of that at time 0 minutes 

(Fig 4.3D, H). Introduction of CFRAG tau did not replicate the changes to action 

potential waveform observed with FL tau. Neither the action potential 

amplitude (at 40 minutes 91.0 ± 1.6 % of that at time 0 minutes, p = 0.079, Fig 

51F) or action potential width (at 40 minutes 102.0 ± 3.0 % of that at time 0 

minutes p = 0.475, Fig 4.3D, G, H) were significantly changed. This suggests 

that the effects of oligomeric tau on the action potential waveform could either 

be a direct result of the N-terminal sequence or could result from a specific 

structure of the oligomers, which will probably differ following truncation. Thus, 

removing amino acids 1-122 from full length tau resulted in the loss of effects 

on the action potential waveform and on the input resistance, although the 

increase in excitability remained. 
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Figure 4.3: Tau effects on neuronal excitability, input resistance, and action 

potential waveform 

A) Standard current−voltage response in control (vehicle) neurons (grey), FL tau (red) 

and CFRAG tau (blue) over the 40-minute period of recording. B) Graph showing that 

there is no change to the resting membrane potential over the period of recording for 

any of the conditions. C) Graph plotting input resistance against time. FL tau 

significantly increased input resistance whereas control neurons and neurons with 

CFRAG tau showed no significant changes. D) Representative examples of action 

potential waveforms for an individual neuron with one of the three conditions 

introduced (control, 444 nM FL-oTau, 444 nM CFRAG oTau). There is no effect on AP 

waveform in the control or CFRAG oTau cells, but a comparable effect on action 

potential height and width to Chapter 3 with FL-oTau is observed. E) Example 

membrane-potential responses to naturalistic current injection at time 0 (after whole-

cell breakthrough, top) and after 40 min of recording for each of the three conditions 

(vehicle, FL tau and CFRAG tau). There is a reduction in action potential amplitude with 

FL tau coupled with an increase in excitability. CFRAG tau has no effect on action 

potential amplitude but increases excitability whereas vehicle has no effect. F) Graph 

plotting normalised firing rate (normalised to time 0) against time. Both FL and CFRAG

tau oligomers produce a significant increase in neuronal excitability that is not seen 

in vehicle cells. (G) Graph plotting action potential amplitude against time and (H) 

action potential width against time. A reduction in action potential amplitude (G) and 

increase in width (H) are only produced by FL tau and not by CFRAG tau or vehicle.  
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Table 4.1: Electrophysiological parameters measured for CA1 neurons with either vehicle, CFRAG or NFRAG introduced. 

Recordings were made from hippocampal CA1 neurons. There was no significant difference between any of the measured parameters at 0 

minutes (whole-cell breakthrough), using Kruskal Wallis ANOVAs (see text for p values). Comparisons were then made between 0 and 40 minutes 

for each of the conditions using non-parametric Wilcoxon-signed rank tests (see text for p values). Data shown as mean and SEM. 
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4.2.3 The increase in neuronal excitability by CFRAG is confirmed by 

a reduction in the rheobase current. 

To evaluate the effects on neuronal excitability in more detail I examined the 

rheobase, the minimum current required to elicit an action potential. I used a 

protocol (see Methods) where a current ramp (from – 50 pA to 100 pA over 1 

s; Fig 4.4A) was injected every 10 minutes throughout the recording.  There 

was no significant difference in the minimum current (rheobase) to evoke an 

action potential in control vs FL or CFRAG neurons at time 0 (whole-cell 

breakthrough) using a Kruskal-Wallis One-Way ANOVA (at 0 mins, the mean 

rheobase in control was 61.0 ± 3.5 pA, with FL the mean rheobase was 68.0 

± 5.4 pA and with CFRAG the mean rheobase was 79.0 ± 7.7 pA, p = 0.129, 

Table 4.1, Fig 4.4), thus the recordings are comparable. In control neurons, 

there was no significant difference in the rheobase current over the duration 

of the recording (at 40 minutes, the rheobase was 105.0 ± 3.0 % of the value 

at time 0 mins, p = 0.083, Table 4.1, Fig 4.4).  

However, when full length and CFRAG aggregated forms of tau were introduced, 

the rheobase was significantly reduced (reflecting an increase in excitability, 

Table 4.1, Fig 4.4). For FL tau, at 40 minutes the rheobase was 66.0 ± 7.0 % 

of the value at time 0 mins (p = 0.002). When CFRAG tau was introduced, at 40 

minutes the rheobase was 70.0 ± 5.0 % of the value at time 0 mins (p = 0.001, 

Table 4.1, Fig 4.4). A non-parametric two-way ANOVA was then used to 

evaluate whether the shift in rheobase was dependent solely on the treatment 

condition, on the timescale of recording, or a combination of both. A significant 

effect of time (p <0.0001) and condition (vehicle or truncated tau; p < 0.0001) 

were observed to contribute to the alteration of rheobase, with significance 

observed from the 20-minute time-point onwards (as determined by Dunn’s 

post-hoc analysis; 20 mins p = 0.006, 30 mins p < 0.0001, 40 mins p < 0.0001). 

This data is also consistent with the effect on the frequency of action potentials 

in response to fluctuating noisy current traces, where the action potential 

waveform is altered in the cells that had FL introduced, but not CFRAG

introduced (Fig 4.3F, G).  



156 

Figure 4.4: oTau alters the rheobase current. 

A) Examples from representative cells (control, full length, and N-terminally truncated 

tau oligomers) demonstrating the effects on rheobase over time. B) Graph plotting 

mean and SEM for control (vehicle), full length and CFRAG tau oligomers on rheobase 

over time. Both full length and CFRAG tau oligomers significantly reduced the current 

needed to elicit an action potential, reflecting an increase in neuronal excitability.  

4.2.4 CFRAG truncated tau alters excitability by moving the spike 

initiation threshold 

I then examined how oligomeric tau might be decreasing the rheobase current 

(increasing excitability) and hypothesized it might be because the difference 

between the resting membrane potential and spike initiation threshold is 

reduced. Since there is no change in resting membrane potential caused by 

oTau, this could only occur if there was a hyperpolarising shift in spike initiation 

threshold. The dynamic IV method (Badel et al., 2008b, 2008a) provides a 

method to accurately parameterise neurons (see Methods for more details). 

One of the parameters that it can extract is the spike initiation threshold. In my 

original study (Hill et al., 2019), I was unable to use this technique to map 

changes in neuronal parameters over time as the method is not very effective 

if there are significant changes in the action potential waveform. However, as 

the truncated form of tau has no effect on the action potential waveform (Figure 

4.3), I was able to use the dynamic IV protocol to examine changes to the 

spike initiation threshold.  
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There was no significant difference between the spike initiation threshold in 

control vs CFRAG neurons at time 0 (whole-cell breakthrough), thus the 

recordings were comparable (mean threshold in control neurons was -53.8 ± 

1.5 mV, n=12, compared to the mean threshold in CFRAG neurons which was 

– 51.0 ± 1.3 mV, n=12, p = 0.519). In control neurons, there was no significant 

difference in spike threshold over the duration of the recording (at 40 minutes, 

the spike threshold was -52.5 ± 1.6 mV, p = 0.477). Whereas for neurons 

where 444 nM CFRAG oTau was introduced, the spike initiation threshold was 

significantly reduced (more negative) at 40 minutes as compared to 0 minutes 

(at 40 minutes, the spike threshold was -54.0 ± 1.3 mV, p = 0.001, Fig 4.5 A, 

B). A non-parametric two-way ANOVA was then used to evaluate whether the 

shift in threshold was dependent solely on the treatment condition, on the 

timescale of recording, or a combination of both. A significant effect of time (p 

= 0.013) and condition (vehicle or truncated tau; p = 0.0001) were observed to 

contribute to the alteration of spike initiation threshold, with significance 

observed from the 20-minute timepoint onwards (as determined by post-hoc 

analysis; 20 mins p = 0.008, 30 mins p = 0.047, 40 mins p = 0.020). Although 

a change in threshold of 4 mV might seem small, across a network this could 

cause a significant shift in network excitability.  

I also noted an increase in spike-onset sharpness which is a measure of the 

time from a cell reaching the spike initiation threshold and the subsequent 

onset of the action potential (spike). This increase in spike-onset sharpness 

(sharper DIV curve, decrease in time) fits with the increase in neuronal 

excitability. There was no significant difference between the onset in control 

vs CFRAG neurons at time 0 (whole-cell breakthrough), thus the recordings were 

comparable in quality and stability (mean spike-onset sharpness in control 

neurons was 0.74 ± 0.04 mV, n=12, compared to the mean threshold in CFRAG

neurons which was 0.9 ± 0.1 mV, n=12, p = 0.129, Fig 4.5C). In control 

neurons, there was no significant difference in spike-onset sharpness over the 

duration of the recording (at 40 minutes, the spike-onset sharpness was 0.81 

± 0.04 mV, p = 0.910). In contrast, for neurons where 444 nM aggregated 

CFRAG tau was introduced, the onset was increased (steeper, reflecting 

increased excitability) at 40 minutes compared to 0 minutes (at 40 minutes, 
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the spike-onset sharpness was 1.18 ± 0.07 mV, p = 0.001). A non-parametric 

two-way ANOVA was then used to evaluate whether the shift in spike-onset 

sharpness was dependent solely on the treatment condition, on the timescale 

of recording, or an interaction between both. A significant effect of time (p = 

0.005) and condition (vehicle or truncated tau; p = 0.0001) were observed to 

contribute to the alteration of spike-onset sharpness, with significance 

observed from the 30-minute timepoint onwards (as determined by post-hoc 

analysis; 30 mins p = 0.002, 40 mins p = 0.0001).  

I then implemented a complimentary modelling approach to evaluate whether 

either of these effects, either on spike initiation threshold or on spike onset 

sharpness, could account solely for the increase in excitability observed. To 

do this I used the refractory integrate and fire (rEIF) model (see Methods for 

more details) to simulate a voltage response given the parameters extracted 

from the DIV curves at 0 mins (Fig 4.5E); the firing rate matched the 

experimental trace (Fig 4.5D). I manually shifted only the spike threshold by -

4 mV (in line with the change in the experimental traces) and re-ran the 

simulation. Comparing this to the experimental trace at 40 minutes, it is clear 

the change in spike threshold alone is sufficient to mediate the increase in 

neuronal excitability (Fig 4.5E). I then repeated the same procedure but 

instead shifted the spike-onset sharpness, the simulation predicted little effect 

on neuronal excitability (Fig 4.5E), suggesting that the change is 

predominantly mediated by the change in spike threshold.  
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Figure 4.5: oTau- mediates a shift in spike initiation threshold. 

For the dynamic I-V protocol, a naturalistic current is injected into the cell and the 

voltage recorded is then used to extract a set of parameters (resting potential E, time 

constant τ, and spike-threshold voltage VT; see methods for more details). The 

second point where the DIV curve crosses 0 (mV/ms) represents the spike initiation 

threshold. A) Representative example of the dynamic IV curve for a neuron with the 

N-terminal truncation of tau introduced at 0 mins (green) and 40 mins (pink). A shift 

in spike initiation threshold (circled) of 4 mV (more negative) can be observed, thus 

the neurons are more excitable. B) The mean normalised spike threshold data is 

plotted against time (with SEM) to show the reduction in spike threshold in CFRAG cells 

compared with cells where vehicle was introduced. Data is normalised to the spike 

initiation threshold at time 0 mins. C) Graph plotting spike-onset sharpness against 

time. There is an increase in spike-onset sharpness observed in neurons where CFRAG 

was introduced, reflecting faster spike generation after reaching threshold, again 

fitting with the increase in excitability. (D) Membrane-potential responses to 

naturalistic current injection for the neuron modelled in (A) demonstrates the increase 

in neuronal excitability mediated by the introduction of CFRAG tau oligomers. (E) 

Simulated membrane- potential response based on the extracted neuronal 

parameters at time 0 mins (left), using the refractory integrate and fire model. The 

neuronal firing rate matches the experimental trace well. The spike threshold was then 

manually shifted by -4 mV and the simulation re-run (right, blue), resulting in an 

increase in excitability, comparable with the experimental trace at 40 mins (D). The 

same procedure was performed, but only shifting spike-onset sharpness and re-

simulating with little effect on excitability or firing rate (right, purple), thus confirming 

that the increase in excitability is predominantly mediated by a shift in spike threshold. 

4.2.5 NFRAG aggregate introduction generates a rapid onset 

increase in input resistance and decrease in action potential 

amplitude  

As CFRAG oligomers did not replicate the changes to input resistance and action 

potential waveform observed with FL tau oligomers, I next introduced NFRAG 

tau (at 444 nM) into neurons and measured changes to neuronal parameters 

to investigate if this fragment of tau was responsible. Unexpectedly, in 

preliminary experiments, I observed a large increase in input resistance within 
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the first 5 minutes of recording. At 5 minutes the input resistance was 169.0 ± 

24.2 % of that at 0 minutes (whole-cell breakthrough, n = 4, Fig 4.6A). I have 

previously shown through re-patching experiments that tau oligomers do not 

aggregate in the end of the pipette tip and impede voltage measurements (Hill 

et al., 2019 and Chapter 3). However, this rapid change could be due to the 

tau oligomers aggregating close to the introduction site in the soma and 

making the electrotonic size of the soma appear reduced (this would result in 

a smaller capacitance measurement at 5 minutes). To test this I extracted the 

time constant by fitting the voltage step (exponential) and used this to calculate 

cellular capacitance using the following equation: 

���� �������� (�) = ����� ���������� (���) � ����������� (�)

As well as the rapid increase in input resistance, by 5 minutes the time constant 

was reduced to 77.0 ± 3.2 % of that at 0 minutes (n = 4, Fig 4.6A). This change 

in time constant reflected a change in whole-cell capacitance (by 5 minutes 

the capacitance was reduced to 53.0 ± 5.4 % of that at 0 minutes (n = 4, Fig 

4.6A). I considered whether this rapid change to whole-cell resistance and 

capacitance could be due to aggregation of the NFRAG tau in the soma impeding 

current flow.  

To test this possibility further, I performed a subset of experiments where two 

simultaneous whole-cell patch clamp recordings were made to the same CA1 

pyramidal neuron (Fig 4.6B). In turn I injected a 200 pA hyperpolarising (1s) 

step via one of the pipettes and recorded the voltage response in both of the 

pipettes. (Fig 4.6C). As the current needs to flow to the ‘recording only’ pipette, 

the voltage response was always slightly smaller than the response at the 

‘inject and record’ pipette as some of the current is lost. In cells where both 

pipettes were filled with vehicle, there was no change to the relative size of 

responses (Vrec/Vrec+inject) between 0 mins (whole-cell breakthrough) and 5 

mins (the relative response was 97.0 ± 1.7 % of the response at 0 minutes, p 

= 0.148, n = 8, Fig 4.6D). However, when 444 nM of NFRAG tau was introduced 

in the ‘inject and record pipette’, the same large rapid increase in input 

resistance (as in Fig 4.6A) was observed. This was not reflected in an increase 

in the voltage step as measured by the second ‘recording only’ pipette with, in 

fact, the response becoming considerably smaller (Fig 4.6 E, F). Thus, the ratio 
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of the responses would be expected to change. At 5 minutes the relative 

response was 58.4 ± 7.0 % of the response at 0 minutes, p = 0.008, n = 8, Fig 

4.6 E, F).  

A non-parametric two-way ANOVA was also used to evaluate whether the 

resistance change was dependent solely on the treatment condition, on the 

timescale of recording, or a combination of both. A significant effect of time (p 

= 0.049) and condition (vehicle or NFRAG, p < 0.0001) were observed to 

contribute to the change in resistance. Thus, confirming that for this 

concentration of introduced NFRAG aggregates, they must be accumulating 

around the introduction site, impeding the flow of current between the two 

pipettes, resulting in an ‘artificial’ increase in input resistance and decrease in 

the observed capacitance due to the cell appearing electrotonically smaller.  

Figure 4.6: Rapid increase in input resistance mediated by 444 nM NFRAG 

aggregates is due to aggregation around the site of introduction impeding 

current flow. 

A) Representative examples of rheobase and SIV protocols at 0 mins (whole-cell 

breakthrough) and after 5 mins, demonstrating a rapid, large increase in input 

resistance and reduction in spike amplitude. B) Bright-field image of a CA1 neuron in 

the hippocampus with two patch pipettes recording simultaneously at the soma. C) 

Schematic of the stimulation protocol used. A 200 pA hyperpolarising current step 
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was given to Ch0 or Ch1 in turn and the voltage response was recorded in both 

channels (Ch0 or Ch1). D) Representative example where both pipettes were filled 

with vehicle, and where there was no change to the relative size of responses 

between 0 mins (whole-cell breakthrough) and 5 mins. E) Representative example 

when 444 nM NFRAG was introduced via the ‘inject and record pipette’; the same rapid 

increase in input resistance (as in A) was observed. This is not reflected in an increase 

in the voltage step as measured by the second ‘recording only’ pipette, thus 

suggesting that the aggregates are impeding current flow between the pipettes. F) 

Mean and SEM data for control (n = 8) and 444 nM NFRAG recordings (n=8). A clear 

reduction in the ratio of voltage of the ‘record’ pipette compared to the ‘inject and 

record’ pipette (where tau was introduced) can be observed.  

4.2.6 At lower concentrations NFRAG selectively changes the action 

potential waveform, an effect independent of the structural form 

In my original study with full length tau (Hill et al., 2019; Chapter 3), the 

increase in input resistance and changes to action potential waveform 

occurred at much later time points than the 5 minutes into the recording I 

observed with NFRAG. Thus, to examine the effects of NFRAG in more detail I 

used a lower concentration of NFRAG tau (133 nM).  There was no NFRAG tau-

mediated change in RMP (at 40 mins, the RMP was 99.0 ± 1.0 % of that at 

time 0, p = 0.961, n = 12, Fig 4.7A) or input resistance (at 40 mins, the peak 

input resistance, measured from the voltage response to step current injection, 

was 102.0 ± 7.7 % of that at time 0, p = 0.953, Fig 4.7B). There was also no 

significant change in firing rate (at 40 mins, the firing rate, measured from the 

voltage response to naturalistic current injection, was 107.0 ± 13.6 % of that at 

time 0, p = 0.747, Figure 4.7C) or rheobase current (at 40 mins, the rheobase 

was 127.0 ± 11.9 % of that at time 0, p = 0.129, Fig 4.7D). However, the 

changes to action potential waveform (increased width and decreased 

amplitude) that were observed both in my original study (Hill et al, 2019; 

Chapter 3) and with the full-length tau in this Chapter were also observed with 

133 nM NFRAG. Action potential amplitude at 40 minutes was significantly 

reduced to 76.0 ± 2.9 % of that at time 0 minutes (p = 0.001, Fig 4.7 E, F) and 

action potential width at 40 minutes was significantly increased to 118.0 ± 7.4 

% of that at time 0 minutes (p = 0.019, Fig 4.7 E, G). This was unexpected as 
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the N-terminal fragment will form structurally different aggregates to FL tau. I 

therefore wondered whether the effects on action potential waveform were 

independent of structure and related directly to the N-terminal sequence 

(amino acids 1-123).  

As an initial test I repeated the same experiments with the monomeric version 

of the NFRAG. There was no NFRAG monomeric tau-mediated change in RMP (at 

40 mins, the RMP was 104.0 ± 2.4 % of that at time 0, p = 0.094, n = 12, Fig 

4.7A) or input resistance (at 40 mins, the peak input resistance, measured from 

the voltage response to step current injection, was 102.0 ± 4.1 % of that at 

time 0, p = 0.940, Fig 4.7B). There was also no significant change in firing rate 

(at 40 mins, the firing rate, measured from the voltage response to naturalistic 

current injection, was 106.0 ± 10.5 % of that at time 0, p = 0.507, Fig 4.7C) or 

rheobase current (at 40 mins, the rheobase was 116.0 ± 10.1 % of that at time 

0, p = 0.240, Fig 4.7D). However, a comparable change to action potential 

waveform was observed with monomeric forms of NFRAG. Action potential 

amplitude at 40 minutes was significantly reduced to 82.0 ± 2.6 % of that at 

time 0 minutes (p = 0.001, Fig 4.7E, F) and action potential width at 40 minutes 

was significantly increased to 123.0 ± 2.0 % of that at time 0 minutes (p = 

0.030, Fig 4.7E, G). 

Given that the oTau-induced changes to action potential waveform (reduced 

amplitude, increased width and increased rate or rise and decay) that occur 

with full length tau (Hill et al., 2019) also occurred with the N-terminal fragment 

(NFRAG), both as a monomer and an oligomer, it is likely that there is a region 

in that 1-123 amino acid region that is directly interacting with an intracellular 

component or process, rather than being an effect due to the structure. Given 

that for NFRAG both the rise and decay of action potentials are slower and for 

CFRAG that the spike initiation threshold is also shifted, making the cells more 

excitable, I next decided to use FL oTau look at whether either of these 

changes were mediated by interactions with voltage-gated sodium channels. 
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Figure 4.7: The effects of FL-oTau on action potential waveform are 

maintained by NFRAG aggregates and monomers. 

(A) Graph showing that there is no change to the resting membrane potential over the 

period of recording for any of the conditions. (B) Graph showing that there is no 

change to the input resistance over the period of recording for 133 nM NFRAG

aggregates or monomers, whereas FL oTau increased input resistance (C) Graph 

showing that there is no change to firing rate over the period of recording for 133 nM 

NFRAG aggregates or monomers, whereas FL oTau increased excitability (D) Graph 

showing that there is no change to the rheobase current over the period of recording 

for 133 nM NFRAG aggregates or monomers, whereas FL-oTau reduced it (E) 

Representative examples of action potential waveforms for an individual neuron with 

one of the three conditions introduced (444 nM FL-oTau, 133 nM NFRAG aggregates 

or monomers). A comparable effect on action potential height and width is observed. 

(F) Graph showing that there is a comparable change to action potential amplitude 

over the period of recording for 133 nM NFRAG aggregates or monomers and FL-oTau. 

(G) Graph showing that there is a comparable change to action potential width over 

the period of recording for 133 nM NFRAG aggregates or monomers and FL-oTau. Pale 

dashed red lines demonstrate the effects of FL-oTau for comparison (from data 

presented in Figure 4.3) Action potential (AP), Firing rate (FR), Input resistance (IR), 

Resting membrane potential (RMP) 

4.2.7 Oligomeric tau alters reduces Na+ channel half activation 

voltage and slows the rate of activation 

Recording sodium channel currents in hippocampal neurons in acute brain 

slices is difficult as there are considerable problems with space clamp due to 

their size and the large amplitude and speed of the currents. One way to 

effectively clamp the currents is to electrotonically isolate the soma. To do this 

I followed the protocol outlined in Milescu et al., (2010), using a short 

depolarising pre-pulse to inactivate the axonal sodium channels, leaving only 

the somatic channels able to be activated. Sodium channel current amplitude 

was also reduced (by increasing intracellular Na+ concentration) and 

recordings were carried out at room temperature to slow the currents (see 

Methods for details).  It was then possible to achieve reasonable voltage clamp 
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(Fig 4.8A). Steps from -60 mV by 5 mV to 60 mV were used to evoke sodium 

channel currents.  

Conductance was calculated using the following equation: 

����������� (�) = ������� (�)/(����� − ���������)

Conductance was plotted against voltage and a Boltzmann fit was applied. The 

fit (Fig 4.8B, C) can be used to extract the half activation and the rate of 

activation constant. The half activation was stable in control recordings. At 20 

mins, the half activation was 98.0 ± 1.0 % of that at time 0, p = 0.203, Fig 4.8B, 

D). In contrast, in cells that had 444 nM FL tau oligomers introduced, by 20 

minutes the half activation had shifted significantly to be more negative 

(activate earlier, reflective of an increase in excitability). At 20 minutes, the half 

activation was 150.0 ± 11.7 % of that at time 0, activating at ~4 mV earlier (p 

= 0.008, Fig 4.8C, D). This could explain the change in spike threshold that I 

observed. I also extracted the rate constant of activation (indicative of the rate 

of rise in conductance relative to change in voltage). The time constant was 

stable in control recordings: at 20 mins, it was 101.0 ± 3.6 % of that at time 0 

(p = 0.938, Fig 4.8B, E), whereas in tau cells, by 20 minutes the time constant 

had increased significantly (flatter slope, reflective of slower channel 

activation). At 20 minutes, the rate of activation constant was 171.0 ± 15.4 % 

of that at time 0 (p = 0.008, Fig 4.8C, E). This could explain the slowing of the 

action potential rise observed in (Hill et al., 2019) and in this study.  

I then implemented a simplified model of the neuronal action potential (AP) 

with general applicability (Hodgkin and Huxley, 1952) to evaluate whether the 

conductance changes mediated by FL-oTau could feasibly underlie the 

changes that I observed in AP waveform. My experimental voltage gated 

sodium current recordings showed that FL-oTau mediates a reduction of ḡ��

to by two thirds of the value at 0 minutes after 20 minutes (Fig. 4.8F-I). 

Therefore, I first simulated an AP with ḡ�� = 120 ��/��� (Hodgkin and 

Huxley, 1952, Figure 4.8J, red) and then again with  ḡ�� = 40 ��/��� (Figure 

56J, red trace). I found that this reduction in ḡ�� matches the experimental 

phenotype well (the changes in AP amplitude and speed of rise to threshold; 

Figure 4.8K).  
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Figure 4.8: Tau directly modifies somatic sodium currents in CA1 neurons, 

recorded using whole-cell voltage clamp in acute slices. 

A) Example of the recording protocol (adapted from Milescu et al, 2010). A pre-pulse 

step of 5 ms from the holding value of -80 mV to -40 mV elicits a current response 

from axonal (but not somatic) Na+ channels. A brief step to -55 mV (1 ms) follows 

before the step used to evoke the controlled sodium channel current (15 ms). The 

steps were given on consecutive sweeps from -60 V to + 60 mV with a 2 s gap 

between each sweep. Leak currents were subtracted with the P/N protocol (1/4) and 

the junction potential (+ 8 mV) was corrected for. B) Conductance was calculated 

using the following equation: conductance (g) = current (I)/ (Vstep –Vreversal). The 

conductance in response to steps up to 0 mV is plotted as a mean (and SEM) of all 

control cells (n=7). C) The conductance in response to steps up to 0 mV is plotted as 

a mean (and SEM) of all tau introduced cells (n=7). For B and C, the grey line is 0 

mins and the red 20 mins. A Boltzmann fit allows half activation voltage and the time 

constant (measure of the speed of activation). D) Mean change from 0 mins to 20 

mins for control and tau cells in half activation; data is given relative to the value at 

time 0. Mean and SEM are shown, and individual data points are overlaid on top. 

While control cells are stable over 20 mins, tau introduced cells see a significant 

decrease in half activation (activate at lower voltages; increase in excitability), but 

they also see a doubling of the time constant (reflecting a much slower activation – 

fitting with the slower rise time of action potentials observed in Chapter 3 (and Hill et 

al, (2019) and Chapter 3. D) Change in half activation, relative to the value at time 0. 

Mean and SEM are shown, and individual data points are overlaid on top. While 

control cells are stable over 20 mins, FL-oTau introduced cells see a significant 

decrease in half activation (activate at lower voltages; increase in excitability). I also 

see a doubling of the rate constant of activation (E). F, G) Representative example 

current sodium current recordings for control and FL-oTau at 0 mins and 20 mins 

demonstrating the reduction in peak current induced by FL oTau. H, I) Raw 

conductance data (averaged) for control (H) and FL-oTau (I) to highlight the reduction 

in maximal conductance for FL-oTau after 20 mins. Inset demonstrates the crossover 

at low voltages, where FL oTau at 20 mins has higher conductance, despite the 

maximal conductance being reduced at higher voltages. J) Implementing a simple 

Hodgkin Huxley model of action potential dynamics to predict the effect of reducing 

the maximal sodium conductance by 2/3 (as measured experimentally (I)). The 

simulated reduction in current amplitude and rise to threshold appears to match the 

experimental phenotype for FL-oTau (K). 
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4.3 Conclusion 

I have used two fragments of tau to dissect the actions of full length (FL) tau 

oligomers on neuronal properties (Chapter 3; Hill et al., 2019), and have 

started to define the underlying mechanisms. Two different truncated forms of 

tau oligomers were introduced into CA1 hippocampal neurons via the patch 

pipette during whole cell recording. I found that both labelled (Hill et al 2019; 

Chapter 3) and unlabelled FL tau oligomers had very similar effects: they both 

increased input resistance, increased excitability, increased action potential 

width and reduced action potential amplitude. When the first 123 amino acids 

of tau were removed (124-444, termed CFRAG) only the effects on excitability 

remained. If the first 123 amino acid fragment was introduced into neurons (1-

123, NFRAG), then depending on the concentration, there were changes to input 

resistance and action potential waveform. This work has shown that by 

modifying the tau molecule it is possible to dissect apart the multiple effects it 

has on neuronal function. Using truncations of tau as a tool to establish the 

pathological mechanisms of action will enhance the understanding of tau 

pathology and could lead to the discovery of new therapeutic targets and 

opportunities.  
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5. Chapter 5:  

5.Alpha-synuclein aggregates increase the 

conductance of substantia nigra dopamine 

neurons, an effect partly reversed by the 

KATP channel inhibitor glibenclamide.  

This chapter has been in part published previously: (Hill et al., 2021)

Figure 5.1 – Alpha synuclein aggregates induce a change in whole cell 

conductance and neuronal excitability via KATP channel activation 
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5.1 Introduction  

Dopaminergic neurons (DNs) in the substantia nigra pars compacta (SNpc) 

form a key part of the basal ganglia circuitry and play important roles in 

modulating movement, emotion, arousal, and reward behaviour (Barter, 2015; 

Berker and Rutledge, 2014; Lavezzi et al., 2020; Pierce and Péron, 2020). 

They have large branches of projections, fire action potentials at rest (tonic 

pacemaker firing) and require large amounts of ATP to maintain function. This 

makes them particularly sensitive to damage from oxidative stress, which can 

lead to mitochondrial dysfunction (Muñoz et al., 2012). This vulnerability 

makes them amongst the most susceptible neurons to degeneration in 

Parkinson’s disease (PD; Damier et al., 1999; Michel et al., 2014). DNs are 

lost over the progression of PD, primarily from the SNpc in the early stages, 

but later in the disease are also lost from the ventral tegmental area (VTA). 

When DNs degenerate in PD, it often leads to reduced control of movement 

(akinesia, bradykinesia) and the development of a resting tremor.  

Alpha synuclein (αSyn) is a small, native intracellular protein. It is found 

primarily at presynaptic terminals where it contributes to neurotransmitter 

uptake and vesicle recycling (Figure 1.13; Iwai et al., 1995). Alpha synuclein 

is intrinsically disordered but becomes ordered upon aggregation (Alderson 

and Markley, 2013). This triggers the beginning of its pathological cascade 

from monomers through to Lewy bodies, of which soluble oligomers are 

believed to be amongst the most toxic of the intermediates (Burré et al., 2010; 

Jakes et al., 1994; Lashuel et al., 2013; Murphy et al., 2000). Alpha synuclein 

(αSyn), specifically in an oligomeric conformation, has a well-established role 

as a major pathological species in PD, with its deposition in Lewy bodies 

closely correlated with disease progression. However, there is currently very 

little quantitative information about the mechanisms underlying the 

pathological actions of αSyn on neuronal function. Understanding these early 

changes could provide insights into how treatments can be better targeted for 

PD. 

In this study, I have used a combination of whole-cell patch-clamp recording 

and computational modelling to provide a detailed characterisation of the early 
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electrophysiological effects of acutely introducing oligomeric αSyn into single 

DNs in the SNpc. The same method of introducing the alpha synuclein 

oligomers as outlined in Chapters 3 and 4 was implemented (delivery through 

the patch pipette during whole-cell patch clamp recording). Thus, it has the 

same major advantages: no compensation within the circuit, removal of any 

slow uptake steps, control over the structure and concentration of the 

introduced oligomers, and each cell acts as its own internal control (at time 

zero after whole-cell breakthrough). By using a combination of standard and 

dynamic-IV protocols (Badel et al., 2008b, 2008a; Harrison et al., 2015), I have 

parameterised dopaminergic neurons and the effects of acute oligomeric αSyn 

exposure.  

5.2 Results 

5.2.1 Characterising dopaminergic neurons in the substantia nigra 

Putative dopaminergic neurons (DNs) in the substantia nigra pars compacta 

(SNpc) were recorded from using whole-cell patch clamp. Neurons were 

identified initially by their morphology and position in the slice and were further 

confirmed to be dopaminergic by their characteristic electrophysiological 

profile including: their sensitivity to dopamine, display of pacemaker firing and 

a large hyperpolarising (IH) current, as well as rebound firing in response to the 

injection of hyperpolarising current steps (Grace and Onn, 1989; Krashia et al., 

2017; Richards et al., 1997; Fig 5.2). All recorded DNs were sensitive to 

dopamine (Figure 5.2A). Dopamine binds to D2 auto-receptors and prevents 

further release of dopamine via hyperpolarisation of the membrane potential 

and thus a decrease in firing rate and excitability (Mercuri et al., 1997; Silva 

and Bunney, 1988). This occurs via activation of a GIRK conductance (Cathala 

and Paupardin-Tritsch, 1999; Lacey et al., 1987). The application of 30 µM 

dopamine inducing a hyperpolarisation of the membrane potential by 7.4 ± 1.2 

mV (n = 49; data not shown). Standard step and dynamic current injections 

were used to assess electrophysiological; properties of putative DNs (Figure 

5.2B).  

Most of the recorded DNs displayed spontaneous pacemaker firing (36 out of 

49 neurons, 73 %, mean firing rate of 1.1 ± 0.1 Hz) which was abolished after 
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application of 30 µM dopamine, as is characteristic for DNs in the SNpc (Figure 

5.2A; Grace and Onn, 1989; Lacey et al., 1989). In DNs, in response to the 

injection of negative current steps, a characteristic large sag can be observed 

(Neuhoff et al., 2002) and, following termination of the hyperpolarising step, 

rebound firing was observed in 33 out of 49 neurons (68 %) which are both 

characteristic of the presence of large IH currents in DNs (Figure 5.2C). In 

response to the application of 30 µM dopamine, rebound firing was abolished 

and the voltage response to the injection of hyperpolarising current steps was 

reduced, reflecting an increase in whole-cell conductance (Figure 5.2D). 

Dopamine application also reduced the firing rate in response to positive 

current injection for both the current step (SIV) and naturalistic (DIV) protocols 

(firing rate reduced to 62.7 ± 0.2 % of that in control). Both the sag response 

and rebound firing could be abolished by applying 100 µM ZD7288, a 

pharmacological inhibitor of IH in dopamine neurons (Figure 5.2E; Harris and 

Constanti, 1995; n=6), confirming that they were IH-mediated. Finally, to 

confirm that the location of recording was being identified correctly, for a subset 

of neurons, immunohistochemistry was used to further confirm that the 

recorded neurons were dopaminergic (n = 9). Neurons were filled with AF594 

(red) via the patch pipette and then immunohistochemistry was used to show 

co-localisation with tyrosine hydroxylase (TH; Figure 5.2F). All of the filled 

neurons (n=9) correctly co-localised with TH.  
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Figure 5.2: Whole-cell patch clamp of dopaminergic neurons in the SNpc, 

characterised by electrophysiology and immunohistochemistry. 

(A) A representative membrane potential trace recorded from a putative dopaminergic 

neuron (DN) in the substantia nigra pars compacta (SNpc) which showed 

characteristic spontaneous pacemaker action potential firing. Application of dopamine 

hyperpolarised the neuron from -62 mV to -70 mV and also completely abolished the 

tonic firing. (B) The different input currents delivered to putative DNs. The standard 

IV (SIV) is the standard step current protocol, 3 s steps are given, starting at -200 pA 

and increasing by 50 pA until the neuron exhibits a regular firing pattern. The dynamic 

IV (DIV) protocol uses a fluctuating naturalistic noisy current trace (see Methods for 

more details) to elicit a more ‘natural’ action potential response and can be used to 
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give a more accurate measure of the firing rate (C) (Top) Representative membrane 

potential traces in response to injected current steps. The recorded neuron displays 

characteristic features of DNs: a large sag current in response to hyperpolarising 

steps (arrow) and rebound firing (*). (Bottom) The recorded membrane potential trace 

from the same cell in response to naturalistic current injection. The neuron can be 

seen to be firing at rest (*) which is also a characteristic feature.  (D) (Top) 

Representative membrane potential traces in response to current steps following 

application of dopamine (30 µM). The sag current is reduced, the membrane potential 

hyperpolarised, the firing rate (excitability) reduced, and the rebound firing is now 

absent. (Bottom) Membrane potential trace from the same cell in response to the 

naturalistic current in dopamine (30 µM). The neuron has stopped tonic firing, fires 

less frequently during current application and is hyperpolarised. (E) (Top) 

Representative membrane potential traces in response to current steps in the 

presence of the IH blocker ZD7288 (100 µM). The sag current is markedly reduced, 

the membrane potential is hyperpolarised, the firing rate reduced and the voltage 

response following the spike is altered, in line with previous studies (Harris and 

Constanti, 1995). (Bottom) The recorded membrane potential trace from the same 

cell in response to the naturalistic injected current in ZD7288 (100 µM). (F) Tyrosine 

hydroxylase immunohistochemistry confirms that the recorded neurons were DNs. 

Neurons were filled with AF594 dye (red) via the patch pipette and then slices were 

stained for tyrosine hydroxylase (TH; green). The merged image shows that the 

recorded neurons express TH and are therefore dopaminergic. The scale bar is 50 

µm.  

5.2.2 Characterising the structure of the alpha synuclein oligomers 

using transmission electron microscopy 

Recombinant alpha synuclein aggregates, in the form of pre-formed fibrils 

(PFFs) were purchased from Abcam (ab218819) along with the monomeric 

form (ab218818). Negative-stain transmission electron microscopy (TEM) was 

used to confirm that the structure of the alpha synuclein samples were PFFs 

and monomers, respectively (Fig 5.3). Tau oligomers produced for Chapter 4 

were analysed alongside the alpha synuclein for comparison (Fig 5.3A).  

The aggregated alpha synuclein samples initially presented as small fibrils, as 

expected (Fig 5.3B). These fibrils would be too large to perfuse out of the end 

of the patch pipette and so were broken down into oligomeric form. To do this, 
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I added the PFFs to the filtered intracellular solution and sonicated them for 15 

mins (50-60 Hz) in an ultrasonic bath (Polinski et al., 2018) to break them down 

to oligomers. I confirmed that this sonication successfully resulted in the 

breakdown from fibril form to oligomers (Fig 5.3C). Following sonication, the 

samples were kept on ice to ensure they remained as oligomers for the 

duration of the experiments (all performed within 3 hours of the initial 

sonication). TEM confirmed that they remained in the oligomeric form on ice 

for this period of 3 hours (not shown). Although the vast majority of the alpha 

synuclein species in the sample appeared oligomeric, I cannot rule out the 

possibility that there may be a small amount of other species present (for 

example small ~50 nm fibrils; Polinski et al., 2018) for this reason I have 

chosen to refer to the species as aggregates. The monomeric alpha synuclein 

samples displayed no signs of aggregation (Fig 5.3D).  

Figure 5.3: Structural analysis of alpha synuclein samples using negative-

stain transmission electron microscopy. 

Negative-stain-TEM of protein samples to confirm the structure of the purchased 

alpha synuclein. A) Tau oligomers (recombinant, from Chapter 3) for comparison of 

oligomeric form. B) Alpha synuclein aggregates as purchased from Abcam as pre-

formed fibrils (PFFs). C) PFFs were sonicated for 15 mins (50-60 Hz) in an ultrasonic 

bath (Polinski et al, 2018; Dave et al, 2018) to reduce them to oligomers. This change 

in form can be observed by the small oligomer-like appearance. D) Monomeric alpha 

synuclein sample also purchased from Abcam show no aggregation. Scale bars = 200 

nm, insets: higher magnification scale bar = 20 nm 
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5.2.3 Alpha-synuclein aggregates, but not monomers, alter the 

electrophysiological properties of SN dopaminergic neurons. 

Monomeric or aggregated alpha synuclein samples (500 nM) were introduced 

into DNs and the effects on neuronal function explored over a 32-minute 

timeframe. This concentration was selected as it matches the concentration 

used in a previous alpha synuclein study conducted in the Wall lab (Kaufmann 

et al., 2016). This concentration was calculated from the monomeric molecular 

weight of alpha synuclein as it is not possible to know the exact number of 

monomers of alpha synuclein in each of the aggregates following sonication. 

This will therefore mean that the reported value is an overestimate of the actual 

oligomeric concentration in the patch solution (see Methods for more details). 

The alpha synuclein species were delivered via the patch pipette into single 

DNs in the SNpc of mice, and whole-cell patch clamp recordings were used to 

assess changes to electrophysiological properties. Both SIV and DIV current 

protocols were run at 8-minute intervals (for up to 32 minutes) and the voltage 

response to current input recorded. From this changes to input resistance, 

firing rate and resting membrane potential were evaluated. As a control, in a 

subset of neurons (termed vehicle), the same volume (2 µl) of PBS was added 

to the intracellular solution (200 µl) to ensure the effects were not due to 

dilution of the patch solution, although this is unlikely given the small volume 

added. At least one control recording was made at the start of each day to 

ensure the quality of the slices and then recordings with either vehicle, alpha 

synuclein monomers or alpha synuclein aggregates were interleaved to ensure 

that there was no recording bias.  

Using this technique, the cell can act as its own internal control, which is a 

major advantage. Upon whole-cell breakthrough, there would be little or no 

time for the alpha synuclein aggregates to dialyse into the cell, therefore 

recordings taken immediately (time 0) are effectively ‘control’ cells. Therefore, 

the recordings at time 0 for all conditions should not be statistically significantly 

different from each other. As expected, there was no significant difference in 

the measured parameters from SIVs (membrane potential p = 0.466, input 

resistance p = 0.275 and firing rate p = 0.851, Table 5.1) between neurons that 

had received either vehicle, alpha synuclein monomers or aggregates. 
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Table 5.1: Electrophysiological parameters measured for dopaminergic neurons at time zero (whole-cell breakthrough) for all 

experimental treatments.

All recordings are made from substantia nigra pars compacta dopaminergic neurons. There was no significant difference between any of the 

measured parameters at time 0 minutes (whole-cell breakthrough), using Kruskal Wallis ANOVAs. Data shown as mean, SD and SEM for each 

experimental condition.  
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There were significant changes highlighted by the SIV traces over time (0 to 

32 mins) for neurons where alpha synuclein aggregates were introduced via 

the patch pipette. After 32 mins of recording, the input resistance was 

significantly reduced to 63.0 ± 9.2 % of the input resistance measured at 0 

mins (p = 0.003, n = 11; Fig 5.4A), reflecting the opening of a membrane 

channel. There was no change to the input resistance in either vehicle 

recordings (at 32 mins input resistance was 94.0 ± 5.0% of input resistance 

measured at time 0 mins, P = 0.065, n = 10, 6 animals, Fig 5.4B) or neurons 

with alpha synuclein monomers introduced (at 32 mins input resistance was 

99.0 ± 9.0 % of input resistance measured at time 0 mins, p = 0.469, n = 6, 3 

animals, Fig 5.4C). Comparing the three conditions (monomers, aggregates, 

and vehicle) using a Kruskal Wallis ANOVA, showed a significant difference in 

input resistance at 32 minutes (p = 0.0002; n = 6, 10, 11 respectively, Fig 

5.4D). The change in input resistance between control and aggregated αSyn 

neurons first became significant at the 16-minute time point (p = 0.001; Fig 

5.4D) suggesting that the opening of membrane channels occurred between 8 

to 16 minutes after αSyn aggregate introduction into neurons.  

The resting membrane potential at time 0 (whole-cell breakthrough) for all 

conditions was around -55 mV (see Table 5.1). Over the period of recording, 

neurons slowly depolarised by a small amount (Fig 5.4E). For vehicle, the 

mean depolarisation (ΔVm) was 6.2 ± 1.8 mV after 32 minutes of recording (P 

= 0.023, n = 10), for αSyn monomers ΔVm was 3.8 ± 1.2 mV (p = 0.094, n = 

6) and for αSyn aggregates ΔVm was 6.8 ± 1.9 mV (p = 0.011, n = 11). This 

slight depolarisation was comparable between conditions and there was no 

significant difference over the period of recording between the membrane 

potential of the control neurons (vehicle and monomers) and neurons with 

αSyn aggregates introduced (p = 0.931).  

Firing rate (FR) was measured from the voltage response to the naturalistic 

current injection and was used as a measure of neuronal excitability. For 

control neurons (vehicle), despite the slight depolarisation, there was no 

significant (p = 0.190) change in the firing rate (at 32 mins the FR was 124.7 ± 

1.3 % of the FR at time 0 mins, n = 10, Fig 5.4F, G). There was also no 

significant change (p > 0.9999) in FR for neurons in which monomeric αSyn 
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was introduced (at 32 mins the FR was 120.4 ± 2.4 % of the FR at time 0 mins, 

n = 6, Fig 5.4F, G). Whereas, for the neurons that had αSyn aggregates 

introduced, there was a significant (p = 0.002) reduction in the firing rate (at 32 

mins the FR was 42.3 ± 9.3 % of the FR at time 0 mins, n = 11, Fig 5.4F, G).  

When comparing control (vehicle and monomeric αSyn introduced cells) with 

cells that received αSyn aggregates, there was a significant difference in the 

firing rate at 32 minutes (p = 0.013). This fall in firing rate induced by αSyn 

aggregates is consistent with the marked reduction in input resistance.  

The introduction of alpha-synuclein aggregates also affected some of the 

characteristic features of dopaminergic neurons including tonic and rebound 

firing. Tonic firing was reduced by αSyn aggregates with 64 % of neurons 

(7/11) initially being spontaneously active but after 32 minutes only 27 % (3/11) 

of neurons were still active. This is in comparison to control (vehicle) neurons, 

where 80 % (8/10) initially displayed tonic firing, with 60 % (6/10) still active 

after 32 minutes of recording. The occurrence of rebound firing (following the 

termination of the hyperpolarising step) also reduced with αSyn aggregates 

227 % of neurons (8/11) showed rebound firing at 0 mins, but only 18 % (2/11) 

still showed it after 32 minutes of recording).  In contrast, all the control neurons 

that initially displayed rebound firing (60 %, (6/10)) still showed rebound firing 

after 32 minutes of recording.   
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Figure 5.4: Alpha synuclein oligomers induce a time-dependent decline in firing 

rate and input resistance. 

(A-C) Representative current-voltage relationship (SIV) traces for an example neuron 

injected with either alpha synuclein aggregates (A), vehicle (B) or alpha synuclein 

monomers (C). Current steps (1 s, starting at -200 pA and rising by 50 or 100 pA) 

were injected until a regular firing pattern was induced. The voltage traces are at time 

points at 8-minute intervals starting from whole-cell breakthrough (0 mins to 32 mins). 

(A) With 500 nM aggregated αSyn, a decrease in input resistance and firing rate 

(during positive current steps) can be observed over the 32 minutes of recording. (B) 

Control cells are stable throughout the period of recording. (C) With 500 nM 

monomeric αSyn, cells were also stable throughout the recording. (D) Mean input 

resistance plotted against time for control (vehicle), alpha synuclein monomers or 

aggregates. Alpha synuclein aggregates induced a clear reduction in input resistance 
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that was not observed in the control cells or those with alpha synuclein monomers 

introduced. (E) Mean resting membrane potential plotted against time for control 

(vehicle), alpha synuclein monomers or aggregates. For all three conditions, the cells 

slowly depolarised by comparable amounts over the 40 minutes of recording. (F) 

Firing rate was the only parameter that I used the voltage response to naturalistic 

current injection to measure (see Methods for details). Due to the variability in firing 

rate between cells, firing rate was normalised to the firing rate at time 0 mins. Despite 

being depolarised by a comparable amount to the control and monomer-introduced 

cells (a corresponding increase in firing rate would be expected), alpha synuclein 

aggregates induced a marked reduction in firing rate that was not observed in the 

control cells. This is consistent with the fall in input resistance. (G) A section of the 

voltage response to naturalistic current injection (NT) for a representative example of 

a control (vehicle), alpha synuclein monomer and alpha synuclein aggregates cell at 

0 mins and 32 mins. Though the firing rate of control and monomer-introduced cells 

are stable over time, the neuron with alpha synuclein aggregates introduced exhibits 

a significant reduction in firing rate over time.  

5.2.4 The decrease in conductance and firing rate caused by alpha 

synuclein is in part due to the opening of KATP channels 

ATP-sensitive potassium channels (KATP) have well established roles in 

dopaminergic neurons. Previous studies have shown that in rodent models of 

PD, neurodegenerative effects can be at least partially rescued by either 

blocking them or deleting them genetically (Liss et al., 2005). A pre-print 

(Thakur et al., 2019) reported that alpha synuclein aggregates may act to open 

KATP channels within dopamine neurons and that by preventing this opening, 

the aggregated αSyn-mediated effects on tonic firing that they describe 

(reduction) can be prevented.  

In my study, I have shown an aggregated αSyn-mediated increase in whole-

cell conductance, indicative of the opening of a membrane channel. I therefore 

wanted to investigate whether this could be a KATP channel. I repeated the 

same set of experiments (as outlined above) following pre-incubation of the 

slices in 1 µM glibenclamide for at least 1 hour. Glibenclamide is a commonly 

used antidiabetic drug and an effective KATP channel blocker (Jiang and 

Haddad, 1997; Light and French, 1994). Initially, I first checked whether there 

were any changes to the electrophysiological properties of the SNpc DNs 
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produced by glibenclamide itself. I did this by comparing control cells from 

slices that were either preincubated or not preincubated with 1 M 

glibenclamide for at least 1 hour. At 0 mins (whole-cell breakthrough), there 

was no significant difference between control cells from slices in normal aCSF 

(n = 6, 3 animals) vs control cells from slices that had been preincubated with 

glibenclamide (n = 6, 5 animals) for any of the parameters that I measured 

from SIVs (membrane potential p = 0.379, input resistance p = 0.229 and firing 

rate p = 0.655, Table 5.1). Over the duration of recording, glibenclamide pre-

incubation did not significantly alter the input resistance (after 32 mins 99.0 ± 

7.5 % of the input resistance at time 0 mins, p = 0.0.845, Fig 5.5A) or the firing 

rate (after 32 mins 112.1 ± 26.6 % of the FR at time 0 mins, p = 0.563, Fig 

5.5A). Thus, preincubation of slices with 1 µM glibenclamide had no significant 

effect and should therefore not occlude any observable effects of the alpha 

synuclein aggregates.  

I then introduced αSyn-aggregates (500 nM) into cells in slices that had been 

preincubated with 1 µM glibenclamide (Fig 5.5B). The fall in input resistance 

and reduction in firing rate that I showed previously to be induced by alpha 

synuclein aggregates was significantly reduced after pre-incubation (Fig 5.5B), 

suggesting that these effects are, at least partly, mediated through KATP

channels. The input resistance at 32 mins was 90.0 ± 8.6 % of that input 

resistance at time 0 mins (compared to 63 % without preincubation with 

glibenclamide) which was not statistically significant (p = 0.250, n = 6) from the 

input resistance at time zero (Fig 5.5C). The firing rate was 80.1 ± 12.9 % of 

the rate at time 0 mins (compared to 42 % without preincubation with 

glibenclamide) which was not statistically significant from the firing rate at time 

zero (p = 0.353, n = 6, Fig 5.5 1E, F). Both sets of recorded neurons (control 

and αSyn aggregates) depolarised over the 32 minutes of recording to a similar 

degree to that of non-glibenclamide-treated slices (vehicle, ΔVm 4.7 ± 2.6 mV 

and αSyn aggregates, ΔVm 5.5 ± 2.1 mV, Fig 5.5D). If these changes to 

electrophysiological properties were solely down to the opening of KATP

channels, the cells would be expected to hyperpolarise (as reported in many 

studies). As I did not observe this, there must be something else happening 

counterbalancing this effect (see Chapter 7).  
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Figure 5.5: The effects of alpha synuclein aggregates on electrophysiological 

properties are partially prevented by pre-incubation of slices with 

glibenclamide. 

(A) Representative current-voltage relationship (SIV) plots for an example control cell 

(injected with PBS as a vehicle) in the presence of glibenclamide 1 M. Current steps 

(starting at -200 pA and rising by 50 pA) were injected until a regular firing pattern was 

induced. Recordings display time points between whole-cell breakthrough (0 mins) 

and 32 mins. Cells are stable throughout the period of recording, with no consistent 

changes to the SIV over time.  (B) as in A), but with alpha synuclein 500 nM 

aggregates (final concentration) added to the intracellular solution. The decrease in 

input resistance and firing rate normally observed with alpha synuclein over the 32 

minutes of recording is reduced in the presence of the glibenclamide (1 M). (C) Mean 

input resistance measurements (measured at the peak deflection; before the sag) 

plotted against time for control (vehicle) vs alpha synuclein aggregates in the 
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presence of glibenclamide (1 M). The fall in input resistance was reduced compared 

to that for alpha synuclein cells in normal aCSF (dashed line). (D) Mean resting 

membrane potential measurements plotted against time for vehicle vs alpha synuclein 

in the presence of glibenclamide 1 M. Both conditions showed a slow, but 

comparable depolarisation over time. (E) Mean firing rate measurements plotted 

against time for vehicle vs alpha synuclein in the presence of glibenclamide 1 µM. 

The drop-in firing rate was reduced compared to that for alpha synuclein aggregate 

introduced into cells in normal aCSF (red dotted line for reference; data repeated from 

Fig 5.4 as a visual reference). Firing rate is normalised to the firing rate at time 0 mins. 

(G) A section of the voltage response to naturalistic current injection (NT) for a 

representative vehicle vs alpha synuclein cell in the presence of glibenclamide 1 µM 

at 0 mins and 32 mins. Under both conditions, the firing rate was stable over time.  

5.3 Conclusion 

I have used a combination of electrophysiological recording with detailed 

analysis to characterise fully the effects of introducing aggregated αSyn 

directly into single mouse dopaminergic neurons in the substantia nigra. 

Aggregates were introduced via the patch electrode during whole-cell patch 

clamp recordings. Aggregated αSyn caused a significant increase in 

conductance and decrease in firing rate without altering the resting membrane 

potential. Changes to conductance and firing rate occurred 8-16 minutes after 

whole-cell breakthrough and were specific to aggregates (they were not 

observed when monomeric alpha synuclein was introduced). The effects could 

be prevented by pre-incubating the slices in ATP-sensitive potassium channel 

(KATP) inhibitor glibenclamide, despite the high concentration of ATP present 

in the patch electrode. These data suggest that by accumulating in DNs, αSyn 

aggregates may chronically open KATP channels leading to a significant 

increase in conductance, loss of neuronal excitability and likely also a 

decrease in dopamine release and overall cell function. 
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6. Chapter 6:  

6.Physiological changes in CO2 modulate 

VTA and substantia nigra neuronal function 

Results of this chapter have been published previously: (Hill et al., 2020a, 

2020b)

Figure 6.1: Physiological changes in the level of CO2 alter neuronal function in 

the substantia nigra and ventral tegmental area through via connexin 

hemichannels 
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6.1 Introduction 

Dopaminergic neurons (DNs) possess large branches of projections, have 

important roles in the modulation of many behaviours and have therefore been 

extensively studied. They have unique electrophysiological profiles (Fig 5.2) 

and fire at rest (tonic firing), thus making them highly energy intensive. The 

substantia nigra (SN) and the ventral tegmental area (VTA) represent two 

major dopaminergic nuclei in the mammalian brain. The SN forms a key part 

of the basal ganglia circuitry and its dopaminergic neurons play vital roles in 

the initiation and co-ordination of movement. The SN can be further divided 

into two regions, the substantia nigra pars reticular (SNpr) and the substantia 

nigra pars compacta (SNpc). The SNpc is sensitive to damage from oxidative 

stress and its DNs are amongst the most susceptible neurons to degeneration 

in Parkinson’s disease (PD). Neurons in the neighbouring ventral tegmental 

area (VTA) play important roles in the modulation of emotion, reward and 

sleep- wake behaviours (Eban-Rothschild et al., 2016; Holly and Miczek, 2016; 

Lammel et al., 2014; Morales and Margolis, 2017; Yu et al., 2019). They are 

less susceptible to damage in the early stages of PD but do become affected 

at later stages. Important questions remain as to why dopaminergic neurons 

between these two regions are differentially affected and why they display 

varying levels of susceptibility to neurodegeneration. As complex cells, with 

influence on so many aspects of behaviour, it is vital to fully understand their 

physiology, in order to then understand how they might be implicated in 

pathology.  

Carbon dioxide (CO2) is a waste product of cellular metabolism, exhaled by 

the lungs and its levels are a key regulator of breathing. Levels will vary 

between people, but the average in human blood (PCO2) at rest is around 40 

mm Hg and will fluctuate around this baseline. PCO2 is increased 

(hypercapnia) in diseases such chronic obstructive pulmonary disease 

(COPD), asthma and sleep apnoea (Owens and Malhotra, 2010). Low levels 

of blood PCO2 (hypocapnia) can occur in kidney failure, diabetic acidosis and 

with hyperventilation (Brown, 1953; Wilson et al., 1991).  
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A subfamily of connexins (Cx26 and Cx30) have evolved to develop CO2 

sensitivity. The most sensitive of these is Cx26 and its sensitivity is directly 

mediated through the carbamylation of lysine residue 125, resulting in an 

increase in open probability (Huckstepp et al., 2010b, 2010a; Meigh et al., 

2013). Since the physiological midpoint for hemichannel opening is ~ 40 mm 

Hg, there will be some connexin 26 channels open at rest. Increases in CO2 

levels will result in the opening of more Cx26 hemichannels and an increase 

in whole-cell conductance. Whereas a decrease in CO2 level will result in the 

closing of Cx26 hemichannels and a decrease in whole-cell conductance 

(Huckstepp et al., 2010b, 2010a; Meigh et al., 2013). It is well established that 

CO2 binding to connexin 26 on glial cells in the brainstem allows ATP to be 

released and that this regulates breathing (Gourine et al, 2005; Huckstepp et 

al 2010; Weifer et al 2010).  

The discovery of gap junction coupling between dopaminergic neurons in the 

substantia nigra was first described by Grace and Bunney (1983) using 

electrophysiology. They further confirmed the coupling using Lucifer Yellow 

transfer between neighbouring ‘coupled’ cells.  While reading around the vast 

literature on DNs electrophysiological and morphological properties, to assist 

in making the recordings outlined in Chapter 5, I discovered an unexpected 

property of SNpc DNs that I thought might be worth exploring further. 

Vandecasteele et al. (2005) confirmed that pairs of DNs in the SNpc are 

coupled by gap junctions and that they express a range of connexin proteins, 

as determined by single cell RT-PCR (Vandecasteele et al., 2006). They 

demonstrated that in young rodents (P7-10), SNpc DNs express mRNA for 

Cx26, Cx30, Cx32, Cx36 and Cx43 but by P17-21 a developmental switch has 

occurred and they now only express Cx36, Cx43 and Cx31.1 (Fig 6.2). I was 

particularly interested in two of these connexins which have been previously 

described to be directly sensitive to carbon dioxide (CO2): connexin 26 and 

connexin 30 (Huckstepp et al., 2010b; Meigh et al., 2013). I set out to 

determine whether the mRNA profile described by Vandecasteele et al., (2006) 

resulted in functional hemichannel expression which could confer CO2

sensitivity to the neurons. This would be particularly interesting as it would be 

the first discovery in neurons (Nagy et al., 2011). If so, I wanted to explore 
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whether there were functional consequences of the CO2 sensitivity in terms of 

neuronal output, and whether there could be any implications of this in 

pathology.   

Figure 6.2: Connexin mRNA expression analysed by single-cell RT-PCR in SNpc 

DA neurons from P7-10 (left) and from P17-21 (right) rats. 

There is a developmental shift in connexin expression in rodents. This study 

confirmed the presence of Cx26, Cx30, Cx36, Cx32 and Cx43 in the P7-10 rats and 

Cx31.1, Cx36 and Cx43 in P17-21 rats (reproduced from Vandecasteele et al., 2006)

Whole-cell patch clamp recordings were made from dopaminergic neurons 

(DNs) in the SNpc in acute coronal slices from P7-10 wild type mice. To test 

the sensitivity of DNs to CO2, the level of CO2 (35 mm Hg, basal level) was 

either increased to 55 mm Hg or decreased to 20 mm Hg under isohydric 

conditions (compensatory changes in bicarbonate concentration to maintain 

constant extracellular pH during the CO2 stimulus, see Methods). If Cx26 

hemichannels are present, then an increase in PCO2 will cause them to open 

(Huckstepp et al., 2010b; Meigh et al., 2013), resulting in an increase in whole-

cell conductance (decreasing excitability). By contrast, a reduction in PCO2

would close the hemichannels, resulting in a reduction in whole-cell 

conductance (increasing excitability; Huckstepp et al., 2010b; Meigh et al., 

2013).  



191 

6.2 Results 

6.2.1 Developmental changes to SN DN electrophysiological 

properties  

Dopaminergic neurons in the SNpc were located from their position in the slice 

and their characteristic electrophysiological profile (as in chapter 5). Given that 

mRNA for the CO2 sensitive connexins 26 and 30 was reported to be only 

present in P7-10 pups and absent by P17-21 (Vandecasteele et al., 2006) I 

decided to test neurons for CO2 sensitivity in both age groups, using neurons 

in the older mice as a control group. If the mRNA is no longer present, then 

any phenotype of CO2 sensitivity (that is present in the P7-10 pups) should be 

lost. This comparison between age groups could potentially be complicated by 

developmental changes to electrophysiological properties, which are known to 

occur over this period. Therefore firstly, I compared the input resistance and 

resting membrane potential measurements from SNpc DNs of the two age 

groups without any intervention. There was no significant difference in input 

resistance between the two age groups of mice (P7-10, Rin = 380 ± 28.16 MΩ, 

P17-21, Rin = 290 ± 22.45 MΩ, p = 0.307; Fig 8.3). There was also no 

significant difference in the resting membrane potential (P7-10, RMP = -59.3 ± 

1.33 mV, P17-21, RMP = -60 ± 2.08 mV, p = 0.835; Fig 8.3) or the size of the 

sag response, measured between the peak hyperpolarisation and steady state 

after IH has activated (P7-10: 22.6 ± 2.25 mV, P17-21 20.1 ± 2.3 mV, p = 

0.454). These results are consistent with expected values for these age groups 

of mice as reported in (Dufour et al., 2014).  
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6.2.2 Increase in PCO2 significantly reduces the excitability of early 

postnatal substantia nigra dopaminergic neurons  

Next, I wanted to check whether there were functional hemichannels in the 

SNpc P7-10 DNs and if so, whether they conferred sensitivity to CO2. Whilst 

recording from single dopaminergic neurons, I increased the level of CO2 from 

35 mm Hg to 55 mm Hg (isohydric; constant pH) and recorded the response 

to single hyperpolarising (-50 pA, 100 ms) current step injections. Increasing 

the level of CO2 gave a time-dependent reduction in the amplitude of the 

voltage response to the hyperpolarising current steps consistent with a fall in 

input resistance. At steady state, the voltage response to the current steps had 

fallen to 70.0 ± 9.6 % of control (p = 0.002; Fig 6.3A, B), input resistance had 

fallen from 380.0 ± 28.2 MΩ to 217.0 ± 27.9 MΩ (p = 0.003 n = 10) and the 

tonic action potential firing was abolished (Fig 6.3). All of these effects are 

characteristic of an increase in the resting conductance consistent with the 

opening of hemichannels. I observed partial recovery in a subset of recordings 

when the solution was returned to 35 mmHg (normal CO2). Due to a lack of 

experimental repeats (n = 3), this data was not quantified, but an example 

demonstrating partial recovery is illustrated in Fig 6.3C. DNs in the SN of older 

rats (P17-21) do not express mRNA for CO2 sensitive connexins 

(Vandecasteele et al., 2006) thus they should be insensitive to CO2 if it is 

connexin hemichannel-dependent. When the same protocol was repeated with 

older (P17-21) mice, there were no significant effects of the increased PCO2

(voltage response was 101.0 ± 0.9 % of control, p = 0.330, n = 4, Fig 6.3 D, 

E). 
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Figure 6.3: CO2 sensitivity of dopaminergic neurons in the substantia nigra 

(A) Example of a time course for changes in voltage responses to hyperpolarising 

current steps for a neuron from a P7-10 mouse (each point is a mean of 15 sweeps) 

when CO2 was increased from 35 to 55 mm Hg (red). (B) Associated voltage traces 

(40 superimposed traces) and voltage responses to step currents (from -200 pA to 

50pA) at the indicated time points from A. (C) Representative voltage responses (P7-

10) demonstrating that input resistance and firing rate changes could be partially 

reversed (bottom traces are an average of 25 sweeps) when CO2 was reduced back 

to 35 mmHg. (D) There was no significant change in the voltage response to 

hyperpolarising current steps in a dopaminergic neuron from a P17-21 mouse (each 

point is a mean of 15 sweeps) when CO2 was changed from 35 to 55 mm Hg. (E) 

Associated voltage traces (40 superimposed traces) and voltage responses to step 

currents at indicated time points from D. 
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6.2.3 Changes in excitability are not due to the exchange of 

solutions or drift in recording quality over time  

To confirm that the observed effects of CO2 were not an experimental artefact, 

I repeated the experiment without altering the level of PCO2 but still switched 

between two solutions that were both at 35 mmHg CO2). The resting 

conductance and of the neurons did not significantly alter over the time course 

of the experiment (Fig 6.4), confirming that the observed changes are 

mediated by variation in the PCO2 level rather than from an artefact resulting 

from the mechanical change in solution or from rundown in the quality of 

recordings over time.  

Figure 6.5: A control for solution exchange during the protocol 

(A) Time course of changes in voltage response to a 50 pA hyperpolarising step 

current (P10 SNpc, each point is a mean of 15 sweeps) when CO2 was maintained at 

35 mm Hg, but solutions were exchanged to ensure the observations are not a result 

of the exchange process or loss of recording quality over time (arrow). (B) Associated 

voltage traces (50 superimposed traces) and voltage responses to step currents at 

indicated time points from A. (C) Quantification of the voltage response changes when 

the solution was swapped, relative to the amplitude of the response at breakthrough, 

data is presented as mean ± SEM. Red dashed line represents the relative level of 

decrease in response for cells which were exposed to high CO2 (55 mm Hg) after an 

equal amount of time.  



196 

6.2.4 Changes in neuronal excitability are blocked by the 

hemichannel inhibitor carbenoxolone  

I had now confirmed that the electrophysiological consequences of altering the 

level of CO2 are not an experimental artefact, but I have not yet proved that 

they are mediated by connexins. The next stage was to confirm the effects 

were hemichannel-mediated using the blocker carbenoxolone (100 µM, n=6; 

Fig 6.5; Meigh et al., 2013). The level of CO2 was raised from 35 mm Hg to 55 

mm Hg CO2 in the presence of carbenoxolone (100 µM; Fig 5.6A). The 

reduction in input resistance was abolished (after 5 mins in 55 mmHg CO2, 

input resistance was 103.0 ± 1.4 % of the value at 0 mins, p = 0.094: Fig 6.5 

B, C). There was also no change in RMP (at 40 mins, RMP was 97.0 ± 2.5 % 

of the value at 0 mins). Due to the wide-ranging effects reported for 

carbenoxolone acting directly on neuronal properties and synaptic 

transmission (Tovar et al., 2009), I did not examine changes to firing rate. The 

significant block of CO2-mediated effects (Fig 6.5) confirms that the effects are 

hemichannel mediated.  

Figure 6.6: Carbenoxolone blocks changes to excitability in P71-10 SNpc DNs 

(A) If slices are incubated in carbenoxolone, there is no significant change in voltage 

response (P7-10, each point is a mean of 15 sweeps) when the CO2 level was 

changed from 35 to 55 mm Hg. (B) Associated mean voltage traces (average of 40 

sweeps) and voltage responses to step currents at indicated time points from A. (C) 

Quantification of voltage response changes (35 to 55 mm Hg CO2) for P7-10 mice 

(with and without carbenoxolone incubation) as well as P17-21 mice for reference. 

Inset: Example control response and response in carbenoxolone for P7-10 mice (1, 

35 mm Hg and 2, 55 mm Hg).  
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6.2.5 Decreasing PCO2 significantly increases the excitability of 

early postnatal substantia nigra dopaminergic neurons  

Given that the midpoint for connexin 26 channel opening is ~ 40 mm Hg CO2

(Huckstepp et al., 2010b), I next wanted to test whether I could increase the 

excitability of the SNpc DNs (in P7-10 mice) by reducing the level of PCO2. 

Closing hemichannels should increase input resistance, excitability and firing 

rate. In a separate group of SNpc DNs cells, I decreased the PCO2 level to 

evaluate this hypothesis.  Reducing PCO2 from 35 to 20 mm Hg (hypocapnia) 

increased the firing rate (the mean firing rate in 20 mm Hg CO2 was 184.0 ± 

28.7 % of that in 35 mm Hg CO2, p =0.015, Fig 6.6 A, D). It also increased the 

amplitude of the voltage response to current steps (the mean voltage response 

in 20 mm Hg CO2 was 104.0 ± 1.2 % of that in 35 mm Hg CO2, p = 0.008; Fig 

6.6 B, C, E), consistent with a decrease in conductance.  
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Figure 6.7: Dopaminergic neurons in the substantia nigra are sensitive to 

lowering CO2. 

(A) An example recording from an SN dopaminergic neuron in a P7 mouse. Black 

traces represent recordings in 35 mmHg (normal CO2) and green traces represent 

recordings in 20 mmHg (low CO2). An increase in firing rate can be observed from the 

membrane potential responses to step and fluctuating current injections (see 

Methods). (B) The voltage response to a 50 pA hyperpolarising step (top, traces are 

an average of 40 sweeps) and the membrane potential response to the -100-pA step 

injection (bottom). They demonstrate subtle increases to input resistance with lowered 

CO2. Both the left and right panels show a partial recovery of both firing rate and input 

resistance after washing back into 35 mm Hg CO2. (C) An example of the time course 

of changes in voltage response (for a single P7-10 slice, each point is a mean of 15 

sweeps) when CO2 was changed from 35 to 20 mm Hg. (D) Quantification of the mean 

change to firing rate when CO2 was lowered from 35 to 20 mm Hg. Firing rate was 

measured from the voltage response to fluctuating current input. (E) Quantification of 

the mean change to the voltage response to hyperpolarising step input.  
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6.2.6 Early postnatal substantia nigra dopamine neurons dye load 

during hypercapnia and express connexin 26 

A characteristic of hemichannels is that when they open, they allow entry of 

membrane-impermeant fluorescent dyes into cells, and once the 

hemichannels close, the dye will become trapped. Therefore, dye loading can 

be used as a marker for showing which cells express CO2–sensitive

hemichannels (Huckstepp et al., 2010b; Meigh et al., 2013; Fig 6.7A). When 

(Vandecasteele et al., 2006) attempted this with Lucifer yellow, they did not 

find evidence for functional hemichannels. However, this may be because the 

channels are heteromeric and therefore may be impermeable to this dye. I 

therefore used the impermeant dye, Carboxyfluorescein (CBF) that passes 

through open Cx26 hemichannels (Huckstepp et al., 2010b) and confirmed 

that neurons in the SN of P7-P10 mice could be loaded with the dye following 

hypercapnia (Fig 6.7A). No dye loading occurred if PCO2 was not increased, 

and it did not occur in the SN of older mice (P17-21; Fig 6.7A) or in 

hippocampal pyramidal cells (Fig 6.11). Unfortunately, CBF cannot be fixed 

and so the dye-filled cells cannot be subsequently labelled with antibodies. 

However, I can be confident that the dye-filled cells were either SN DNs or 

VTA GABAergic neurons, as patch clamp recording was carried out before the 

dye loading (to confirm the identity of the cells from their electrophysiological 

properties and pharmacology) and then the same cells were subsequently dye 

filled.

To further confirm that early postnatal SN DNs express connexin 26 I used 

immunohistochemistry. The connexin 26 antibody has been used extensively 

in previous studies and prior publications can confirm correspondence for 

Cx26 immunostaining with a reporter driven from the endogenous Cx26 

promoter (Huckstepp et al., 2010b; Sun et al., 2009). In slices from P7-10 mice, 

Cx26 expression was present in tyrosine hydroxylase positive (TH+) neurons 

in SN (Fig 6.7B). However, in older mice (P17-21), Cx26 was not expressed in 

in TH+ neurons (Fig 6.7C) but was expressed in leptomeninges of 

corresponding sections, providing a positive control (Fig 6.7D; Condorelli et 

al., 2003).  
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Figure 6.8: Dye loading and Cx26 expression in substantia nigra. 

(A) Carboxyfluorescein (CBF) dye loading following hypercapnia (55 mm Hg CO2) in 

P7-10 mouse slices. No dye loading occurred if CO2 was not changed or if CO2 was 

increased in P17-21 slices, scale bar = 50 µm. (B) Immunofluorescent staining of P7-

10 SN for Cx26 (red, arrows) in TH+ neurons (green) in single optical planes. (C) No 

co-localisation of Cx26 (red) in TH+ neurons (green) in the SN at P17-21, scale bar = 

30 µm. (D) Staining was deemed successful due to the positive leptomeninge staining 

from corresponding sections of the same mouse brain, scale bar = 30 µm.  
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6.2.7 FITC dye loads glial cells in high CO2 but not neurons 

Having demonstrated that cells in the region of SNpc DNs can uptake 

Carboxyfluorescein on exposure to high levels of CO2, I wanted to prove 

definitively that they were dopaminergic. As CBF cannot be fixed (personal 

communication Robert Huckstepp), I instead loaded with a different dye 

fluorescein (FITC), which can be fixed with PFA, then counterstained with 

tyrosine hydroxylase. I would have expected neuronal dye loading in the P7-

10 mice as there was with CBF. However, I did not see any dye loading in 

neurons. Depending on the profile of connexins available, they can assemble 

into homomers or heteromers. For example, it is known that connexin 26 and 

connexin 30 can form heteromeric channels that maintain their sensitivity to 

CO2. I do not know whether the connexins are assembling in a homomeric or 

heteromeric form in my in vitro slice experiments. However, it is possible that 

FITC cannot pass through hemichannels that are not homomeric (of Cx26) and 

thus the presence of heteromeric channels potentially prevents the influx of 

the dye.  

I then repeated this in P17-21 mice, expecting not to see any dye-loading. 

However, I observed FITC dye loading in the cells surrounding SNpc DNs (Fig 

6.8A). I hypothesised that they might be glial cells. I therefore performed 

immunohistochemistry for connexin 26 (red) and GFAP (green) and confirmed 

co-localisation (Fig 6.8B). Perhaps glial cells are more likely to have 

homomeric Cx26 conformations than neurons. They may also have increased 

numbers of Cx26 hemichannels. Connexin 26 expression on glia is known to 

release ATP (Gourine et al, 2005; Huckstepp et al 2010; Weifer et al 2010) in 

response to raised CO2. Thus, I propose here a potential developmental switch 

in connexin 26 action from neurons (P7-10; directly inhibitory) into glia (P17-

21; indirectly excitatory). This needs to be explored further in future 

experiments. 
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Figure 6.9: FITC dye loading suggests CO2 presence in glial cells of P17-21 mice 

and is confirmed with immunohistochemistry. 

No dye loading of FITC was observed in SNpc DNs of P17-21 mice. However, 

surrounding smaller cells were loaded with FITC. It is possible that these cells could 

be GABAergic neurons or glial cells (B) To test this immunohistochemistry to look for 

co-localisation was performed. This confirms co-localisation of connexin 26 (red) and 

glial fibrillary acidic protein (GFAP; green) in the SNpc of P17-21 mice. Note that the 

connexin 26 antibody will stain both connexin 26 (punctate appearance; white arrows) 

and blood vessels (long thin staining). These images are taken of single optical planes 

and demonstrate co-localisation of punctate Cx26 and GFAP positive glial cells.  

6.2.8 Changes in PCO2 significantly modify the excitability of 

neurons in the VTA  

Consistent with the lack of electrophysiological changes, there was no CBF 

dye loading into P17-21 SNpc DNs (where there had been at younger ages). 

However, I observed in a neighbouring region, the ventral tegmental area 

(VTA) what appeared to be some neurons that loaded with the dye (Fig 6.9A). 

This area is another prominent nuclei for dopaminergic cells within the brain 

and is central to the circuits controlling reward and motivation behaviours 

(Morales and Margolis, 2017).  

To confirm that these cells were part of the VTA, I first made recordings from 

a subset of the dye-filled neurons. I was surprised to discover that they were 
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not hyperpolarised by dopamine (30 µM) but found instead that they were 

hyperpolarised by application of the opioid receptor agonist [Met]-Enkephalin 

(10 µM). This is consistent with the neuron classification described in Johnson 

and North (1992); that there are a subset of neurons that are positioned close 

to the substantia nigra that respond in a very similar manner to SN 

dopaminergic neurons: a large IH (sag) in response to hyperpolarising current 

steps and are hyperpolarised by dopamine. The second subgroup does not 

show as large IH (sag) in response to hyperpolarising current steps and do not 

hyperpolarise with dopamine, but instead hyperpolarise with [Met]enkephalin 

(Fig 6.9B-D). The CO2 sensitive neurons appear to belong to this second 

subgroup. The differences in action potential dynamics of these two different 

groups allows them to be distinguished from one another.  

Figure 6.10: Localisation of the recorded neurons in the ventral tegmental area 

(A) Carboxyfluorescein (CBF) dye loading following hypercapnia (55 mmHg CO2) in 

P7-10 and P17-21 mouse slices demonstrates dye loading in putative VTA neurons. 

No dye loading occurred if PCO2 was not changed scale bar = 50 µm. (B) Location of 

the VTA in a coronal mouse brain slice (Adapted from Allen Mouse Brain Atlas, 2004). 

(C) Membrane potential traces recorded from a putative dopaminergic neuron in the 

VTA in response to current steps in 35 mm Hg CO2. Current steps (3 s duration) 

started at -200 pA and were increased by 50 pA until the neuron exhibited a regular 

firing pattern. (Inset) Membrane potential response to the injection of a +100 pA 

current step. There is a clear difference in the action potential dynamics of 
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dopaminergic neurons in the SN and VTA regions, as previously reported (Johnson 

and North, 1992). (D) Membrane potential traces from a putative VTA dopaminergic 

neuron. Application of dopamine (30 µM) had no effect on the membrane potential 

whereas [Met]enkephalin (10 µM) markedly hyperpolarised the neuron. This is 

consistent with previous reports (Johnson and North, 1992) that DNs in this region of 

the VTA are not responsive to dopamine but are hyperpolarised by [Met]enkephalin.  

In response to an increase in PCO2, these (P17-21) neurons in the VTA 

showed similar electrophysiological changes to P7-10 SN DNs in response to 

changes in PCO2: increased PCO2 (55 mm Hg) decreased input resistance 

(voltage response reduced to 71.0 ± 13.2% of control p = 0.001, 335.0 ± 66.7 

MΩ to 222.0 ± 39.4 MΩ, p =0.0446, before the sag n = 5;) and firing rate Fig 

6.10 A-C. Reducing PCO2 to 20 mm Hg increased input resistance (voltage 

response increased to 118.0 ± 6.1 % of the baseline amplitude, p = 0.043) and 

firing rate (193.0 ± 35.0 % of the baseline firing rate, p = 0.049, of control; Fig 

6.10 D-F). 

Given that the ventral tegmental area (VTA) is highly heterogenous and 

neurons can release dopamine, glutamate, GABA, or any combination of the 

three, I performed separate immunostaining protocols of connexin 26 paired 

with tyrosine hydroxylase for dopaminergic neurons and of connexin 26 paired 

with GAD65/67 for GABAergic neurons. I saw co-localisation of connexin 26 

(red, AF594) with GAD65/67 GABAergic neurons which is consistent with the 

[Met]enkephalin sensitivity electrophysiological phenotype (Fig 6.10G). To 

establish whether these neurons were also dopamine releasing I looked for 

colocalization with tyrosine hydroxylase but saw no evidence of this (Fig 

6.10G). I therefore concluded that these neurons were likely GABAergic 

neurons. They could either be or long-range projecting GABAergic neurons to 

a range of different sites or local GABAergic neurons which within the VTA are 

known to modulate the activity of the neighbouring dopaminergic neurons. 

Thus, changes in CO2 levels could potentially indirectly modulate dopamine 

release into regions like the nucleus accumbens.  
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Figure 6.11: GABAergic neurons in the VTA are sensitive to CO2. 

(A) An example of the time course of changes in voltage response for a single P17-

21 slice (CO2 increased from 35 to 55 mm Hg; each point is a mean of 15 sweeps). 

(B) Voltage responses to step currents at indicated time points in B. (C) Quantification 

of changes in voltage response to increased PCO2. (D) An example of the time course 

of changes in voltage response for a single P17-21 slice (CO2 decreased from 35 to 

20 mm Hg; each point is a mean of 15 sweeps). (E) Voltage responses to step and 

fluctuating current inputs at indicated time points in F demonstrating increased input 

resistance and firing rate. (F) Quantification of changes in voltage response to 

decreased PCO2. (G, H) Representative single optical plane confocal microscopy 

immunohistochemistry images. (G), Immunofluorescent staining of P17-21 VTA for 

Cx26 (red) which is not expressed by TH+ neurons (green, no co-localisation), scale 

bar = 50 µm. (H), co-localisation of Cx26 (red) with the soma of GAD+ neurons (green) 

in the VTA (scale bar 20 µm). 
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6.2.9 Carbon dioxide sensitivity is not present in hippocampal CA1 

pyramidal neurons 

To ensure that the observed CO2 sensitivity was not a blanket response across 

all neurons, I recorded from pyramidal cells (PCs) in the CA1 region of the 

hippocampus of P7-10 mice, in slices where the DNs had responded to 

changes in CO2 levels (Fig 6.11A). I chose to examine these neurons as they 

are easy to identify and have well-defined properties.  I observed no significant 

change in CA1 PC electrophysiological parameters (voltage response was 

100.3 ± 1.6% of control, p = 0.680, n = 6) in response to increasing the level 

of carbon dioxide (from 35 mmHg to 55 mm Hg CO2; hypercapnia; Fig 6.11B-

D).  

Figure 6.12: CA1 pyramidal cells show no dye loading or electrophysiological 

changes in response to high CO2. 

 (A) The localisation of CA1 region of the hippocampus in a sagittal slice (Adapted 

from Allen Mouse Brain Atlas, 2004). (B) (Left) Bright-field image of the CA1 region 

demonstrating the location of a recorded pyramidal cell. The slice was then subjected 

to carboxy-fluorescein (CBF) dye-loading (see Methods). There was no visible dye 

loading of the neurons (right). (C) (Top) Membrane potential traces recorded from a 

CA1 pyramidal neuron in response to current steps (3 s steps starting at -200 pA, 

increasing by 50 pA until regular firing pattern) in 35 mmHg CO2. (Inset) Single 

membrane potential trace in response to the injection of -200 pA (3 s) in 35 mmHg 

CO2. CO2 levels were increased over a period of 300 seconds from 35 mm Hg to 55 

mmHg CO2, as in the SN and VTA experiments. (Bottom) Membrane potential traces 
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recorded from the same CA1 pyramidal neuron in response to current steps in 55 

mmHg CO2. Single membrane potential trace in response to a -200 pA (3 s) current 

step in 55 mmHg CO2. (D) Example membrane potential responses to a (100 ms) - 

50 pA current step. Traces (averaged from 20 sweeps) shown for 35 mmHg CO2 (left) 

and 55 mmHg CO2 (right). No difference in voltage response is observed when the 

level of CO2 is increased.  

6.3 Conclusion 

I have demonstrated an unexpected CO2-sensitivity phenotype for neurons in 

the SN and VTA, with increases in PCO2 markedly increasing whole-cell 

conductance. This effect appears to occur in only specific subtypes of neurons, 

as for example it was not observed in hippocampal CA1 pyramidal cells. I have 

provided several lines of evidence that suggest that the CO2 sensitive 

conductance results from the opening of Cx26 hemichannels, whose open 

probability increases through CO2-mediated carbamylation of lysine residues 

(Meigh et al., 2013). I have shown that the effects of CO2 in SN DNs occur 

over the same developmental period as they express Cx26 mRNA (measured 

in an independent study; Vandecasteele et al., 2006). The effects of increasing 

CO2 on resting conductance could be blocked by the hemichannel inhibitor 

carbenoxolone. SN dopaminergic neurons and VTA GABAergic neurons could 

also be filled with a fluorescent dye (Carboxyfluorescein, CBF) when PCO2

was increased (this is termed dye loading).  My findings reveal an unexpected 

role for CO2 in regulating the activity of these key brain regions and 

demonstrates a mechanism by which an CO2 could alter complex goal-directed 

behaviours. There is no data in this current study on the physiological 

significance of CO2 sensitivity, in particular regarding movement and reward 

behaviour; this will need to be examined in future studies.  
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7. Chapter 7: Discussion 
7. D iscussion  

I have undertaken four separate projects, three of which have focussed on 

quantitatively analysing the cellular and sub-cellular effects of various 

pathological agents on neuronal and synaptic function and the fourth on the 

discovery of CO2 sensitivity in two key dopaminergic nuclei. I will now consider 

how my results fit in the context of their fields, discuss the limitations of the 

approaches I have taken and indicate how these projects could be extended 

in future studies to answer any remaining questions.  

7.1 Chapter 3 – oTau mediated pathology 

Although this is the first study of its kind for tau oligomers (oTau), the delivery 

of an oligomeric protein using whole-cell patch clamp has previously been 

published previously by my lab (Kaufmann et al., 2016). The estimated 

physiological concentration of tau within neurons is 2 µM (Avila, 2010) which 

is much higher than I have introduced here (44 - 666 nM). In this study, three 

different concentrations of oTau were tested to establish whether the effects 

were concentration-dependent. For layer V pyramidal cells (PCs), a higher 

concentration (666 nM) was used to give effects over a comparable timescale 

to that observed in CA1 neurons in the hippocampus, as they are larger 

neurons.  

7.1.1 oTau alters action potential dynamics, input resistance and 

neuronal excitability 

Both standard current-voltage relationships (SIV, with step current injections) 

and dynamic current-voltage relationships (DIV, with naturalistic current 

injection) were used to extract neuronal parameters and evaluate the effects 

of oligomer introduction at 10-minute time intervals (see Methods). As the time 

course for oTau to have effects varied between cells, for consistency of 

analysis the first and last time points of recordings were compared throughout. 

The last time point was selected to be 40-minutes as this is the time point in 

which most recordings still remained stable. I had hoped to be able to 

implement the dynamic IV modelling protocol (Badel et al., 2008a, 2008b; 
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Harrison et al., 2015) over the full time course of recording, however due to 

the increasing effects on action potential waveform, the protocol became less 

effective over time. I therefore only used it to parameterise the cells at 0 

minutes to ensure that the recording quality and neuronal properties were 

comparable. The introduction of oTau into single cells produced significant 

changes to input resistance and firing rate. 

With collaborators in the Zeeman Institute, I adapted and implemented a 

program to analyse action potential dynamics using Julia (Bezanson et al., 

2017). It measures action potential amplitude (peak height), duration (full 

width-half max) and the rate of rise and decay from action potentials induced 

by the fluctuating naturalistic current input. This analysis allowed me to 

quantify the decrease in action potential amplitude and increase in duration as 

well as the slowing of both action potential rate of rise and decay. Lower 

concentrations of oTau took longer to achieve the same effects, thus 

illustrating the concentration-dependence of the effects.  

A number of control experiments were used to validate the results. Firstly, no 

significant effect was observed when introducing the similarly sized 

aggregation-competent molecule BSA into cells. The effects of oTau were not 

due to blockage of the pipette tip as confirmed by stable series resistance 

measurements across the duration of the recordings and successful ‘re-

patching’ experiments (Qui et al., 2014). This protocol gave stable responses 

in my control experiments. However, with oTau I demonstrated that the 

changes in action potential waveform are not simply a filtering effect and result 

may instead result from the modulation of specific voltage gated ion channels.  

7.1.3 oTau impairs synaptic transmission and enhances synaptic 

depression 

Next, given the effects on action potential dynamics, I wanted to investigate 

whether this translates into a change in transmission to neighbouring 

synaptically connected neurons. I made paired recordings in layer V neurons 

in the cortex and delivered oTau targeted to either the presynaptic or 

postsynaptic cell, while the rest of the network remained unaffected. In pairs 

where the presynaptic cell had been injected with oTau, the EPSPs were 
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reduced in amplitude over time even though the cells were still stable for the 

course of the recording. Even though the postsynaptic cell (generating the 

EPSPs) had no oTau introduced, the decline in transmission was clearly 

observed. This ruled out any changes in ligand gated ion channels (in 

particular AMPA receptors) in the postsynaptic cell being responsible for these 

changes. This is in contrast to the control cells, where the EPSP amplitude 

stayed constant over an hour of stable recording. There was also an 

enhancement of synaptic depression in the pairs when oTau was introduced 

into the presynaptic cell.  

Though the effects on synaptic transmission could be a result of the changes 

to action potential waveform, it is more likely that there are two separate effects 

because the significant changes to the action potential waveform occurred 

around 30-40 minutes after whole breakthrough whereas the changes to 

synaptic transmission began much earlier (after 10-20 minutes). It has also 

been reported previously in squid giant axons that injection of human tau could 

directly alter synaptic transmission without changing the waveform of the 

action potentials. It could be that as the action potentials get smaller, they are 

unable to be propagated down the axon. However, this is unlikely as it has 

been shown that ‘spikelet’s’, which are much smaller than full size action 

potentials, can be fully propagated down the axons of CA1 cells (Apostolides 

et al., 2016). Further work could confirm this by performing paired recordings 

at the soma (site of oTau introduction) and the axonal bleb of the same neuron 

and looking at conductance of action potentials down the axon to look for 

branch-point failure.  

The synaptic transmission deficits observed in my study match the published 

literature (McInnes et al., 2018; Zhou et al., 2017). In cultured hippocampal 

neurons, where a P301l tau construct had been delivered using an AAV viral 

vector, there was also enhanced synaptic depression with a train of stimuli, 

which resulted from the crosslinking of vesicles and actin (tau binds via the C-

terminus to actin and via the N-terminus to the vesicles), this reduced vesicle 

mobility and the speed at which the vesicles could restock, interrupting 

trafficking and recycling. They were able to counteract these effects with a 

truncation of the N-terminal region of tau and also using a peptide that is 
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targeted to bind and block the N-terminus of full-length tau. Both approaches 

prevented the N-terminus binding to vesicles and restored vesicle motility 

(Zhou et al. 2017; Fig 7.1).  

Figure 7.1: oTau crosslinks actin and vesicles, slowing vesicle recycling.  

Schematic to explain the main findings by Zhou et al (2017) whereby tau binds via the 

C-terminus to actin and via the N-terminus to the vesicles, this reduces vesicle 

mobility and reduces the speed at which the vesicles can restock, interrupting 

trafficking and recycling. This results in enhanced synaptic depression and could be 

counteracted using a peptide targeting the vesicle binding region on the N terminus.  

I have demonstrated a comparable increase in depression, consistent with 

their hypothesis of slower vesicle restock. However, this does not account for 

the changes to the first EPSP amplitude. Following on from the work conducted 

in this paper, it would be an interesting idea to test whether an N-terminal 

truncation of tau would rescue the effects that I observed in paired recordings, 

more specifically the oTau-mediated enhanced depression. This work directly 

complements a number of ongoing immunotherapy trials of N-terminally 

truncated tau in early Alzheimer’s disease (e.g., BIIB092; Biogen). This study 

could provide evidence as to what is functionally happening in these individual 

neurons. 

7.1.4 oTau does not affect basal synaptic transmission from 

postsynaptic sites 

I observed no basal synaptic transmission defect when tau was introduced into 

the postsynaptic cell in the synaptically connected pair. In tauopathies, a high 

proportion of the native tau that does aggregate is hyperphosphorylated. This 
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is complicated to study as tau has 85 possible phosphorylation sites (Mair et 

al., 2016; Silva et al., 2016). Early phosphorylation of tau is known to play a 

role in its detachment from microtubules and mis-localisation to dendrites, but 

it has not been shown which residues are responsible. Teravskis et al., (2018) 

demonstrated that phosphorylation of Ser396 and Ser404 at the C-terminus 

are required for tau mis-localisation and then in order to disrupt AMPA receptor 

trafficking one of the following residues also needs to be phosphorylated 

(Ser202, Thr205, Thr212, Thr217 or Thr231), all of which can be found in the 

N-terminal domain. It is important to highlight that during the production of my 

oligomers there was no phosphorylation of the tau. However, they may be 

phosphorylated within the cell after introduction. I did not measure 

phosphorylation inside the single cells given the large number of phosphor-

epitopes and that the fluorescence signal from a single phospho-epitope of 

introduced tau in a single cell would be too small to pick up with conventional 

confocal microscopy. Maybe this is because the oligomers were produced 

from a mechanism not reliant on hyperphosphorylation. They are however mis-

localising so it would be interesting to find a way to check if Ser396 and Ser404 

are being phosphorylated inside the cells from which I am recording. It is also 

worth noting that the sites needed for mediating the synaptic dysfunction are 

in the N-terminus; which fits nicely with my N-terminal truncation theory.  

7.1.5 oTau impairs long term synaptic plasticity  

Aggregated tau has been previously reported to impair some forms of synaptic 

plasticity including long-term potentiation (LTP) and long-term depression 

(LTD) (Fá et al 2016; Lasagna-Reeves et al, 2012; Ondrejack et al, 2018). In 

the next part of this project, I aimed to investigate whether impairment in LTP 

was a direct intracellular action of oTau rather than an extracellular action, and 

whether the effects were specific to the oligomeric forms of tau. I induced LTP 

in single cells using a high frequency tetanus stimulation. Upon receiving the 

stimulation, Na+ flows in through AMPA receptors, depolarising the post 

synaptic compartment and activating NMDA receptors causing the influx of 

Ca2+ and an increase in the number of AMPA receptors at the membrane and 

potentiating transmission (Lu et al 2001, Chater and Goda, 2014). LTP was 

reliably induced in control cells and abolished with L689,560 confirming it to 
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be NMDA receptor-dependent. Tau oligomers at concentrations of 44 nM and 

444 nM completely abolished long-term potentiation (and short-term 

potentiation) whereas monomers (444 nM) had little effect. The potentiation 

was slightly reduced compared to control but that could be due to 

reaggregation of tau inside the cell during the 45 minutes of recording.  

In future experiments, I would like to investigate the mechanism of how oTau 

mediates this inhibition. It could be that it is increasing the threshold for eliciting 

LTP, and therefore as a result the depolarisation reaching the dendritic spines 

is not sufficiently high enough to remove the NMDA receptor Mg2+ block. If this 

were the case, a stronger stimulus would be required for the oTau cells to be 

potentiated, which would be a fairly simple hypothesis to test. If this was not 

the case, then the LTP would still be inhibited with a larger stimulus. 

Alternatively, it could be that oTau is directly affecting potentiation by altering 

some of the necessary molecular machinery or pathways required to generate 

plasticity. For example, tau could interrupt AMPA receptor insertion (Jurado, 

2018). There is a wealth of evidence in tauopathy models showing that tau 

modulates AMPA trafficking and thus can alter synaptic strength in physiology 

(Suzuki and Kimura, 2017) and pathology, both in the presence of and 

independently of amyloid beta or alpha synuclein  (Chang et al., 2006; Crimins 

et al., 2011; D’Amelio et al., 2011; Miller et al., 2014; Polydoro et al., 2009; 

Shrivastava et al., 2019). This would require a more in-depth pharmacological 

molecular approach.  

A number of groups in the field have investigated other mechanisms of how 

tau might be mediating this reduction in LTP. To induce and maintain long-

term potentiation, a number of plasticity-related genes need to be transcribed. 

Transcription factor cAMP response element-binding protein (CREB) can be 

activated by a range of kinases including mitogen- and stress-activated protein 

kinase 1 (MSK1), cAMP-dependent protein kinases (PKA) or mitogen-

activated protein kinase/extracellular regulated kinase (MAPK/ERK) (Arthur et 

al., 2004; Privitera et al., 2020; Reyskens and Arthur, 2016; Teich et al., 2015). 

Once activated, transcription of plasticity related genes will occur, which are 

needed for successful long-term potentiation (Balschun et al., 2003; Barco et 

al., 2002; Bourtchuladze et al., 1994; Lee and Silva, 2009; Ran et al., 2012). 
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Thus, changes to CREB activity can alter synaptic plasticity. The level of 

phosphorylation of pCREB at serine 133, a key site for phosphorylation, has 

been shown to be considerably lower in Alzheimer’s disease (Yamamoto-

Sasaki et al., 1999). It was confirmed that oTau mediates a reduction in 

phospho-CREB and thus a reduction in the expression of immediate early 

genes c-fos and Arc, leading to impaired LTP (Acquarone et al., 2019). In 

future experiments, I would like to use RT-PCR to establish whether there are 

changes to these genes in my single cell assay to see if this is responsible for 

the reduction in potentiation. An alternative theory may be that ‘non-

pathological’ tau could have important roles in plasticity physiologically and 

that oTau might bind to and sequester this native tau, removing it from the site 

where it normally acts at in the dendrites, thus affecting plasticity (Regan et al., 

2015).  

I also looked at long-term depression, another key form of plasticity at these 

synapses. Given that Acquarone et al., (2019) report reduced levels of ARC in 

the presence of tau oligomers and given that ARC is a key mediator of mGluR-

LTD by causing the endocytosis of AMPA receptors (Wall et al., 2018; Waung 

et al., 2008), maybe ARC could be involved in the changes to LTD that I 

observe. This is something else that I could look at using single cell RT-PCR.  

7.1.1 oTau can diffuse to synaptic sites during 30-minutes of 

recording 

In a number of experiments Alexa fluor 594 hydrazide dye and Alexa fluor 488 

labelled tau oligomers were both added to intracellular solution to look at 

mislocalisation of oTau within CA1 cells over 30-minutes of recording. Given 

the small amount of oTau introduced, it is not possible to visualise it within the 

recorded neuron during recordings or by using standard confocal imaging, 

hence the need for long timeframe AiryScan detection. Developed by Zeiss, it 

allows significantly better resolution and improved signal-to noise ratios (Huff, 

2015). It enabled me to visualise the introduced oTau, at high resolution, 

determining where it had spread during the period of recording. oTau is able 

to travel from the site of introduction (soma) down the axon and reach distal 
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dendrites (beyond the bifurcation). This substantial finding is important as it is 

the first study to detail such rapid mislocalisation in a single neuron for tau 

oligomers. Given the short time frame, it is probably travelling by active 

transport, this could be evaluated in future studies. It would also be interesting 

to establish whether there is a specific region of tau required for mislocalisation 

and if so, what this is. It has been shown previously that tau can bind to vesicles 

via its N-terminus (Zhou et al., 2017). Theoretically tau might bind to vesicles 

in the soma and then get transported around the cell (attached to vesicles) and 

into the dendrites to the sites where synaptic sites can be found. If so, then a 

truncation of the binding region may prevent the mis-localisation. A limitation 

of this current study is that while I can confirm the localisation of the tau within 

the distal dendrites, I cannot confirm that the tau is localised specifically at 

post-synaptic sites without further co-staining for example with PSD-95. This 

approach is more complicated due to the length of time needed for imaging 

and the bleaching that occurs as a result of obtaining many large z-stacks as 

a tile scan over a period of ~24 hours across multiple wavelengths. It would 

finally also be beneficial to be able to visualise the oTau during my experiments 

to look at the time course of tau movement. In order to do this, a technique 

permitting the high resolution of Airyscan imaging whilst simultaneously 

making whole-cell patch clamp recording would be needed. This would also 

allow me to measure whether the introduced tau oligomers are secreted out of 

the introduced cell during the 30-minute timeframe.  

7.1.6 Can the observations with recombinant tau be replicated with 

human Alzheimer’s disease CSF samples? 

Although recombinant tau allows precise control over what is introduced into 

neurons (in terms of concentration, structure, and form), it is not fully 

representative of the range of oligomers that are present in AD.  A fraction of 

the toxic oTau pool in human AD brains is released into cerebrospinal fluid 

(CSF) in a manner that associates with pathological AD markers. CSF samples 

of patients with Alzheimer’s disease will contain raised levels of amyloid-beta 

(Aβ42), total-tau and phospho-tau and can therefore be used as biomarkers 
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(Song et al., 2018). In future experiments, I would like to use human AD CSF 

samples to investigate if my single cell protocol can correlate the observed 

changes in neuronal and synaptic properties with the composition and 

concentration of oTau in CSF samples from AD patients and whether this then 

also correlates with patient data on disease severity.  

To do this, I would first define the composition of each of the samples with a 

range of diagnostic parameters, including measurements of total tau, phospho-

tau, amyloid beta 42, neurofilament light (a marker of neuronal damage or 

injury) and GFAP (glial cell marker). The samples would contain a range of tau 

concentrations depending on the degree of disease progression. The clinical 

cut off to define an AD-positive case are p-tau181 >60 ng/L, and total-tau >350 

ng/L (Hansson et al., 2006). However, for advanced disease, samples will 

contain much higher concentrations of both tau and phospho-tau. The CSF 

samples will also contain other molecules e.g., amyloid beta, which could also 

potentially affect neuronal properties. To differentiate which effects are due to 

tau, a portion of each CSF sample would be immunodepleted for tau, using an 

established protocol (Cicognola et al., 2019) to complete removal of N-terminal 

region containing tau fragments (using an N-terminal antigen; confirmed with 

mass spectrometry imaging). In subsets of samples, a similar approach would 

be used to remove amyloid-beta, to explore independent and synergistic 

effects of tau and amyloid oligomers. I would compare the effects of introducing 

CSF from patients of varying pathological stages (AD, MCI, biomarker positive 

but cognitively normal along with age-matched healthy controls (experimenter 

blinded). The data I have obtained from recombinant tau gives me valuable 

information to guide the expected concentration-dependence of effects.  

I have acquired these samples from collaborators at the University of 

Gothenburg. However, in initial experiments, I came across a complication in 

the implementation of this protocol. It would be best to introduce the same 

concentration of sample obtained from the patients into cells. However, it 

would be diluted by 50 x into patch solution. Samples will therefore need to be 

freeze dried and then buffer exchanged in order to concentrate the protein 

species without concentrating the salts, as ensuring the correct osmolarity is 

vital for patch clamp recording. Initially I would use standard and dynamic IV 
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curves to extract electrophysiological data over time as this is robust and 

reliable. To compliment this, I would then investigate the profiles of the CSF 

samples using common biomarkers for synaptic dysfunction. Established 

assays to measure SNAP-25, GAP-43, PSD-95 would be implemented and 

combined with the profiling of AD biomarkers. These samples could then be 

tested using my electrophysiological assay to assess effects on synaptic 

transmission and plasticity. 

7.2 Truncating Tau Reveals Different Pathophysiological 

Actions of Oligomers in Single Neurons 

In conditions such as Alzheimer’s disease (AD), tau can dissociate from 

microtubules and then aggregate, with the small soluble oligomers (oTau) the 

most toxic species. However, the mechanisms of how oTau produces neuronal 

dysfunction are still not fully defined. By delivering oTau via the patch pipette 

(Hill et al., 2021, 2019; Kaufmann et al., 2016), I have demonstrated that full 

length oTau (FL-oTau) changes neuronal excitability, action potential 

dynamics, basal synaptic transmission and plasticity. Both labelled (Hill et al., 

2019; Chapter 3) and unlabelled (this study; Chapter 4) FL-oTau had very 

similar effects: they both increased input resistance, increased excitability, 

increased action potential width and reduced action potential amplitude. This 

confirms that the labelling of tau and modifying the positions of the cysteine 

residues in tau (Hill et al., 2019) had little or no effect on the actions of oTau 

on neuronal properties. 

7.2.1 Rationale of truncations 

Since monomeric tau did not exert any oligomer-mediated toxicities, I 

hypothesised that the observed effects were due to conformational changes 

that occur to form soluble aggregates. However, given previous reports that 

the extreme N-terminus of tau inhibits oligomer and fibril formation (Horowitz 

et al., 2006; Lapointe et al., 2009), I reasoned that N-terminal and C-terminal 

fragments of tau should have different effects on neuronal function. The site of 

truncation was informed by the recent discovery of two clinically-relevant N-

terminal fragments in human AD brains and CSF (N123 and N224; Cicognola 

et al., 2019) and the previously published evaluation of the role of the N-
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terminal truncation (aa124-444) in mediating synaptic dysfunction (Largo-

Barrientos et al., 2021; McInnes et al., 2018; Zhou et al., 2017). I therefore 

acquired recombinant versions of tau (from the University of Gothenburg) 

informed by a physiologically-relevant truncation at amino acid 123 that they 

had recently discovered in human AD brains and cerebrospinal fluid 

(Cicognola et al., 2019). I hypothesise that oligomers formed from N-terminal 

truncated tau (amino acids 124-444; CFRAG) and soluble aggregates of the non-

oligomer forming N-terminal fragment (amino acids 1-123; NFRAG), will elicit 

distinct effects on single neuron physiology. 

7.2.2 CFRAG tau produces oligomers that increase excitability by 

changing spike threshold 

I began investigating the mechanisms underlying the actions of FL oTau using 

an N-terminal truncation (CFRAG). I found that CFRAG tau oligomers did not 

replicate the effects on action potential kinetics or input resistance that I 

observed with FL oTau but despite this, they did increase excitability. I went 

on to demonstrate that this is mediated by a negative shift in rheobase (the 

minimum current needed to elicit an action potential), thus resulting in the 

neurons being more excitable. In my previous study (Hill et al., 2019; Chapter 

3), I was unable to use the dynamic IV method (Badel et al., 2008a, 2008b; 

Harrison et al., 2015) to fully parameterise neuronal changes over the time 

course of the experiments due to the changes to action potential shape. As the 

action potential waveform was unaffected with the truncation, I was able to use 

the dynamic IV protocol and found that CFRAG tau oligomers reduce the spike 

initiation threshold (making it ~ 4mV more hyperpolarised). There was no 

change in membrane potential and thus the difference between spike 

threshold and resting potential is reduced, increasing the likelihood of firing 

action potentials. To further confirm this observation, I used the parameters 

extracted from the dynamic IV curve at 0 minutes to simulate a voltage 

response using the exponential integrate and fire model (Fourcaud and Brunel, 

2002; Fourcaud-Trocmé et al., 2003), demonstrating a comparable firing rate 

to the experimental traces. Then by manipulating only the spike initiation 

threshold by the mean reduction (4 mV), and re-running the simulation, I 

generated a trace which had comparable increase in firing rate as seen in the 
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experimental voltage recording at 40 minutes. Thus, confirming that the 

change in spike threshold alone is sufficient to mediate the change in neuronal 

excitability (Table 7). 

7.2.3 The N-terminal fragment changes input resistance at high 

concentrations 

I then investigated the fragment that had been removed to generate the 

truncation (amino acids 1-123; NFRAG). This tau fragment has also been 

reported to make up a large proportion of the tau found in the CSF of 

Alzheimer’s disease patients and it has been suggested that N-123 tau could 

represent a general marker of tau metabolism (Cicognola et al., 2019). NFRAG

does form aggregates but will not form the same structured oligomers as FL-

oTau does, thus I expected it to have different effects. When the N-terminal 

fragment of tau was introduced into neurons at an equivalent concentration 

used for the FL tau (444 nM) it produced a rapid and large increase in input 

resistance together with a reduction in action potential amplitude and a marked 

slowing of action potential kinetics. These effects occurred within 5 minutes of 

whole-cell break-through. By measuring the neuronal time constant I found 

that the apparent cell capacitance had significantly decreased. This led me to 

hypothesise that the tau could be inferring with current flow in the cell soma 

and making it seem electrotonically more compact. I tested this by making 

double patch clamp recordings from the soma of a single neuron, introducing 

NFRAG into one pipette and recording form both. I showed that although the 

input resistance had increased after 5 mins, the current flow between the two 

electrodes had significantly decreased. This suggests that the NFRAG tau is 

aggregating and reducing current flow across the cell (Table 7). Given that in 

my original study (Hill et al, 2019; Chapter 3) I demonstrated a concentration-

dependence of tau effects, I reduced the concentration of NFRAG tau in order to 

be able to record for the full 40 minutes for comparison with the other species.  

7.2.4 The N fragment changes action potential amplitude and width 

at low concentrations 

Introducing the NFRAG tau at lower concentrations (133 nM) selectively 

changed action potential amplitude and width without changing input 
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resistance. This suggests that the changes in action potential waveform are 

not simply due to increased filtering. To confirm this further, I tested NFRAG tau 

monomers and observed comparable changes to action potentials. This was 

surprising given that tau-mediated dysfunction has been almost solely 

replicated with oligomers and aggregates, while monomeric versions are 

largely assumed not to be pathologically relevant. 133 nM NFRAG tau 

monomers also altered the action potential waveform; thus, the effect is likely 

unrelated to structure and maybe instead due to a sequence in the N-terminus 

binding directly (Table 7). Given that both the rate of rise and decay are 

affected (Hill et al, 2019; Chapter 3), I hypothesised that the tau might be 

interacting with voltage-gated sodium channels and altering their function.  

7.2.5 FL-oTau alters voltage-gated sodium currents 

The neuronal function of sodium channels can be inferred from their kinetic 

properties as measured using whole-cell voltage clamp (Hodgkin and Huxley, 

1952). Recording voltage-gated sodium currents in neurons in a brain slice is 

difficult because it is challenging to achieve a good voltage clamp due to the 

size of the neurons and resultant space clamp problems (Bar-Yehuda and 

Korngreen, 2008; Hartline and Castelfranco, 2003; Rall and Segev, 1985; 

Spruston et al., 1993; White et al., 1995). A large proportion of sodium 

channels are clustered in the axon initial segment (Castelli et al., 2007; 

Diwakar et al., 2009; Kole et al., 2008; Osorio et al., 2005; Royeck et al., 2008), 

and their voltage can differ significantly from that at the soma (Kole et al., 2008; 

Stuart et al., 1997). Therefore, when attempting to voltage clamp at the soma, 

these electrotonically remote sodium channels (to the site of recording) will 

generate unclamped action potentials, impeding the ability to measure 

controlled responses. To counteract this space clamp problem, most 

experiments looking at sodium currents are performed in reduced models such 

as nucleated patches, dissociated or cultured neurons. However, this is less 

relevant physiologically because the distribution and density of channels may 

not reflect the natural condition. Being able to record currents in slices provides 

information about channel function in their natural environment. I adapted a 

protocol (Milescu et al., 2010) which enabled me to make controlled voltage 

clamp recordings of sodium currents from neurons in acute brain slices.  
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Voltage-gated sodium channels are widely expressed across the CNS and 

PNS (de Lera Ruiz and Kraus, 2015). In the central nervous system (CNS), 

the channels that are the most abundant are Nav1.1, Nav1.2, Nav1.3, Nav1.5, 

and Nav1.6 (Wang et al., 2017). While Nav1.7, Nav1.8, and Nav1.9 are mainly 

found in the peripheral nervous system (PNS; Wang et al., 2017), they can 

also be found in certain regions of the brain. For example, Nav1.7 channels, 

located in the hypothalamus, are involved in the regulation of body weight 

(Branco et al., 2016). At the axon initial segment (AIS) of CA1 pyramidal 

neurons, NaV1.1, NaV1.2, and NaV1.6 channels have been detected (Akin et 

al., 2015; Boiko et al., 2001; Garrido et al., 2003; Hossain et al., 2005; Ogiwara 

et al., 2007; Van Wart et al., 2007; Van Wart and Matthews, 2006). NaV1.6 

channels are highly abundant and have a more hyperpolarized voltage of 

activation compared with the other sodium channel isoforms, contributing to 

the lower activation threshold (Royeck et al., 2008). The sodium channels in 

the AIS probably make only a small contribution to the sodium currents I 

measured. This is a possible limitation of the technique that I have used. 

However, NaV1.6 is also present in the soma, although at less abundance than 

at AIS (Lorincz and Nusser, 2010). Despite this, the technique I have used 

allows controlled measurements of sodium channel currents in acute slices 

and provides more physiologically realistic information than recombinant 

sodium channels in cell lines.   

FL-oTau had three effects on sodium channel currents: Firstly, the half 

activation was reduced, reflecting the increase in neuronal excitability, 

consistent with the effects of CFRAG.  Secondly, the rate of activation was 

reduced, underlying the slower AP rise, consistent with the effects of NFRAG 

introduction. Finally, FL-oTau reduced  ḡ�� (maximum sodium conductance) 

by ~ two thirds. To investigate the effects that this would have on the AP, I 

implemented a simplified AP model (Hodgkin and Huxley, 1952). Reducing ḡ��

had effects that matched the experimental data (reducing AP amplitude and 

increasing rise to threshold). Thus, this reduction in conductance alone could 

account for the changes in AP waveform that were observed experimentally.  

From the unnormalized conductance plots, I noticed that the rate of 

conductance increase appeared faster for FL-oTau despite ḡ�� being reduced 
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(Fig 4.8) therefore, the effects are non-monotonic. Overall, it appears that there 

is a lower maximal conductance at 20 mins (and therefore AP height is 

reduced), but there is a small region at low voltages where the conductance is 

higher for FL-oTau, which means the model is more excitable. This means the 

profile of the ��� activation has been changed by oTau; it is not just an issue 

of different maximal conductance magnitudes. It also suggests that an 

interaction with sodium channels could underlie both observed phenotypes. 

The simplest explanation for these observations is that specific a sequence in 

the NFRAG tau is binding to the sodium channel to change the activation 

kinetics. Since the sodium currents are recorded in isolation, the most likely 

mechanism is a direct binding of the tau oligomers to the sodium channel.  

The mammalian sodium channel is a molecular complex of an ∼2000 amino 

acid α-subunit, which mediates the main channel functions and contains drug 

interaction sites, and smaller β-subunits, which modulate membrane 

expression (Catterall, 2012, 1981; Patino and Isom, 2010). The α-subunit is 

divided into 4 domains each with 6 segments (S1-S6). S1-4 form the voltage 

sensing domain (Kontis et al., 1997) and S5-6 form the pore forming domain. 

Upon depolarisation, S6 segments move leading to channel opening via the 

P-loop between S5 and S6 which forms the channel pore (de Lera Ruiz and 

Kraus, 2015; Fozzard et al., 2011). The S4 segments contain a high proportion 

of positively charged amino acid residues that make it responsive to changes 

in the membrane potential of the cell (Bezanilla, 2000). It is interesting to 

speculate on whether the tau oligomers could bind to the sodium channels to 

change the coupling between depolarisation and pore opening. Many studies 

have shown that changes in the S4 segments, associated linkers and 

cytoplasmic loops can all change the activation of the channels (de Lera Ruiz 

and Kraus, 2015; Fozzard et al., 2011).  
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Table 2.1: Summary of findings using recombinant truncations of tau and 

identified mechanisms 

7.2.6 Future experiments 

In future experiments, I would like to identify the minimal region of tau that is 

responsible for interacting with sodium channels. This could be done most 

efficiently using the mammalian two-hybrid system (M2H) to look for 

interactions between a library of fragments of the tau protein and the sodium 

channels expressed in CA1 neurons. This approach would permit quick 

identification of protein-protein interactions in a native cellular environment 

where post-translational modifications such as phosphorylation, acylation and 

glycosylation are possible (Luo et al., 1997). I could then use site-directed 

mutagenesis to disrupt these interactions and generate plasmids for human 

tau that cannot interact with sodium channels (termed hTauMUT). Although my 

in vitro approach has provided detailed characterisation of the pathological 

actions of oTau; it cannot predict how these changes will modulate network 

function and ultimately behaviour. AAV-viral vectors provide a flexible 

approach to introduce tau (wild-type or mutant) via stereotaxic injection to a 

site of interest and then following tau expression, behaviour can be studied. 

This approach leaves endogenous mouse tau unaltered so there is less 

chance of unrelated effects (compared to transgenic approaches). Many 

studies using this approach have introduced versions of AAV-GFP-P301L-
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hTau (a Frontotemporal dementia mutation which increases the likelihood of 

abnormal hyperphosphorylation; Alonso et al., 2004) and in line with the 

corresponding transgenic methods have highlighted neuronal dysfunction and 

behavioural deficits consistent with AD pathology. As my recombinant studies 

have been carried out with wild type (WT) full length tau, I looked instead for 

studies introducing AAV-GFP-hTau (non-mutant). In Yin et al., (2016), six 

weeks after injection with AAV-hTau expression in the CA3 region of the 

hippocampus of wild-type mice, there were measurable deficits in excitatory 

synaptic transmission, spatial and contextual memory (Yin et al., 2016). Using 

this experimental design, GFP-tagged AAV viral vectors for wild-type tau and 

for the identified mutant (hTauMUT) could be generated and introduced into the 

hippocampus via stereotaxic injection to establish functional effects of binding 

(and lack thereof). The Barnes maze could also be used to measure spatial 

learning, memory retrieval, and cognitive flexibility. This would answer whether 

the role of the interaction with sodium channels is important in the synaptic and 

behavioural effects in the context of the cognitive dysfunction that typically 

occurs in AD.  

Conclusion 

I have demonstrated that by truncating tau and generating aggregates of 

specific regions, I am able to dissect apart a number of the effects observed 

with FL-oTau. This has allowed me to probe the mechanisms underlying the 

effects, discovering novel oTau-mediated changes to the spike initiation 

threshold and voltage-gated sodium channel kinetics (Table 8). Aside from 

providing a novel experimental tool, the findings with recombinant (but 

clinically-relevant) tau truncations pose an interesting hypothesis with regards 

to pathology too. If tau is primarily present as the CFRAG form, then it will mostly 

affect excitability and not change action potential waveform. However, if the 

NFRAG accumulates in the soma it will have large effects on neuronal integration 

and action potential waveform. Identifying the regions of tau mediating 

neuronal dysfunction will assist in tracking down protein-protein interactions, 

help design assays for interacting partners and provide a mechanistic 

framework for drug development. 
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7.3 Chapter 5 – αSyn mediated pathology 

Here I have used whole-cell patch-clamp recording to introduce a known 

concentration and form of aggregated alpha synuclein (αSyn) into single 

substantia nigra pars compacta (SNpc) dopaminergic neurons in acutely 

isolated mouse slices.  

7.3.1 Characterisation of the aggregates 

Alpha synuclein was purchased as preformed fibrils (PFFs) and ultrasonication  

was used to break them down to oligomeric form (as in Polinski et al., 2018). 

While the majority of the αSyn sample displayed clear oligomeric structure, I 

cannot rule out the presence of other small aggregates like small ~ 50 nm fibrils 

(Polinski et al., 2018). A recent study has developed a new method used 

emerging technologies to fully isolate just the oligomeric fractions of alpha 

synuclein (Kumar et al., 2020), it would be interesting in future experiments to 

repeat these experiments with a purely oligomeric prep  

7.3.2 Alpha-synuclein aggregates, but not monomers, alter the 

electrophysiological properties of SN DNs. 

Both standard current-voltage relationships (SIV, with step current injections) 

and dynamic current-voltage relationships (DIV, with naturalistic current 

injection) were used to extract neuronal parameters and evaluate the effects 

of aggregate introduction. A significant increase in whole-cell conductance (fall 

in input resistance) was observed between 8-16 minutes after whole-cell break 

through, indicative of the opening of a membrane channel. This increase in 

conductance was paired with a reduction of both the induced and spontaneous 

firing rate (a measure of neuronal excitability) as well as abolishing rebound 

firing, which is normally characteristic of dopaminergic neurons following the 

input of a hyperpolarising step. These effects were only seen with the 

aggregated forms of alpha synuclein, but not with monomeric alpha synuclein 

or in the control cells. Changes to conductance and excitability began to occur 

between 8-16 minutes post whole-cell breakthrough. It may be that the alpha 

synuclein aggregates need time to reach a certain concentration before the 

channels can be opened. By comparison, in Chapter 3, introduction of 
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aggregated tau (444 nM) into pyramidal neurons started to have effects on the 

action potential within the first 10 minutes (Hill et al., 2019). In future 

experiments, I would like to evaluate whether there is a concentration-

dependent effect of alpha synuclein aggregates, perhaps with lower 

concentrations having a slower onset (as in Chapter 3; Hill et al., 2019). 

7.3.3 Modelling DNs.  

I had originally hoped to be able to use the dynamic IV method to parameterise 

these dopaminergic neurons as it provides a good method to develop 

simplified, but empirically-verified models of neuronal responses based on 

experimental data. The protocol was originally developed for pyramidal 

neurons and interneurons (Badel et al., 2008a, 2008b) and has been applied 

in my lab to cortical layer V neurons and hippocampal CA1 neurons (Harrison 

et al., 2015; Hill et al., 2019; Kaufmann et al., 2016). The method is effective 

in these neurons as their currents are broadly linear away from the action 

potential threshold. Dopaminergic neurons, on the other hand express 

significant non-linear currents (Neuhoff et al., 2002; Richards et al., 1997), 

therefore the DIV curves diverge away from a standard ohmic linear response 

(Fig 7.2).  

Figure 7.2: Dopaminergic neurons have non-linear dynamic IV curves.  

A) Example dynamic IV curve for a dopaminergic neuron, clearly displays a non-linear 

form compared to the example dynamic IV curve for the pyramidal neuron in (B). The 

non-linearity is likely to result from their expression of significant non-linear currents 

(Neuhoff et al., 2002; Richards et al., 1997).  
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It would significantly aid the quantitative analysis of future experiments if the 

dynamic IV protocol could be adapted to better fit neurons that differ from the 

standard linear form. This would allow a greater investigation of the effects of 

alpha synuclein on neuronal function in dopaminergic neurons, however this 

modelling was outside the scope of my PhD.  

7.3.4 The decrease in conductance and firing rate caused by alpha 

synuclein is in part due to the opening of KATP channels 

KATP channels are inwardly rectifying K+-selective ion channels that are 

inhibited by intracellular ATP. They provide a link between the energy state of 

cells and their electrical activity acting as a metabolically controlled “brake on 

excitation”. When there is a decrease in sub-membrane ATP levels and an 

accompanying rise in ADP concentration (during activity), this triggers KATP 

channel opening, thus resulting in a drop in input resistance, K+ moves out of 

the cell, inducing hyperpolarisation of the membrane potential (Haller et al., 

2001; Seino, 1999; Stanford and Lacey, 1995). This mechanism protects 

against glutamate excitotoxicity and calcium overload and has thus important 

functions in neuroprotection in epilepsy or ischemia (Liss and Roeper, 2001). 

Conversely, when ATP levels are high, ATP binds to KATP channels and 

inactivates them, leading to increased neuronal firing and neurotransmitter 

release.  

KATP channels consist of a Kir6.x (inwardly rectifying Kir6.1 or Kir6.2) pore-

forming subunit and a sulfonylurea receptor (SUR1 or SUR2) subunit which 

binds ATP (Inagaki et al., 1995; Sakura et al., 1995). KATP channels are 

ubiquitously expressed across the basal ganglia and the cortex but the 

expression of subunits differs across regions (Liss et al., 2005; Schiemann et 

al., 2012). For example in the SN (an area with enhanced vulnerability to 

Parkinson’s pathology), the expression of SUR1 is two-fold higher than in the 

VTA (a region less susceptible to damage), providing a potential reason for the 

difference in vulnerability (Han et al., 2018; Liss et al., 2005). An upregulation 

of SUR1 (but not SUR2B or Kir6.2) has also been confirmed in both PD brains 

and in alpha synuclein overexpression cultured systems suggesting that SUR1 

expression will correlate well with vulnerability to pathology (Liss et al., 2005). 
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In dopaminergic neurons of the substantia nigra, KATP channels are more 

sensitive to mitochondrial complex I inhibitors, like rotenone or 1-methyl-4-

phenyl- 1,2,3,6-tetrahydropyridine (MPTP), which are commonly used to 

induce models of oxidative stress induced Parkinson’s disease pathology 

which may contribute to their enhanced vulnerability (Han et al., 2018; Röper 

and Ashcroft, 1995; Santos et al., 2019).  

KATP channels also have functions outside of neuroprotection, for example in 

glucose sensing. Within the hypothalamus there are regions of neurons that 

respond to changes in nutrients and hormones and can detect fluctuations in 

glucose levels (Anand et al., 1964; Levin et al., 1999; Oomura et al., 1964) 

which is important to help regulate energy intake (Navarro et al., 1996). These 

neurons can be divided into subgroups that are excited by or inhibited by rises 

in glucose level. In the neurons that are excited by raised glucose, in low 

glucose conditions for example hypoglycaemia, their activity can be regulated 

by the activation of KATP channels, hyperpolarising them and reducing neuronal 

activity (Oomura et al., 1969; Trapp and Ashcroft, 1997). This can occur in the 

absence of any change in ATP/ADP ratio (Dadak et al., 2017). Injection of 

glibenclamide into the ventromedial hypothalamus confirms the role of KATP

channels in neuronal defence against glucose deprivation (Evans et al., 2004).  

KATP channel activity can also be regulated indirectly through glia. The 

subfornical organ (SFO), which is located on the anterior wall of the third 

ventricle, is a key region for sensing Na concentration to regulate water and 

salt uptake. Here there are glial cells that express Nax channels are coupled 

to the Na+/K+-ATPase (Shimizu et al., 2007). When Nax channels open the 

Na+/K+-ATPase is activated and consumes more ATP. Glucose is taken up 

into glial cells which is used in anaerobic glycolysis to produce ATP to fuel the 

pump. Lactate is also produced as a by-product and is then released from the 

glial cells. The Nax-positive glial cells surround a population of GABAergic 

neurons in the SFO (Hiyama and Noda, 2016; Watanabe et al., 2006). The 

released lactate is taken up into these GABAergic neurons and oxidised 

causing an increase in intracellular ATP which closes KATP channels and thus 

depolarises the neurons and increases their firing rate (Hiyama and Noda, 

2016).  
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Glibenclamide is a commonly used antidiabetic KATP channel inhibitor which 

can act from both sides of the membrane and its action is normally antagonised 

by the presence of internal MgADP (Jiang and Haddad, 1997; Light and 

French, 1994; Ripoll et al., 1993). 100 nM Glibenclamide can counteract the 

opening of KATP channels (and the subsequent conductance changes) that 

occur with the rotenone model of PD (Liss et al., 1999). It has also recently 

been demonstrated (Thakur et al., 2019), that 10 nM alpha synuclein oligomers 

delivered via the patch pipette mediate a reduction in tonic firing and that this 

could be prevented by preincubation of slices (and bath application) with 1 µM 

glibenclamide.  

I therefore repeated my experiments (both control and alpha synuclein 

aggregate introduction after preincubating my slices with 1 µM glibenclamide.  

In control cells, there were no significant differences in any of the measured 

parameters between cells that had or had not been preincubated with 

glibenclamide, suggesting that there are very few KATP channels open 

physiologically. Given that they are inhibited by intracellular ATP and that my 

patch solution contained 2 mM ATP, the closure at rest is not surprising. 

However KATP channels can differ in their affinity for ATP and so there may be 

some channels that are not inhibited by this level of ATP (Allen and Brown, 

2004). There is also evidence that local levels of ATP surrounding the KATP

channel, which can be mediated by glucose transporters in close proximity to 

the KATP channel can influence activation, independently of the global ATP 

level of the neuron, which will be regulated by mitochondrial activity (López-

Gambero et al., 2019; Lynch et al, 1988). Thus despite the high ATP in my 

patch solution KATP channels may still be able to open. It is also possible that 

the effects of alpha synuclein are via a direct action on the channel rather than 

via a reduction in intracellular ATP (as is seen with mitochondrial dysfunction 

in models such as rotenone and MPTP detailed above). Channel openers like 

diazoxide have previously been shown to directly open KATP channels in 

despite the presence of ATP (Schwanstecher et al., 1998), so it is possible that 

αSyn aggregates could have a similar direct action. 

In glibenclamide-preincubated slices, cells that had alpha synuclein 

aggregates introduced displayed a reduction in the aggregate-mediated 



230 

changes in conductance and excitability, as would be consistent with the 

opening of KATP channels. However, I observed no associated membrane 

hyperpolarisation, which would be expected upon KATP channel activation due 

to the equilibrium potential for K+ being ~ -95 mV (Allen and Brown, 2004; 

Stanford and Lacey, 1995). It could be that this hyperpolarisation is being 

counteracted by the opening of other channels which could depolarise the 

membrane. For example it has been reported that alpha synuclein itself can 

form non-selective cation channels as well as inducing local spontaneous 

increases in intracellular Na+ and Ca+ channels, depolarising neurons and 

stimulating the opening of KATP channels (Mironov, 2015). Dopaminergic 

neurons in the substantia nigra have prominent cyclic nucleotide gated HCN 

channels I(h) which are activated by hyperpolarisation. They have a reversal 

potential of ~-40 to -30 mV (Mayer and Westbrook, 1983). It is possible that 

the introduction of alpha synuclein oligomers only opens a relatively small 

number of KATP channels so is insufficient to change the membrane potential 

against the responsive reaction of I(h), however enough are opened to 

generate the changes to the input resistance/conductance of neurons. 

Whereas, in models where the intracellular ATP concentration is depleted or 

in the presence of KATP channel openers, many more KATP channels may be 

opened, overcoming the effects of I(h) leading to robust membrane 

hyperpolarisation, as is commonly reported (Stanford and Lacey, 1995). To 

definitively show that KATP is the channel involved in this conductance change 

then a transgenic mouse where the KATP gene has been deleted or using a cell 

line expressing the KATP channels that are normally present in the substantia 

nigra would be needed. These would-be good follow up experiments from this 

study.  

In terms of pathology, it is possible that the accumulation of alpha synuclein 

aggregates in substantia nigra dopaminergic neurons during Parkinson’s 

disease progression could potentially result in the prolonged activation of KATP

channels which would chronically reduce electrical activity and also reduce the 

amount of dopamine released (Avshalumov and Rice, 2003; Patel et al., 2011), 

which will be detrimental to neuron function with the loss of the metabolic 

feedback mechanism. This is supported by retrospective epidemiological 
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evidence that there is a reduced risk for developing Parkinson’s disease in 

type 2 diabetic patients that have been treated with KATP inhibitors (Brauer et 

al., 2015; Cereda et al., 2013; Lu et al., 2014; Schernhammer et al., 2011; 

Wahlqvist et al., 2012).  

In future experiments, it would be good to be able to determine fully the 

relationship between aggregated αSyn and KATP channels. The opening of 

KATP channels by aggregated αSyn occurs despite the presence of 2 mM ATP 

and phosphocreatine in the patch pipette. Thus, it is likely to be a direct effect 

on the channel. To test this, I would express recombinant KATP channels and 

measure the effects of aggregated αSyn introduced via the patch pipette. I will 

also investigate whether there are smaller effects in less vulnerable regions of 

DNs to PD pathology (e.g., VTA) as they are known to have different KATP

subunit expression (Liss et al., 2005). Single-cell RT-PCR could also be used 

to quantify the expression of different KATP subunits which can be correlated 

with changes in neuronal function.  

7.3.5 Mosaic effect of aggregated alpha synuclein in layer V of the 

cortex 

My lab had previously published a study in which oligomeric forms of alpha 

synuclein protein (500 nM) were introduced into single layer V neurons in the 

neocortex via the patch pipette (Kaufmann et al., 2016). They reported a very 

rapid time-dependent decrease in input resistance (occurring in the first 8 

minutes of recording) and then a plateau for the remainder of the recording 

time. They also observed a decrease in both the firing rate of cells and the 

width of evoked action potentials (Kaufmann et al., 2016).  In a subset of 

experiments, I decided to replicate this study and check that my aggregates 

had the same effects. I recorded from layer V pyramidal neurons in the 

neocortex (identified by their location, electrophysiological phenotype, and 

profile after being filled with Alexa fluor dye) and introduced either alpha 

synuclein 500 nM (n=9) or PBS (vehicle, n=9), in the internal solution to single 

neurons through the patch pipette. The mice were age-matched to the original 

study and the same concentration of oligomer was used. I observed that half 

of the recorded neurons exhibited a similar phenotype (decrease in input 
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resistance and firing rate) but that there were also a number of unaffected 

neurons. In the original study, two mutations commonly found in PD which 

make alpha synuclein more prone to aggregation had been induced 

(E46K,Y39W; Kaufmann et al., 2016). The alpha synuclein used in my study 

was wild type, so will be less prone to aggregation which might explain why 

the effects that I observed were less rapid.  

In future studies it would be interesting to explore why only some neurons are 

affected. It is well established that the endogenous expression of alpha 

synuclein varies from cell to cell across regions like the cortex. Recently a 

number of important studies have indicated that the ability of alpha synuclein 

aggregates to seed pathology (upon spreading between neurons) is reliant on 

the recipient neuron expressing endogenous alpha synuclein (Courte et al., 

2020; Luna et al., 2018). In cell culture models where alpha synuclein was 

knocked out, it was not possible to seed the pathology into the neurons (Courte 

et al., 2020). In two further studies, antisense oligonucleotides were used to 

knockdown alpha synuclein mRNA and protein, both in vitro and in vivo and 

this prevented the seeding of pathology and ameliorated neurological deficits 

(Alarcón-Arís et al., 2018; Uehara et al., 2019). A limitation of these studies is 

that they cannot answer whether these neurons are directly affected (after the 

aggregates have been up taken into the cells) or whether the uptake of the 

aggregates are blocked by the lack of endogenous alpha synuclein. I would 

like to implement my single cell delivery method to assess whether the cells 

are actually immune to the aggregate-mediated pathology when it is 

introduced directly or whether it is just blocking the uptake step. This could be 

done effectively using single cell RT-PCR to quantify and correlate the 

electrophysiological responses with the expression of endogenous alpha 

synuclein or by performing the experiments in a recently developed alpha 

synuclein GFP tagged mouse model (Caputo et al., 2020).  

Therapeutically there is potential to utilise this to try to combat alpha synuclein-

mediated pathology and associated degeneration. A number of different 

approaches are being trialled including the application CRISPR-deactivated 

Cas9 to downregulate the levels of SNCA in patient-derived dopaminergic 

neurons. This downregulation was sufficient to prevent the mitochondrial ROS 
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production and rescue cellular viability. As discussed in the introduction, one 

of the key limitations to dopaminergic neuron grafts in gene therapy is that the 

grafted neurons are themselves susceptible to the pathology over time. If by 

knocking down alpha synuclein, these new neurons are no longer susceptible 

to pathology, then that would be a huge advance on the potential that the 

treatment can give in terms of longevity of quality of life.  

7.4 Chapter 6 – CO2 sensitivity in two key dopaminergic nuclei 

It is well established that Connexin 26 hemichannels are directly sensitive to 

physiological changes in the level of CO2. Raised CO2 directly mediates the 

carbamylation of lysine 125 (de Wolf et al., 2016; Huckstepp et al., 2010b, 

2010a; Meigh et al., 2013) and increases their open probability. Therefore, an 

increase in CO2 will increase whole-cell conductance. CO2 sensitive connexins 

are normally found in astrocytes or oligodendrocytes, for example on the 

surface of the medulla oblongata (Nagy et al., 2011; van de Wiel et al., 2020).  

Dopaminergic neurons were first discovered to be electrically coupled by gap 

junctions by Grace and Bunney, (1983) using a combination of 

electrophysiology and dye-coupling experiments. This was confirmed by a 

separate study (Vandecasteele et al., 2005) and later the same group went on 

to evaluate the expression profile of connexins in dopaminergic neurons using 

single cell RT-PCR (Vandecasteele et al., 2006). In P7-10 mice, connexins 26 

and 30 were both present, but the expression is gone by P17, demonstrating 

a developmental switch in expression (Vandecasteele et al 2006). It is well 

established that Connexin 26 hemichannels are directly sensitive to 

physiological changes in the level of CO2. Raised CO2 directly mediates the 

carbamylation of lysine 125 (de Wolf et al., 2016; Huckstepp et al., 2010b, 

2010a; Meigh et al., 2013) and increases their open probability. Therefore, an 

increase in CO2 will increase whole-cell conductance. It is particularly intriguing 

as CO2 sensitive connexins are normally found in astrocytes or 

oligodendrocytes, for example on the surface of the medulla oblongata (Nagy 

et al., 2011; van de Wiel et al., 2020). A limitation of single cell RT-PCR is that 

it does not tell you that the protein is there or that it is functional, just that there 
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Cx26 is expressed. I therefore used electrophysiology and dye-loading to look 

for the presence of functional connexin hemichannels.  

7.4.1 CO2-sensitivity in substantia nigra dopaminergic neurons is 

dependent on developmental stage 

Dopaminergic neurons were identified by their electrophysiological profile and 

using immunohistochemistry. I did not find evidence of dye coupling between 

neurons that I had filled for identification, this is likely because Alexa Fluor 594 

cannot easily pass through Cx26 channels (Weber et al., 2004). In substantia 

nigra DNs of P7-10 mice (but not P17-20 or control mice), when CO2 was 

raised from 35 mm Hg CO2 to 55 mm Hg CO2, an increase in whole-cell 

conductance was observed (indicating the opening of a membrane channel). 

In the same mice, the opposite effect (decrease in whole-cell conductance) 

was observed when CO2 was reduced from 35 mm Hg CO2 to 20 mm Hg CO2. 

These observations are in line with the developmental expression profile 

outlined in Vandecasteele’s study (2006). My observations were not an 

artefact of the dialysis of the cell following whole-cell breakthrough as the cells 

were firstly allowed time to equilibrate, then standard and naturalistic currents 

were injected to form IV curves. In a subset of neurons, pharmacological 

agents were applied to characterise the cells (~30 mins to apply and wash) 

prior to the alteration of CO2.  

7.4.2 Comparable sensitivity to CO2 in GABAergic neurons in the 

VTA 

The ventral tegmental area (VTA) is highly heterogeneous and a core region 

of dopaminergic signalling in the brain. It has subgroups of neurons that can 

singularly release dopamine, glutamate or GABA or co-release a combination, 

allowing the VTA to function flexibly (Bouarab et al., 2019; Morales and Root, 

2014; Root et al., 2018; Takata et al., 2018; Yoo et al., 2016). I have 

demonstrated that a subpopulation of VTA GABAergic neurons are also 

directly sensitive to level of CO2 and that this is mediated via connexin 26 

(Cx26) membrane hemichannels. This has potentially interesting implications 

in a number of VTA mediated behaviours including reward, sleep/wake and 

arousal (Bouarab et al., 2019, Eshel et al., 2015; Eban-Rothschild et al., 2016; 
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Fifel et al., 2018; Simmons et al., 2017; Tan et al., 2012; Takata et al., 2018; 

Yu et al., 2019; van Zessen et al., 2012).  

7.4.3 Changes are not mediated by an alteration in pH 

Changing the level of CO2 experimentally (without compensation) will result in 

a change in pH. The role of pH-sensitive receptors in the control of breathing 

is well established, both in the periphery and centrally in the medullary 

chemosensory areas such as the retrotrapezoid nucleus and the medullary 

raphe (Gourine et al., 2010; Hosford et al., 2018; Kumar et al., 2014; 

Loeschcke, 1982; Trapp et al., 2008; Wang et al., 2013). However, there is 

considerable evidence that CO2 can have additional effects that are completely 

independent from pH (Eldridge et al., 1985; Shams, 1985). To separate the 

effects of CO2 from any effects of changing pH, I kept extracellular pH constant 

using isohydric solutions (an increase in pCO2 under these conditions is often 

termed isohydric hypercapnia). It is also well documented that intracellular pH 

will transiently acidify when the level of CO2 is raised and transiently alkalinise 

on its removal (Filosa et al., 2002; Putnam, 2001). In my study, I did not 

measure intracellular changes in pH, however, a mild intracellular acidification 

would be expected to result in hemichannel closure and a decrease in 

conductance. Thus, these transient changes in pH cannot explain the marked 

and sustained changes in conductance that only occur in these specific 

subtypes of neuron. There was also no effect of changing CO2 (with isohydric 

solutions) both on dopaminergic neurons in the substantia nigra of older mice 

(P17-21) and in pyramidal cells in the CA1 region of the hippocampus. If the 

effect was due to pH change (and independent of connexin expression) then 

the same results would be expected in both age groups.  

7.4.4 Whole-cell conductance and neuronal excitability changes 

are mediated by the opening and closing of hemichannels  

Hemichannel function has been overlooked for a long time as focus was placed 

instead on understanding gap junction coupling. However, there is increasing 

evidence that hemichannels have important and independent roles from those 

mediated by gap junctions. Cx26 is a great example of this. It has opposite 

effects on conductance depending on whether it is assembled as part of a 
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hemichannel or as part of a gap junction. These effects observed in my study 

are unlikely to be gap junction-mediated as raised CO2 would close Cx26 gap 

junctions and result in a reduction of the current that can leave the cell, 

therefore increasing the input resistance and neuronal excitability, which is the 

opposite of what was observed in my study (Nijjar et al., 2021). Whereas, if the 

effect of CO2 on cell conductance is due to the opening of Cx26 hemichannels, 

it would be predicted, that since the midpoint of Cx26 hemichannel opening 

lies around the basal level of CO2 in my experiments (Huckstepp et al., 2010b, 

35 mm Hg), that a decrease in pCO2 would close Cx26 hemichannels leading 

to a decrease in the resting conductance. I have presented several lines of 

evidence to confirm that the observed effects are through hemichannels. 

Firstly, the changes in conductance were blocked by carbenoxolone which is 

an indiscriminate hemichannel blocker. It is important to note that although 

carbenoxolone alone can have effects on neuronal and synaptic function 

(Tovar et al., 2009), they would be expected to increase the conductance 

rather than reduce it so the native effects will not influence my results with CO2. 

To further confirm this, I observed no significant differences in 

electrophysiological properties of cells that had been pre-incubated in 

carbenoxolone compared to those that had not. In the Vandecasteele (2006) 

study they looked for functional hemichannels using dye loading with Lucifer 

yellow, in low calcium conditions and found no evidence of dye loading, 

therefore concluding that there are no hemichannels there. However, it could 

be that Lucifer yellow cannot pass through SNpc hemichannels, potentially if 

they are heteromeric they may not let the dye pass through. Instead, I used a 

dye that I knew would be able to pass through connexin 26 hemichannels – 

Carboxyfluorescein (CBF). SN dopaminergic neurons and VTA GABAergic 

neurons could be filled with CBF when pCO2 was increased. Unfortunately, 

CBF cannot be fixed as it does not have the correct chemical groups and so 

the dye-filled cells cannot be subsequently labelled with antibodies (personal 

communication, Dale). However, I can be confident that the dye-filled cells 

were either SN DNs or VTA GABAergic neurons, as patch clamp recording 

was carried out before the dye loading (to confirm the identity of the cells from 

their electrophysiological properties and pharmacology) and then the same 
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region of cells were subsequently dye filled. I have also used 

immunohistochemistry to show that Cx26 protein is expressed in these 

neurons and confirm their identity. The expression pattern of Cx26 across 

development in SN DNs matches that reported for Cx26 mRNA expression 

(Vandecasteele et al., 2006). The same Cx26 antibody has extensively been 

used to study the role of Cx26 in breathing and recent studies have shown that 

there is no Cx26 labelling in Cx26 KO mice, confirming its specificity (Dale, 

personal observation). Cx26 staining of the leptomeninges across 

development was also used as a positive control. A potential limitation of the 

study is that I did not quantify the expression pattern of Connexin 26 in either 

TH+ or GAD+ neurons. In the future, tools like fluorescent in situ hybridisation 

(FISH) could be used to produce more accurate measurements of expression.  

7.4.5 Functional implications in behaviour 

I have described a novel CO2-sensitivity phenotype of dopaminergic neurons 

in the substantia nigra and GABAergic neurons in the VTA. Cx26 open 

probability shifts when the CO2 level changes within a physiological range, 

therefore neuronal excitability and potentially network output could also be 

affected. Given that these regions have important roles in the modulation of 

many behaviours, it is interesting to speculate how this sensitivity could play a 

role in modulating these behaviours through altering neuronal conductance 

and excitability. It is also potentially of interest that it is maintained in the VTA 

but lost in the SN. Maybe it provides some protection by inhibiting activity and 

this is a reason for the vulnerability of SN vs VTA neurons in PD.  

Given that the substantia nigra is involved in the co-ordination of movement, 

in future experiments it would be interesting to evaluate whether CO2-mediated 

changes to neuronal excitability alter the amount of dopamine that is released 

in the striatum and whether this has functional implications. Another intriguing 

finding was that the expression of Cx26 switches from neurons in young mice 

to glial cells after P17. This may be representing a shift from inhibition to 

excitation as in the neurons, raising CO2 levels resulted in an inhibition of 

activity, whereas in glial cells that express connexin 26, when CO2 is raised, 

molecules such as ATP are released (Huckstepp et al., 2010a) which would 
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excite dopaminergic neurons. Changes to dopamine release could be 

measured with fast-scan cyclic voltammetry (FSCV), using carbon fibre 

microelectrodes for detection as they are highly sensitive to monoamines 

(Puthongkham and Venton, 2020; Stamford, 1990).  The age of the mice might 

make recording release challenging and it is not known whether connexin 26 

is present at the terminals in the striatum. The sensitivity in the VTA is 

maintained up to P17-21 (at least). However, I have only examined a subset 

of GABAergic VTA neurons, which show sensitivity to [Met]enkephalin. If other 

VTA GABAergic or DNs are insensitive to CO2, then exposure to CO2 could 

differentially shift the output of the VTA.  

VTA GABAergic neurons directly modulate the activity of neighbouring 

dopaminergic neurons (DNs) locally as well as have long range projections 

(Bouarab et al., 2019). I would like to explore whether the CO2-mediated 

changes in GABAergic firing pattern that I observe in vitro would translate into 

an alteration in dopamine release in vivo. FSCV can be used in vivo (Fortin et 

al., 2015), however recent advances in the generation of fluorescent dopamine 

sensors allow for easier detection using fibre photometry (Patriarchi et al., 

2018; Robinson et al., 2019). In order to determine which dopaminergic 

projections are affected by VTA GABAergic CO2 sensitivity, I could make viral 

injections into potential DN target sites including the nucleus accumbens and 

prefrontal cortex to induce expression of the fluorescent dopamine sensor, 

dLight (Patriarchi et al., 2018; Robinson et al., 2019). Then I could use fibre 

photometry in a simple open field test to look for changes in dopamine release 

as CO2 levels are manipulated.  

GABA neurons in the VTA also have established roles in sleep/ wake and 

arousal behaviours (Eban-Rothschild et al., 2016; Fifel et al., 2018; Takata et 

al., 2018; Yu et al., 2019). Thus, modulation of their activity by changing levels 

the of CO2 could potentially alter arousal and wakefulness and directly impact 

purposeful behaviours. To examine this, I could use a recently developed 

genetic tool, the viral construct Cx26DN (dominant negative), which allows 

connexin 26 to assemble into hemichannels but prevents them from opening 

in response to CO2. I would target this virus into GABAergic VTA neurons to 

remove the sensitivity. I could then verify the loss of sensitivity using 
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immunohistochemistry, electrophysiology and dye loading before investigating 

whether Cx26 contributes to the VTA GABAergic role in arousal. To do this, I 

could use fibre photometry to record dopamine release while monitoring sleep 

states with EEG/EMG recordings and combine this with whole body 

plethysmography to evaluate changes to breathing as I manipulate CO2 levels.  

In the VTA, both dopaminergic neurons and the neighbouring GABAergic 

neurons are directly involved in reward and aversion-related behaviours 

(Bouarab et al., 2019; Eshel et al., 2015; McCutcheon et al., 2012; Tan et al., 

2012; van Zessen et al., 2012). I could also combine fibre photometry with 

behavioural analysis to determine whether there is an alteration in normal 

reward responses (e.g., response to un-signalled sugar pellet delivery or 

reward-predictive stimuli) as CO2 levels are manipulated. Drugs of abuse can 

act to suppress the inhibitory activity of GABAergic neurons that synapse onto 

dopaminergic neurons, thus increasing their activity. I could explore whether 

the rewarding properties of these drugs (e.g., cocaine, opiates, 

benzodiazepines) are altered as I manipulate CO2 levels. This could lead to 

radically novel therapeutic possibilities for managing responses to these drugs. 
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8. Appendix 
8. App endix 

8.1 Materials 

Drug/ pharmacological agent Company Catalog 
Number

Acrylamide/bisacrylamide (30 % 

solution) 

Sigma Aldrich A3574 

Ammonium persulfate (APS) Sigma Aldrich A3678 

BamHI Fisher ER0051 

Bicinchoninic Acid (BCA)  G Biosciences 786-570 

Bovine Serum Albumin (BSA) Sigma Aldrich A7906 

Carbenoxolone disodium salt Sigma Aldrich C4790 

Chelating sepharose resin GE Healthcare 17-0575-01 

CutSmart Buffer New England 

Biolabs 

B7204S 

D-Glucose  Fisher 0500/53 

DHPG ((RS)-3,5-DHPG) Tocris/ Biotechne 0342/1 

Dopamine Hydrochloride Sigma Aldrich H8502 

DTT (1,4-Dithiothreitol) Sigma Aldrich 10197777001 

EcoRI Invitrogen IVGN0116 

EGTA Sigma Aldrich A102X 

HEPES Sigma Aldrich H4034 

Imidazole Sigma Aldrich I2399 

IPTG (Isopropyl β-D-

thiogalactoside) 

Sigma Aldrich I6758 

KCl Fisher 4280/53 

KH2PO4 Fisher 4800/53 
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L-689,560 Tocris/ Biotechne 0742 

Met5[enkephalin] Merck M6638 

MgATP Sigma Aldrich A3377 

MgSO4 Fisher 1050/53 

Milk powder Marvel, Uk NA 

Monarch plasmid miniprep kit New England 

Biolabs 

T1010 

N, N, N’, N’-

tetramethylethylenediamine 

(TEMED) 

Sigma Aldrich T-7024 

NaCl Fisher 3160/65 

NaGTP Merck G8877 

NaHCO3 Fisher 4240/60 

NaOAc Fisher 2120/53 

NiCl2 Sigma Aldrich 339350 

Phosphocreatine Sigma Aldrich 1001244549 

Picrotoxin Sigma Aldrich P1675 

Potassium Gluconate Sigma Aldrich 299-27-4 

Protease Inhibitor tablets Thermofisher 

Scientific 

A32963 

Site directed mutagenesis kit (Q5) New England 

Biolabs 

E0554S 

SOC medium Sigma Aldrich S1797 

Sodium dodecyl sulfate (SDS) Sigma Aldrich L3771 

TCEP (Tris(2-

carboxyethyl)phosphine 

hydrochloride) 

Sigma Aldrich C4706 
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Triton x100 Fisher  9002-93-1 

Tween 20 Sigma Aldrich 1379 

ZD 7288 Hello-Bio HB1152 

Primary antibodies 

Primary Antibody Company Catalog 

Number 

Optimal 

concentration

HT7 anti-human Tau 

Mouse 

Thermo 

Scientific 

MN1000 1:1000 

T22 oligomeric tau 

Antibody 

Merck  ABN454 1:1000 

Polyclonal rabbit anti-

human tau. Epitope: C 

terminus of 2N4R tau 

Dako A0024 1:5000 

Sheep polyclonal Anti-

Tyrosine hydroxylase 

Merck AB1542 1:1000 

Mouse monoclonal anti-

Connexin 26 

Novex Life 

Technologies 

138100 1:200 

Chicken polyclonal anti-

GFAP 

Abcam ab4674 1:1000 

Rabbit polyclonal anti-

GAD65 + GAD67 

Abcam ab49832 1:1000 
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Secondary antibodies 

Secondary Antibody Company Catalog 
Number

Alexa Fluor 594-conjugated 
AffiniPure Goat anti-mouse IgG + 
IgM (H + L) 1:400

Jackson Immuno 115-585-044 

Rabbit Anti-mouse (IgG (H+L), 
horseradish peroxidase 1:1000

Thermofisher 61-6520 

Goat anti-rabbit IgG Thermo Scientific 31460

Goat Anti-rabbit 1:1000 488 Invitrogen A11008

Alexa Fluor 594 Donkey anti-rabbit 
1:250

Invitrogen A-21207 

Alexa Fluor 594 Donkey anti-sheep 
1:250

Invitrogen A11016 

Alexa Fluor 594 anti-mouse 
Connexin 26 1:250

Novex Life 
Technologies

138100 

Donkey anti-mouse 594 Invitrogen A21203

Donkey anti-sheep 488 Invitrogen A-11015

Fluorescent dyes and imaging  

Antibody Company Catalog Number

Alexa Fluor 488 C5-maleimide Molecular Probes A10254 

Alexa Fluor 488 Hydrazide (12.5 
mM stock in distilled water, stored 
at -20 degrees)

Thermofisher A10436 

Clarity Western ECL Substrate BioRad 1705060

Alexa Fluor 594 Hydrazide (12.5 
mM stock in distilled water, stored 
at -20 degrees)

Thermofisher 10072752 

(6)-Carboxy-fluorescein (CBF) Novabiochem 8.51082.001

Vectashield mounting medium Vector 
Laboratories

H-5000 

InstantBlue Protein Stain Expedeon ISB1L
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Consumables  

Product Company Catalog 
Number

Slide-A-Lyzer Mini Dialysis devices 
(10K) MWCO 

Thermo Scientific 69570 

Formvar/carbon coated 300 – 
mesh copper grids 

Agar Scientific 162 

ECL Nitrocellulose membrane Amersham 
Biosciences 

10600002 

Patch pipettes: GC150F-10STD 
WALL W/FILAMENT 1.5mmOD

Multichannel 
Systems

300057 

8.2 Tau DNA and protein sequences 

Original full-length DNA Sequence 

ATGGCTGAGCCCCGCCAGGAGTTCGAAGTGATGGAAGATCACGCTGGG

ACGTACGGGTTGGGGGACAGGAAAGATCAGGGGGGCTACACCATGCA

CCAAGACCAAGAGGGTGACACGGACGCTGGCCTGAAAGAATCTCCCCT

GCAGACCCCCACTGAGGACGGATCTGAGGAACCGGGCTCTGAAACCTC

TGATGCTAAGAGCACTCCAACAGCGGAAGATGTGACAGCACCCTTAGT

GGATGAGGGAGCTCCCGGCAAGCAGGCTGCCGCGCAGCCCCACACGG

AGATCCCAGAAGGAACCACAGCTGAAGAAGCAGGCATTGGAGACACCC

CCAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAAGCTCGCATGG

TCAGTAAAAGCAAAGACGGGACTGGAAGCGATGACAAAAAAGCCAAGG

GGGCTGATGGTAAAACGAAGATCGCCACACCGCGGGGAGCAGCCCCT

CCAGGCCAGAAGGGCCAGGCCAACGCCACCAGGATTCCAGCAAAAACC

CCGCCCGCTCCAAAGACACCACCCAGCTCTGGTGAACCTCCAAAATCA

GGGGATCGCAGCGGCTACAGCAGCCCCGGCTCCCCAGGCACTCCCGG

CAGCCGCTCCCGCACCCCGTCCCTTCCAACCCCACCCACCCGGGAGC

CCAAGAAGGTGGCAGTGGTCCGTACTCCACCCAAGTCGCCGTCTTCCG

CCAAGAGCCGCCTGCAGACAGCCCCCGTGCCCATGCCAGACCTGAAGA

ATGTCAAGTCCAAGATCGGCTCCACTGAGAACCTGAAGCACCAGCCGG

GAGGCGGGAAGGTGCAGATAATTAATAAGAAGCTGGATCTTAGCAACGT

CCAGTCCAAGTGTGGCTCAAAGGATAATATCAAACACGTCCCGGGAGG
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CGGCAGTGTGCAAATAGTCTACAAACCAGTTGACCTGAGCAAGGTGAC

CTCCAAGTGTGGCTCATTAGGCAACATCCATCATAAACCAGGAGGTGGC

CAGGTGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGAGTCCAGT

CGAAGATTGGGTCCCTGGACAATATCACCCACGTCCCTGGCGGAGGAA

ATAAAAAGATTGAAACCCACAAGCTGACCTTCCGCGAGAACGCCAAAGC

CAAGACAGACCACGGGGCGGAGATCGTGTACAAGTCGCCAGTGGTGTC

TGGGGACACGTCTCCACGGCATCTCAGCAATGTCTCCTCCACCGGCAG

CATCGACATGGTAGACTCGCCCCAGCTCGCCACGCTAGCTGACGAGGT

GTCTGCCTCCCTGGCCAAGCAGGGTTTGTGA 

Original full-length protein 

MAEPRQEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDAGLKESPL

QTPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPHTEIPE

GTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGKT

KIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSGEPPKSGDRSGYSSP

GSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLQTAPVPM

PDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPG

GGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQS

KIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTS

PRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL 

Truncated DNA sequence 

ATGAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAAGCTCGCATG

GTCAGTAAAAGCAAAGACGGGACTGGAAGCGATGACAAAAAAGCCAAG

GGGGCTGATGGTAAAACGAAGATCGCCACACCGCGGGGAGCAGCCCC

TCCAGGCCAGAAGGGCCAGGCCAACGCCACCAGGATTCCAGCAAAAAC

CCCGCCCGCTCCAAAGACACCACCCAGCTCTGGTGAACCTCCAAAATC

AGGGGATCGCAGCGGCTACAGCAGCCCCGGCTCCCCAGGCACTCCCG

GCAGCCGCTCCCGCACCCCGTCCCTTCCAACCCCACCCACCCGGGAG

CCCAAGAAGGTGGCAGTGGTCCGTACTCCACCCAAGTCGCCGTCTTCC

GCCAAGAGCCGCCTGCAGACAGCCCCCGTGCCCATGCCAGACCTGAA

GAATGTCAAGTCCAAGATCGGCTCCACTGAGAACCTGAAGCACCAGCC

GGGAGGCGGGAAGGTGCAGATAATTAATAAGAAGCTGGATCTTAGCAA

CGTCCAGTCCAAGTGTGGCTCAAAGGATAATATCAAACACGTCCCGGGA
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GGCGGCAGTGTGCAAATAGTCTACAAACCAGTTGACCTGAGCAAGGTG

ACCTCCAAGTGTGGCTCATTAGGCAACATCCATCATAAACCAGGAGGTG

GCCAGGTGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGAGTCCA

GTCGAAGATTGGGTCCCTGGACAATATCACCCACGTCCCTGGCGGAGG

AAATAAAAAGATTGAAACCCACAAGCTGACCTTCCGCGAGAACGCCAAA

GCCAAGACAGACCACGGGGCGGAGATCGTGTACAAGTCGCCAGTGGT

GTCTGGGGACACGTCTCCACGGCATCTCAGCAATGTCTCCTCCACCGG

CAGCATCGACATGGTAGACTCGCCCCAGCTCGCCACGCTAGCTGACGA

GGTGTCTGCCTCCCTGGCCAAGCAGGGTTTGTGA 

Truncated Protein sequence 

MSLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGKTKIATPRGAAPP

GQKGQANATRIPAKTPPAPKTPPSSGEPPKSGDRSGYSSPGSPGTPGSRS

RTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVKSKIG

STENLKHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKP

VDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHV

PGGGNKKIETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSST

GSIDMVDSPQLATLADEVSASLAKQGL 

8.3 Production of tau truncations  

I spent three months working towards producing CFRAG tau (see methods for 

full details). I used the full length wild-type plasmid and performed site directed 

mutagenesis (NEB Q5 Kit) to remove amino acids 1-123. I left the initial 

methionine in place for structural integrity. Following mutagenesis, samples 

were transformed into competent cells and grown LB + ampicillin plates. 

Plamsid DNA was recovered using a Monarch Miniprep kit and a DNA double 

digest with BamHI and EcoRI performed to look for successful mutagenesis 

using gel electrophoresis (Figure 8.1). Undigested full-length samples should 

give a 1.4kb fragment and successful mutagenesis should give a 1.1kb 

fragment. 
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Figure 8.1: DNA gel electrophoresis following double restriction digest to look 

for successful site directed mutagenesis clones. 

The gel confirms that 12 out of the 18 samples were successfully digested. Sample 7 

was discarded as it appeared to have two bands. Samples U8 and U10 represent the 

undigested sample controls that were run to ensure validity of results. Ladders 

(middle) were used for comparison of band sizes.  

Samples that had successfully been mutated were sent for sanger sequencing 

(Eurofins) to confirm the correct mutation, to confirm that they are in the correct 

frame and that the cysteine residue mutations had been maintained during the 

mutagenesis. These samples (that were confirmed to have correct sequences) 

were then transformed into competent cells and grown on LB + ampicillin 

plates overnight, picked and transferred directly into LB + ampicillin and 

allowed to grow overnight. The next morning samples began the expression 

and purification protocol as for FL tau (see Methods). I used hand cast SDS 

page gels (Fig 8.2 A, B) to look for the presence of protein for the two 

preparations. The only protein expected to be present is tau and therefore I 

was expecting one band. However, there were lots of other contaminating 

bands. This could be because the gradient of the column had not worked as it 
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should, and other contaminants had not been washed thoroughly before the 

eluted protein. I therefore pooled the middle fractions with the highest protein 

content from the samples in gel A (Fig 8.2A; black box) and re-ran the 

purification column, with extra wash steps of buffer A and B to ensure that any 

product that is not tightly bound to the column (tau: due to its his tag) should 

have been washed through before buffer C was used to elute the protein. This 

did reduce the prominence of the extra bands (Fig 8.2C) and the samples on 

the right hand side (Fig 8.2C; orange box) are fairly pure. I therefore ran a 

western blot to confirm whether it was tau (using the Ht7 monoclonal tau 

antibody; Fig 8.2D). This confirmed that the preparations are positive for tau, 

the contamination is still too prominent to isolate the tau.  

Figure 8.2: SDS-page gels confirm that the purification stage has been 

unsuccessful due to the presence of lots of additional contamination bands.  

SDS-page gels to confirm the purity of the tau truncation preparations. There is a lot 

of contamination within both of the preparations (A and B), as displayed by additional 

bands. (C) Another run of purification with increased wash steps reduced the 

contamination but was unable to fully isolate the tau as was confirmed by western blot 

analysis (D).  

Due to time constraints this preparation was abandoned, and I sourced a 

collaboration with a group from the University of Gothenburg who specialise in 

tau biochemistry to produce this mutant for me.
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8.4 Comparison of P7-10 and P17-21 neuronal function 

Given that connexin 26 expression was reported to be developmentally 

regulated. In chapter 6, I tested this using two groups of mice. P7-10 pups, 

where I expected it to be expressed and P17-21 juvenile mice, where I 

expected the expression to be gone based on previously published data 

(Vandecasteele et al 2006). This comparison between age groups could be 

complicated by the developmental changes to electrophysiological properties, 

which are known to occur over this period. Therefore firstly, I compared the 

normal input resistance and resting membrane potential measurements from 

SNpc DNs of the two age groups (Figure 8.3). 

Figure 8.3: Comparison of the baseline electrophysiological parameters of P7-

10 and P17-21 SNpc dopaminergic neurons. 

Input resistance measurements both at ‘steady state’ (A) and at ‘before the sag’ (B) 

were decreased as the pups aged. This is in line with previously published work 

(Dufour et al, 2014). We saw no difference in the stability of recordings and there was 

no change to resting membrane potential (C).

There was no significant difference in input resistance (pre-sag) between the 

two age groups of mice (P7-10, Rin = 380 ± 28.16 MΩ, P17-21, Rin = 290 ± 

22.45 MΩ, p = 0.307). There was also no significant difference in the resting 

membrane potential (P7-10, RMP = -59.3 ± 1.33 mV, P17-21, RMP = -60 ± 

2.08 mV, p = 0.835) or the size of the sag response, measured between the 

peak hyperpolarisation and steady state after IH has activated (P7-10: 22.6 ± 

2.25 mV, P17-21 20.1 ± 2.3 mV, p = 0.454). These results are consistent with 

expected values for these age groups of mice as reported in (Dufour et al., 

2014).  
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