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Abstract  

Tau protein is involved in maintaining the structural integrity of neurons. In tauopathies, including 

Alzheimer’s disease, tau forms oligomers, which can modulate neuronal function. Previously the 

introduction of oligomeric full-length human tau (aa 1-441; FL-oTau) into pyramidal neurons decreased 

whole-cell conductance, increased excitability and changed the action potential (AP) waveform. 

Introducing N-terminally truncated tau (aa 124-441; CFRAG) removed the effects on the AP waveform 

and input resistance but the increase in excitability remained. A hyperpolarising shift in spike threshold 

underlies this increase in excitability. The N-terminal fragment (aa 1-123; NFRAG) markedly increased 

input resistance and changed the AP waveform. Lower concentrations of NFRAG only changed the AP 

waveform. Thus the two truncations can recapitulate the effects of FL-oTau. To investigate underlying 

mechanisms, we recorded sodium currents and found that FL-oTau lowers the activation voltage and 

reduced the maximal conductance, consistent with the lower spike threshold and reduction in AP 

amplitude 
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Introduction  

Tau is a microtubule-associated protein which can modify neuronal morphology, vesicle transport and 

trafficking (Brandt and Lee, 1993; Tracy and Gan, 2018). Tau dysfunction contributes to diseases, 

termed tauopathies, either as the primary causative agent (e.g., Pick’s disease) or as a component of 

the neuropathology (e.g., Alzheimer’s disease, AD). Tauopathies have varying histopathological and 

clinical presentations and are often distinguished by the ultrastructure of the tau aggregates (Dickson 

et al., 2011; Rademakers et al., 2012). In AD, abnormally phosphorylated tau dissociates from 

microtubules and aggregates to form oligomers and fibrils, accumulating in the soma-dendritic 

compartment (Köpke et al., 1993). Tau can further aggregate to form neurofibrillary tangles (NFTs), 

whose abundance correlates with disease progression (Avila et al., 2006; Maeda et al., 2006). However, 

it appears that the soluble tau oligomers (oTau) are the most bioactive, in terms of disrupting neuronal 

function. Indeed, the toxic effects of tau oligomers can occur in the absence of NFT pathology (Andorfer 

et al., 2003; Cowan et al., 2010; Yoshiyama et al., 2007). Although the toxicity of oTau is now well 

established, the mechanistic basis of oTau actions on neuronal function is poorly understood.

Electrophysiological studies have revealed several pathological mechanisms of oTau, including 

alterations in neuronal excitability and short- and long-term synaptic plasticity (Hill et al., 2019; Hoover 

et al., 2010; Mondragón-Rodríguez et al., 2018; Puzzo et al., 2017). Viral introduction and transgenic 

models are commonly used to explore the role of oTau (Andorfer et al., 2003; Cowan et al., 2010; 

Yoshiyama et al., 2007). While these methods generate valuable data, they provide little information on 

the concentration and structural conformations of oTau that are responsible for the neurotoxic effects. 

For other approaches, such as the extracellular application of oTau to tissue or cell cultures (Acquarone 

et al., 2019; Fá et al., 2016; Ondrejcak et al., 2018), cellular uptake may be the liming step, reducing 

the observed toxicity. Moreover, it is not possible to target oligomers to either pre- or post-synaptic 

neurons and homeostatic adaptation may occur.  

To address these limitations, whole-cell patch-clamp recording has recently been used to introduce 

oTau into single neurons and has enabled specific targeting into either pre- or post-synaptic cells (Hill 

et al., 2019). This approach requires small amounts of oligomers, each cell acts as its own control and 

electrophysiological alterations can be observed in real time. Furthermore, direct comparisons can be 

made between different concentrations and structural conformations of the oTau introduced (Hill et al., 

2020, 2019; Kaufmann et al., 2016).  

Previously full-length (FL, prepared from full-length human tau 1-441) oTau was shown to modify 

excitability, input resistance and action potential waveform (Hill et al 2019). We reasoned that specific 

truncations of tau may allow these effects to be dissected apart, identifying underlying mechanisms and 

which parts of the molecule causes which effect. We therefore created truncated versions of tau 

informed by a physiologically-relevant truncation at amino acid 123 that was recently discovered in AD 

patients (Cicognola et al., 2019). We used oligomers formed from tau lacking the N-terminal region (aa 

124-444; CFRAG) and soluble aggregates of the non-oligomer forming N-terminal fragment (aa 1-123; 
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NFRAG). Using these tau constructs, we have identified specific mechanisms underlying the changes to 

excitability, conductance and AP waveform.  

Results 

Structural characterisation of the tau samples 

We employed a validated method to generate non-fibrillar soluble tau aggregates without the use of 

aggregation-inducing factors such as heparin (Hill et al., 2019; Karikari et al., 2019b, 2019a). Incubating 

all three tau samples (FL oligomers, CFRAG oligomers, NFRAG soluble aggregates; Fig 1A) at room 

temperature overnight led to the formation of small soluble aggregates, as shown by negative-stain 

transmission electron microscopy (TEM). However, there were structural differences in the aggregate 

conformers; CFRAG tau formed granular shaped oligomeric aggregates similar to those of FL-tau (Fig. 

1B and Hill et al., 2019; Karikari et al., 2019a, 2019b). Conversely, NFRAG  tau formed amorphous, 

irregular-shaped, non-amyloidogenic aggregates, in agreement with Lapointe et al., (2009).  For each 

variant, monomeric controls (incubated for the same duration but at 4 ˚C) did not form aggregates (Fig 

1B).

Using oligomeric CFRAG to separate effects on whole-cell conductance, neuronal excitability and 

action potential waveform 

We first compared the effects of CFRAG oTau to FL oTau (vehicle as control). There was no significant 

difference in the electrophysiological parameters at time 0 (whole-cell breakthrough), therefore, the 

initial quality of recordings and neuronal properties were comparable. In control neurons there were no 

changes to any measured parameters (Fig 2; Table 1). There were also no changes to the resting 

membrane potential (RMP) for any of the experimental conditions (Fig 2A, B; Table 1). FL-oTau had 

comparable effects to those reported in (Hill et al 2019): increasing input resistance (Rin), increasing 

neuronal excitability and changing the AP waveform (reduced amplitude and increased width). These 

effects were specific to oligomers, with monomeric tau having no significant effects. FL oTau increased 

neuronal excitability, which we assumed was a result of increased Rin (Fig 2C, D, E). Surprisingly, 

although CFRAG oTau had no effect on Rin (Fig 2C), it still significantly increased firing rate suggesting 

that the effects on neuronal excitability can occur independently of changes in Rin (Fig 2C-E). In 

contrast to FL-oTau which (in agreement with Hill et al., 2019) significantly alters AP width and 

amplitude over 40 minutes of recording, introduction of CFRAG tau had no effect on the AP waveform 

(Fig 2D-G). Thus, the effects of FL oTau on AP waveform could either be a direct result of the removed 

N-terminal sequence or could result from a structure specificity of the oligomers, which probably differs 

following truncation.  

The increase in neuronal excitability is confirmed by a reduction in rheobase current.

To evaluate the effects on neuronal excitability in more detail, we examined the rheobase: the minimal 

current required to elicit an AP. There was no significant difference in rheobase in control vs FL or CFRAG 

oTau injected neurons at time 0 (Table 1, Figure 3). In control neurons, there was no significant 

difference in the rheobase current over the duration of the recording. However, when either FL or CFRAG

oTau were introduced, the rheobase was significantly reduced (reflecting an increase in excitability, 
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Table 1, Figure 3). This data is also consistent with the effect on the frequency of APs in response to 

fluctuating noisy current traces (Figure 2F,G).  

CFRAG tau oligomers reduce the current needed to elicit APs  

We hypothesized that the decrease in rheobase current might be due to a smaller difference between 

the RMP and spike initiation threshold. Since there is no change in RMP, this could only occur if there 

was a hyperpolarising shift in spike initiation threshold (ΔT). The dynamic IV method (Badel et al., 2008a, 

2008b; Harrison et al., 2015) provides a method to accurately parameterise neurons including ΔT (see 

methods). In Hill et al., (2019), it was not possible to map changes in neuronal parameters over time as 

the dynamic IV method is not very effective if there are significant changes in the AP waveform. 

However, as CFRAG oTau has no effect on the AP waveform, it is possible to use this method to measure 

ΔT.  There was no significant difference between the ΔT in control vs CFRAG neurons at time 0. In control 

neurons, there was no significant difference in ΔT, whereas for neurons where CFRAG oTau was 

introduced, ΔT was significantly reduced (more negative) at 40 minutes compared to 0 minutes. 

Although the reduction in ΔT was only ~4 mV, across a network this would cause a significant to shift in 

excitability. We also noted an increase in spike onset sharpness which is a measure of how sharp the 

voltage range is within which a spike starts to initiate, as well as how sharply the spike begins to rise 

(sharper DIV curve). In control neurons, there was no significant difference in spike onset over the 

duration of the recording, whereas for neurons where CFRAG oTau was introduced, the onset was 

increased (steeper, reflecting increased excitability). It can be noted that though the spike-onset range 

was broader at 40 mins, this change (unlike for the spike threshold parameter VT) had no significant 

effect on the excitation or firing rate (see Fig. 4D).  

NFRAG aggregate introduction generates a rapid onset increase in input resistance 

As CFRAG oTau did not replicate the changes to Rin and AP waveform observed with FL oTau, we next 

introduced NFRAG tau and measured changes to neuronal parameters to determine if this fragment of 

tau was responsible. Unexpectedly, in preliminary experiments we observed a large increase in input 

resistance by NFRAG oTau within the first 5 minutes of recording (Fig 5A). It has previously been shown 

that FL oTau neither aggregates in the end of the pipette tip nor impedes voltage measurements through 

re-patching experiments (Hill et al., 2019). However, this rapid change could be due to NFRAG forming 

aggregates close to the introduction site in the soma and reducing the apparent electrotonic size of the 

soma. By fitting the voltage step (exponential) we extracted the time constant and used this to calculate 

cellular capacitance using the following equation: 
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���� �������� (�) = ����� ���������� (���) � ����������� (�)

By 5 mins, the time constant was significantly reduced, reflecting a change in whole-cell capacitance.  

To test the possibility that this rapid change to whole-cell resistance and capacitance could be due to 

the aggregation of the NFRAG tau in the soma impeding current flow, we performed a subset of 

experiments where two simultaneous whole-cell patch clamp recordings were made to the same CA1 

pyramidal neuron (Fig 5B; see methods). In turn we injected a 200 pA hyperpolarising (1s) step to elicit 

a voltage response in both the pipette that we injected the current with, but also from the second 

“recording only” pipette (Fig 5C). As the current needs to travel to the ‘recording only’ pipette, the voltage 

response was always slightly smaller than the response measured by the ‘inject and record’ pipette. In 

cells where both pipettes were filled with vehicle, there was no change in the relative amplitude of the 

responses (Vrec/Vrec+inject) between 0 mins (whole-cell breakthrough) and 5 mins (Fig 5D). However, 

when NFRAG  tau was introduced in the ‘inject and record pipette’, the same large rapid increase in input 

resistance (as in Fig 5A) was observed. This was not reflected in an increase in the amplitude of the 

voltage step as measured by the second ‘recording only’ pipette (Fig 5E, F). Thus, the results confirm 

that at this concentration of NFRAG oTau, they must be accumulating in the soma, 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 electronically smaller.   

Tau-mediated changes to action-potential waveform are independent of aggregate form 

We have demonstrated that the FL-oTau mediated increase in Rin and changes to AP waveform 

occurred at later time points than we observed with NFRAG tau. This may be because the FL o-Tau does 

not aggregate as effectively as NFRAG tau and thus takes longer to have effects. Thus, to examine the 

effects of NFRAG tau in more detail we used a lower concentration (133 nM) which will mimic the slower 

effects of FL oTau. There were no effects of 133 nM NFRAG oTau introduction on RMP, Rin, firing rate 

or rheobase current (Fig 6A-D). However, the significant changes to AP waveform (increased width and 

decreased amplitude) that were observed both in (Hill et al., 2019) and with FL oTau in this study were 

also observed with 133 nM NFRAG tau aggregates (Fig 6E-G). This was unexpected as the N-terminal 

fragment will form structurally different aggregates to FL tau oligomers. We repeated the experiments 

with the monomeric version of NFRAG tau and found no changes in RMP Rin, firing rate or rheobase 

current (Fig 6A-D). However, a comparable change to AP waveform was observed (Fig 6E-G). Given 

that the oTau-induced changes to AP waveform 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 sequence within the 1-123 amino acid region that directly interacts with a cellular component rather 

than being an effect of the quaternary structure of the aggregates.  
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oTau alters somatic voltage gated sodium channel half activation and slows the rate of 

activation 

Having demonstrated changes to AP waveform and a shift in ΔT, making the neurons more excitable, 

we next investigated whether these changes were mediated by interactions of tau with voltage gated 

sodium channels. Recording sodium channel currents in hippocampal neurons in acute brain slices is 

challenging due to problems with space clamp, given the size of the neurons and the large amplitude 

and speed of the currents. One way to effectively clamp the currents, is to electronically isolate the 

soma. We 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 to be activated (see 

methods). It was then possible to achieve reasonable voltage clamp (Fig 7A). Normalised 

conductance’s were plotted against voltage and fitted with a Boltzmann function. The fit (Fig 7B, C) was 

used to extract the half activation voltage and the rate constant of activation (indicative of the rate of 

rise in conductance relative to change in voltage). The half activation was stable in control recordings, 

whereas in neurons that had FL-oTau introduced, by 20 minutes the half activation had shifted 

significantly in a negative direction to activate ~ 4mV earlier, reflective of an increase in excitability (Fig 

7). This could account for the change in ΔT that was observed with CFRAG oTau. We also extracted the 

rate constant of activation; a smaller rate constant would indicate a steeper relationship between 

conductance and voltage. The rate constant of activation was stable in control, whereas in neurons that 

had FL-oTau introduced, by 20 minutes it had increased significantly (shallower slope, reflective of a 

flatter relationship to voltage). This change could explain the slowing of the AP rising phase observed 

in (Hill et al., 2019) and in this study.  

We then implemented a simplified model of the neuronal AP with general applicability (Hodgkin and 

Huxley, 1952) to evaluate whether the conductance changes mediated by FL-oTau could feasibly 

underly the changes we observed in AP waveform. Our 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 (7F-I). Therefore, we first simulated an AP with ḡ�� = 120 ��/��� (Hodgkin and 

Huxley, 1952, Figure 7J, red) and then again with  ḡ�� = 40 ��/��� (Figure 7J, red trace). We found 

that this reduction in ḡ�� matches the experimental phenotype well (the changes in AP amplitude and 

speed of rise to threshold; Figure 7K).  
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Discussion  

In Alzheimer’s disease (AD) and in other tauopathies, tau aggregates into small soluble toxic oligomers, 

a process that precedes the formation of large insoluble aggregates (NFTs). In AD, NFTs and amyloid-

plaques are the characteristic hallmarks of the disease with post-mortem confirmation of both NFTs 

and plaques required for definitive diagnosis (Braak and Braak, 1991; Avila et al., 2006; Maeda et al., 

2006). Many studies have shown that the small soluble aggregates (oligomers) formed early in the 

aggregation pathway are much more bioactive than NFTs pathology (Andorfer et al., 2003; Cowan et 

al., 2010; Yoshiyama et al., 2007).  These findings have led to the targeting of oligomers to reduce tau 

cytotoxicity in disease models and in AD patients. However, the mechanisms of how these oligomers 

produce neuronal dysfunction are still not fully defined. Here, we have used specific truncations to 

dissect apart the actions of full length (FL) oTau. We have used oligomers formed from N-terminal 

truncated tau (aa 124-444; CFRAG) and soluble aggregates of the non-oligomer forming N-terminal 

fragment (aa 1-123; NFRAG). 

CFRAG tau produces oligomers that increase excitability by changing spike threshold 

The N-terminal truncation (CFRAG) at position 123, has been identified as a major N-terminal cleavage 

site in human CSF (Cicognola et al., 2019) and a truncated tau construct at a nearby position has been 

used to study effects on synaptic transmission (Zhou et al., 2017). We found that CFRAG oTau did not 

replicate the effects on action potential (AP) kinetics or input resistance (Rin) that were observed with 

FL oTau but did still increase excitability. This excitability increase is mediated by a reduction in the 

minimum current required to elicit an AP. Using the dynamic IV protocol we found that CFRAG oTau 

reduces spike threshold by ~ 4mV. Since there was no change in the resting membrane potential, the 

difference between spike threshold and resting potential was reduced, increasing the likelihood of firing. 

To confirm this observation, the parameters extracted from the dynamic IV curve at 0 minutes were 

used to simulate voltage responses using the exponential integrate and fire model (Badel et al., 2008b; 

Fourcaud-Trocmé et al., 2003; Harrison et al., 2015). The control firing rate was comparable to 

experimental values. A reduction in the spike threshold by the experimentally observed reduction (4 

mV), was sufficient to increase the firing rate to comparable experimental values with CFRAG oTau. Thus, 

it is feasible for a change in spike threshold (without any change in Rin) to mediate the observed 

changes in neuronal excitability by CFRAG oTau.  

NFRAG tau aggregates change input resistance 

We then investigated the tau fragment that was removed to generate CFRAG (aa 1-123; NFRAG). This

fragment (NFRAG) makes up a large proportion of N-terminal tau species found in human CSF, and it 

therefore could represent a marker of tau metabolism (Cicognola et al., 2019). NFRAG does form 

aggregates but these differ from the FL-oTau oligomers. When NFRAG was introduced into neurons at 

equivalent concentrations to FL oTau (444 nM), it produced a rapid increase in Rin, reduced AP 

amplitude and slowed AP kinetics. These effects occurred within ~5 minutes. Through measurements 

of the cell time constant we found that the apparent capacitance was significantly decreased. This led 

us to hypothesise that NFRAG was inferring with current flow, making the neuron electrotonically smaller. 
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By making simultaneous dual patch clamp recordings from the soma of a single neuron, we found that 

although Rin was significantly increased, the current flow between the electrodes had significantly 

decreased.  This is consistent with NFRAG tau aggregating in the soma and impeding current flow across 

the cell.  

NFRAG tau aggregates change AP amplitude and width at low concentrations 

Introducing NFRAG at lower concentrations (133 nM) changed AP amplitude and width without increasing 

Rin or changing cell capacitance. Thus, the changes in AP waveform are not simply due to increased 

filtering. Surprisingly, NFRAG monomers produced comparable changes to APs. Thus, the effects of 

NFRAG are unrelated to its quaternary structure and instead maybe associated with a specific sequence 

within NFRAG and FL oTau. Given the nature of the changes in AP waveform we hypothesised that tau 

might be interacting with voltage-gated sodium channels and altering their function.  

FL-oTau alters voltage-gated sodium currents 

Changes in AP kinetics and amplitude can be measured using whole cell voltage clamp (Hodgkin and 

Huxley, 1952). Recording sodium currents from neurons in slices is challenging due to space clamp 

problems and the large amplitude and rapid rise of currents (Rall and Segev, 1985; Spruston et al., 

1993). A large proportion of sodium channels are clustered in the axon initial segment (AIS, Castelli et 

al., 2007; Kole et al., 2008; Royeck et al., 2008), and their activation voltage can differ significantly from 

that at the soma (Kole et al., 2008; Stuart et al., 1997). Thus, these electrotonically remote sodium 

channels will generate unclamped currents, which prevent the measurement of controlled responses. 

To counteract this problem, most measurements of sodium channel currents are performed in nucleated 

patches, dissociated or cultured neurons or in cell lines. However, these are less relevant 

physiologically relevant because the distribution, density and expression pattern of channels will be 

different from what is found in situ. We adapted a protocol (Milescu et al., 2010) to make controlled 

voltage clamp recordings in acute slices. A pre-pulse elicits an uncontrolled voltage response which 

activates axonal but not somatic sodium channels. As the axonal channels are inactivated, only the 

sodium channels in the soma contribute to the actual recorded current, allowing for finely controlled 

voltage clamp of the sodium currents. This protocol also required a number of other steps to produce 

clamp of isolated sodium channel currents including changing the Na+ concentration inside and outside 

of the neuron, performing recordings at room temperature and replacing the calcium ions with cobalt to 

block voltage gated calcium channels (Puopolo et al., 2007).   

There are four subtypes of voltage-gated sodium channel present in the mammalian central nervous 

system, NaV 1.1,1.2,1.3,1.6 (de Lera Ruiz and Kraus, 2015). At the AIS of CA1 pyramidal neurons, 

NaV1.1, NaV1.2, and NaV1.6 channels have been identified (Akin et al., 2015; Garrido et al., 2003; Van 

Wart et al., 2007). NaV1.6 is highly abundant and has a more hyperpolarized voltage of activation 

compared with the other a sodium channel isoforms, contributing to the lower activation threshold 

(Royeck et al., 2008). The sodium channels in the AIS probably contribute little to the clamped currents 

and this is a possible limitation of the technique. However NaV1.6 is also expressed in the soma, 
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although at less abundance than at the AIS (Lorincz and Nusser, 2010). Despite this, we have made 

measurements of sodium channel currents in acute slices which is more physiologically realistic than 

recombinant 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, we 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, we noticed that the rate of conductance increase appeared 

faster for FL-oTau despite ḡ�� being reduced (Figure 7I). We therefore modelled the initial rise of the 

sodium current using the same approach (Fourcaud-Trocmé et al., 2003) to derive the original model: 

��� = (��� − ����� ) ∗ �1 ∗ �
(
����

∆�
)

Where �1 is 1 nS and V1 is the voltage where the conductance is 1 nS. For FL-oTau introduced cells, 

Δ� was calculated to be stable ~2.65 mV for 0 mins and 20 mins but �1 varied over time. At 0 mins, �1

= -32 mV and by 20 mins, �1 = -36 mV, demonstrating that a sodium conductance of 1 nS is achieved 

at a much lower voltage, thus the cell is more excitable (despite the peak sodium conductance being 

lower, Figure 7I). In the EIF model, the sodium current is modelled as:  

Δ� ∗ �� ∗ �(�−��
∆�

)

and comparing this with the equation for ��� we get:  

�� = �1 + Δ� ∗ log (�� ∗
Δ�

�1
∗ (��� − �����)

Empirically, the first term V1 on the right-hand-side is dependent on parameters that change between 0 

mins and 40 mins, whereas the second term does not change significantly between these time steps. 

Hence the modelling predicts that the change in the action-potential threshold parameter VT is largely 

due to changes in V1 which is the voltage at which the sodium current is 1nS. The ��� experiments 

predict that the difference in VT at 0 and 40 mins is 4 mV, which fits exactly with the excitability 

phenotype modelled using CFRAG.  Despite the differences in temperature for these recordings, two 

independent methodologies both suggest that the tau-mediated shift in excitability comes from a 

lowering of the action-potential threshold (rather than input resistance changes) and that this change is 

mediated via a lowering of the sodium current activation. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.13.443904doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.13.443904
http://creativecommons.org/licenses/by-nc/4.0/


11 

It is surprising to note that the difference in sodium conductance at 0 minutes and 20 minutes with FL-

oTau is dependent on voltage, at low voltages the conductance is bigger at 20 mins in FL-oTau but at 

high voltages it is lower at 20 mins in o-Tau, thus, the effects are non-monotonic. Globally 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. 

The simplest explanation for these changes to sodium conductance is that a specific NFRAG tau 

sequence binds to the sodium channel. The mammalian sodium channel is a molecular complex of an 

∼2000 amino acid α-subunit, which contains the pore and drug interaction sites, and smaller β-subunits, 

which modulate membrane expression (Catterall, 2000; 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, making it responsive to changes in membrane potential (Bezanilla, 2000). It is 

interesting to speculate on where the tau oligomers could bind to sodium channels, changing 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).  

Conclusions 

This work has shown that by modifying the tau molecule it is possible to dissect apart the multiple effects 

it has on neuronal function (Table 2) and identify a molecular target that tau binds to. This not only 

provides information about the mechanisms of action of tau but also raises interesting possibilities.  

Since the truncations used in this study have been found in the CSF of AD patients, then the effects of 

tau will depend on the mixture of these molecules inside neurons. Thus, if tau is primarily present as 

the CFRAG then it will affect excitability and not change AP waveform. However, if the NFRAG accumulates 

in the soma it will have large effects on neuronal integration and AP waveform. Also are these effects 

specific to only some sodium channel isoforms effecting some neurons more than others.  
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Materials and Methods 

Recombinant production of FL and tau fragments 

Constructs: FL tau (amino acids 1-441 of tau 2N4R; Uniprot ID P10636-8), as well as the amino acids 

1-123 (CFRAG) and 124-441 (NFRAG) variants of this protein were recombinantly produced in E. coli. The 

different fragments were PCR amplified using custom designed primers representing the 5’ and 3’ 

sequence respectively with Tau cDNA (RC213312, Origene) as template. The PCR fragment was 

cloned directly into pET_SUMO, a 6XHis tag and SUMO protein expression plasmid (Invitrogen), with 

a TA cloning site. Constructs were sequenced and transformed into E. coli BL21 (DE3) for expression. 

SUMO fusion protein expression: E.coli BL21 (DE3) containing the sequence-confirmed plasmid 

constructs were incubated overnight in 20 ml Luria Bertani media with Kanamycin at a concentration of 

50 µg/ml. The next morning, the turbid culture was used to inoculate 1L of Luria Bertani media with 

Kanamycin (50 µg/ml) at +37°C and when OD600 reached 0.5-0.7, protein expression was induced 

with 1.0 mM IPTG o/n at +26-28°C. BL21 (DE3) cells overexpressing tau forms were harvested by 

centrifugation at 7000 rpm for 20’ at +4°C and the pellet stored at -20°C. 

Purification: The pellet was resuspended in 5ml lysis buffer (20 mM Tris, 150 mM NaCl, 1% NP40 pH 

7.5, plus a tablet of protease inhibitor cocktail from Roche) per mg of cell pellet and incubated at room 

temperature for 30 min. The lysate was centrifuged for 20 min at 17,000×g, 4 °C and the supernatant 

collected. The protein extract was added to Ni-NTA agarose (Novex) equilibrated with 10 mM imidazole 

in 1x Native buffer and incubated with rotation at +4°C for 1h. Ni-NTA agarose was washed with 1x 

Native buffer + 20 mM imidazole and 6xHis-SUMO-tau fusion protein was eluted with 250 mM imidazole 

in 1x Native buffer. Purified fusion protein was dialysed against 50 mM Tris, 150 mM NaCl, pH 8.0 and 

protein concentration was determined with BCA. 

SUMO-tau fusion protein (2 mg) was cleaved by +4°C overnight incubation in 50 µg SENP-1 SUMO 

protease in 50 mM Tris, 150 mM NaCl, 1 mM DTT. After cleavage, 6xHis-tag and His-tagged SUMO 

protease was bound to Ni-NTA agarose, the flowthrough containing tag-free tau was collected and any 

residual bound Tau protein was eluted with imidazole gradient, starting at 20 mM. Fractions containing 

Tau protein were collected and dialyzed against PBS. If needed, protein was concentrated using 

AmiconUltra4. Polishing of the tag-free tau protein variants to remove truncates and aggregates was 

performed by size exclusion chromatography as described in Karikari et al., (2020b). We used a 

Superdex S200 10/300 GL column (GE Healthcare) running on an Ethan LC system (GE Healthcare), 

with the running buffer being 1× PBS pH 7.4 (2x PBS for tau1-123). The following molecular weight 

markers from Sigma (#MWGF70-1KT) were used to estimate the elution volumes of the proteins of 

interest: blue dextran (2000 kDa; void volume), bovine serum albumin (66 kDa), carbonic anhydrase 

(29 kDa), cytochrome C (12.4 kDa), and aprotinin (6.5 kDa). Each tau variant was purified in a two-step 
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process; 1ml fractions from the first size exclusion chromatography were analysed by gel 

chromatography followed by Western blotting with specific tau antibodies to select high-protein fractions 

for further processing. Selected high-yield fractions were pooled and concentrated using ultrafiltration 

devices of appropriate molecular weight cut-offs from Amicon as described in Karikari et al., (2020) .  

Preparation of tau oligomers  

To ensure the use of equal concentrations of the tau variants, molar concentrations were estimated 

using molecular weights specific to each tau construct sequence. Oligomers were prepared by overnight 

incubation of identical concentrations of each protein construct in 1X PBS at room temperature without 

shaking, a method validated (Karikari et al., 2019b). Monomers were treated similarly but were 

incubated at 4 ˚C overnight. The samples were immediately dry-frozen by dipping into dry ice mixed 

with ethanol and stored at -80 ˚C until use. Oligomer concentrations were expressed in equivalence of 

starting monomer concentrations. Unless otherwise stated, aggregates were introduced at 444 nM 

(based on monomeric MW).  

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 soluble tau 

aggregate 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. 

Electrophysiology 

Preparation of hippocampal brain slices 

All experiments were approved by the local Animals Welfare and Ethics Board (AWERB) at Authors 

University. C57/BL6 male mice (3-4 weeks of age) were killed by cervical dislocation and decapitated 

in accordance with the United Kingdom Animals (Scientific Procedures) Act (1986). Parasagittal 

hippocampal slices (350 μM) were cut with a Microm HM 650V microslicer in cold (2–4°C) high Mg2+, 

low Ca2+ aCSF (artificial CSF), composed of the following: 127 mM NaCl, 1.9 mM KCl, 8 mM MgCl2, 

0.5 mM CaCl2, 1.2 mM KH2PO4, 26 mM NaHCO3, and 10 mM D-glucose (pH 7.4 when bubbled with 

95% O2 and 5% CO2, 300 mOsm). Following preparation, slices were left to recover in recording aCSF 

(as above but with 1 mM MgCl2 and 2 mM CaCl2) at 34°C.  Slices were used within 1-8 hours after 

preparation.  

Whole-cell patch clamp recording from pyramidal cells 

A slice was transferred to the recording chamber, submerged and perfused (2–3 ml/min−1) with aCSF 

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 were made from pyramidal cells in 

area CA1 of the hippocampus using patch pipettes (5–10 MΩ) manufactured from thick-walled glass 

(Harvard Apparatus). Pyramidal cells were identified by their position in the slice, morphology (from 
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fluorescence imaging) and characteristics of the standard current−voltage relationship. Voltage 

recordings were made using an Axon Multiclamp 700B amplifier (Molecular Devices) and digitized at 

20 kHz. Data acquisition and analysis were performed using pClamp 10 (Molecular Devices). 

Recordings from neurons that had a resting membrane potential of between –60 and –75 mV at whole-

cell breakthrough were accepted for analysis. The bridge balance was monitored throughout the 

experiments and any recordings where it changed by > 20 % were discarded. Soluble tau aggregates 

were added to intracellular solution containing the following: 135 mM potassium gluconate, 7 mM NaCl, 

10 mM HEPES, 0.5 mM EGTA, 10 mM phosphocreatine, 2 mM MgATP and 0.3 mM NaGTP (293 

mOsm, pH 7.2) to give a final concentration of 444 nM (20 μg/ml tau). Intracellular solution was always 

filtered before adding tau aggregates to avoid any loss of tau in the filter.

Stimulation protocols 

To extract the electrophysiological properties of recorded neurons, both step, ramp and more 

naturalistic, fluctuating currents were injected at 10-min intervals for a duration of the recordings as in 

(Hill et al., 2021, 2019; Kaufmann et al., 2016).  

Standard IV protocol 

The standard current−voltage relationship was constructed by injecting step currents from –200 pA 

incrementing by either 50 or 100 pA (1 s) until a regular firing pattern was induced. A plot of step current 

against voltage response around the resting potential was used to measure the input resistance 

(gradient of the fitted line). 

Rheobase ramp protocol 

To evaluate the rheobase (minimum current needed to elicit an action potential; AP) a current ramp 

was injected into neurons. From the baseline, a 100 ms ramp down by -50 pA, followed by a 900 ms 

ramp up by 150 pA, then a step back down to baseline. 

Dynamic IV protocol 

The dynamic IV curve, defined by the average transmembrane current as a function of voltage during 

naturalistic activity, can be used to efficiently parameterize neurons and generate reduced neural 

models that accurately mimic the cellular response. The method has been previously described (Badel 

et al., 2008a, 2008b; Harrison et al., 2015; Karikari et al., 2019b; Kaufmann et al., 2016), for the 

dynamic-IV computer code, see (Harrison et al., 2015). Briefly, a current wave form, designed to 

provoke naturalistic fluctuating voltages, was constructed using the summed numerical output of two 

Ornstein–Uhlenbeck processes (Uhlenbeck and Ornstein, 1930) with time constants τfast = 3 ms and 

τslow = 10 ms. This current wave form, which mimics the background post‐synaptic activity resulting 

from activation of AMPA and GABAA receptor channels, is injected into cells and the resulting voltage 

recorded (a fluctuating, naturalistic trace). The firing rate was measured from voltage traces evoked by 

injecting a current wave form of the same gain for all recordings (firing rate ∼2–3 Hz). APs were detected 

by a manually set threshold and the interval between APs measured. 

The dynamic transmembrane current (Iion) can be calculated using: 

����(�, �) + ������ =  ����(�) − �
��

��
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for which the injected current (Iinj) is known, the derivative (dV/dt) can be calculated from the 

experimentally measured voltage and the capacitance (C) is attained from a minimum variance 

procedure (Badel et al., 2008b). A scatter plot of the transmembrane current against voltage 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 and a particular voltage, and thus defines the dynamic I–V curve (����): 

����(�) = ���� [����(�, �)]

It is well established that 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; Harrison et al., 2015). 

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

�
�� − � + ∆���� �

� − ��
∆�

�� =  −
����(�)

�

The dynamic curve fitted to the EIF model was used to 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 were constructed solely 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.  

Sodium channel current recordings 

To record sodium channel currents in isolation, the intracellular and extracellular solutions used were 

modified from Milescu et al. (2010). The extracellular solution contained 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 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 differed 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 the P/n protocol (1/4) and the resulting data 

displayed. 

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 -80 mV.  A depolarising pre-pulse was given (5 
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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 rate of activation constant were extracted and compared 

between control and oTau introduced neurons.  

Hodgkin Huxley AP model 

The Hodgkin-Huxley (HH; Hodgkin & Huxley, 1952) model is a simple but robust method for modelling 

the ionic conductance’s that generate nerve 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 conductance’s 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)  

All modelling was completed using either MATLAB or Julia software platforms (Bezanson et al., 2017). 

Statistical analysis 

Statistical analysis was performed using non-parametric methods: Kruskal–Wallis analysis of variance 

(ANOVA), Mann Whitney and Wilcoxon signed-rank tests as required for non-parametric data. All data 
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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, only 1 cell was recorded per slice 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. 

Figure 1: Structure and characterisation of the tau truncations. 
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Figure 2: The effects of FL-oTau on input resistance and AP waveform are abolished by N-terminal truncation, although the effects on excitability 

remain
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Figure 3: Protocol to investigate changes to the rheobase. 
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Figure 4: CFRAG oTau-mediated shift in spike initiation threshold.
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Figure 5: Rapid increase in input resistance mediated by 444 nM NFRAG  tau is due to aggregation 

in the soma impeding current flow.
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Figure 6: The effects of FL-oTau on action-potential waveform are maintained by NFRAG

aggregates and monomers.   
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Figure 7: Tau directly modifies somatic sodium channel currents recorded from hippocampal 

CA1 neurons in acute slices 
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Figure 1: Structure and characterisation of the tau truncations. A) Schematic illustration of the 

recombinant tau constructs used in this study. Full length (FL) tau (441) has two N terminal repeat 

sequences (N1, N2) and four microtubule-binding pseudorepeat domains (R1–R4). Two trunctions were 

tested. The first, is an N-terminal truncated form of FL tau (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, including both N-terminal repeat sequences. B) All three versions 

of tau (FL, CFRAG and NFRAG) were tested as monomers, and after undergoing the oligomerisation 

protocol. Top panels: Overnight incubation at room temperature in the absence of any aggregation 

inducer (e.g., heparin) allowed each protein variant to form small, soluble tau aggregates, as monitored 

by negative-stain transmission electron microscopy. While FL and CFRAG both formed granular oligomer-

like aggregates, the N-terminal fragment polymerized into amorphous structures with no consistent 

shape. Insets: Higher magnification regions to highlight aggregate shape. Bottom panel: The monomer 

preparations did not form any visible aggregates. Scale bars = 200 nm and insets 20 nm. 

Figure 2: The effects of FL-oTau on input resistance and AP waveform are abolished by N-

terminal truncation, although the effects on excitability remain. A) Standard current−voltage 

response in control (vehicle) neurons (grey), FL tau (red) and CFRAG tau (blue) over the 40-minute period 

of recording. 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 = 0.1455, firing rate p = 0.1831, AP amplitude p = 0.0732 or AP width p = 0.2266).  B) Graph showing 

no change to the RMP over the period of recording for any of the experimental conditions (vehicle, FL 

oTau and CFRAG oTau, p = 0.0898, 0.0859 and 0.0801 respectively). C) Graph plotting Rin against time. 

FL tau significantly increased input resistance (at 40 mins, Rin was increased to 130 ± 6.3 % of the 

resistance at time 0, whole cell breakthrough, p = 0.0005) whereas control neurons and neurons with 

CFRAG tau showed no significant changes (at 40 mins, the Rin was 100 ± 2.1 % of the resistance at time 

0, p = 0.9263). D) 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 oTau). There is a reduction in AP amplitude with FL oTau, whereas CFRAG 

oTau and vehicle have no effect (CFRAG oTau: no change in AP amplitude (at 40 minutes 91 ± 1.6 % of 

that at time 0 minutes, p= 0.0791) or AP width (at 40 minutes 102 ± 3.0 % of that at time 0 minutes p = 

0.4746; FL oTau: AP amplitude at 40 minutes significantly (p= 0.001) reduced to 70 ± 7.4 % of that at 

time 0 minutes and AP width at 40 minutes significantly (p = 0.0352) increased to 134 ± 17.2 % of that 

at time 0 minutes). E) Graph plotting normalised firing rate (to time 0) against time. Both FL and CFRAG

oTau oligomers produce a significant increase in neuronal excitability that is not seen in vehicle cells. 

(FL oTau: at 40 mins, the firing rate, measured from the voltage response to naturalistic current 

injection, was 171 ± 19.3 % of that at time 0, p = 0.02; CFRAG oTau: at 40 mins, the firing rate was 164 

± 22.5 % of that at time 0, p = 0.0132). (F) Graph plotting AP amplitude against time and (G) AP width 

against time. A reduction in AP amplitude (F) and increase in width (G) are only produced by FL oTau 

and not by CFRAG oTau or vehicle. Action potential (AP), Firing rate (FR), Input resistance (IR), Resting 

membrane potential (RMP)
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Figure 3: Protocol to investigate changes to the rheobase. A) Schematic of the ramp protocol used 

to elicit APs. This protocol was run at 10-minute intervals. B) Examples from representative cells 

(control, full length, and CFRAG oTau) demonstrating effects on rheobase over time. C, D) Graphs plotting 

mean and SEM for control (vehicle), full length and CFRAG oTau on rheobase over time. There was no 

significant difference in the minimal current (rheobase) to evoke an AP 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 ± 3.47 pA, with FL the mean rheobase was 68 ± 5.39 pA and with CFRAG the 

mean rheobase was 79 ± 7.74 pA, p = 0.1289). 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 ± 3 % 

of the value at time 0 mins, p=0.0830, Table 1). Both full length and CFRAG oTau significantly reduced 

both the time when first AP was evoked and the current needed to elicit an AP, reflecting the increase 

in excitability. For FL tau, at 40 minutes the rheobase was 66 ± 7 % of the value at time 0 mins (p = 

0.0015). When CFRAG tau was introduced, at 40 minutes the rheobase was 70 ± 5 % of the value at time 

0 mins (p = 0.0005, Table 1, Figure 3). 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 

CFRAG oTau; p < 0.0001) were observed to contribute to the alteration of rheobase as well as an 

interaction between the two (p <0.0001), with significance observed from the 20-minute time-point 

onwards (as determined by post-hoc analysis; 20 mins p = 0.0064, 30 mins p < 0.0001, 40 mins p < 

0.0001). 

Figure 4: oTau-mediated 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 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 was normalised to the spike initiation 

threshold at time 0 mins. 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 -53.82 ± 1.46 mV, n = 12, compared to the mean threshold in 

CFRAG neurons which was -53.7 ± 1.64 mV, n = 12, p = 0.5185). In control neurons, there was no 

significant difference in spike threshold over the duration of the recording (at 40 minutes, the spike 

threshold was 101.3 ± 1.1 % of the value at time 0 mins, p = 0.4766). Whereas for neurons where CFRAG

was introduced, the spike initiation threshold was significantly reduced (more negative) at 40 minutes 

was compared to 0 minutes (at 40 minutes, the spike threshold was 94.5 ± 0.9 % of the value at time 0 

mins, p = 0.0010). 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 
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combination of both. A significant effect of time (p=0.0129) and condition (vehicle or CFRAG oTau; 

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 = 

0.0081, 30 mins p = 0.0474, 40 mins p = 0.0201). C) Graph plotting spike onset against time.  

There was an increase in spike onset observed in neurons where CFRAG was introduced, reflecting faster 

spike generation after reaching threshold. 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 in control neurons was 1.01 ± 0.09 mV, n = 12, compared to the 

mean threshold in CFRAG neurons which was 0.98 ± 0.13 mV, n = 12, p = 0.1285). In control neurons, 

there was no significant difference in spike onset over the duration of the recording (at 40 minutes, the 

spike onset was 103.2 ± 5.7 % of the value at time 0 mins, p = 0.9102). Whereas for neurons where 

444 nM aggregated CFRAG tau was introduced, the onset was increased (steeper, reflecting increased 

excitability) at 40 minutes was compared to 0 minutes (at 40 minutes, the spike onset was 140.4 ± 8.2 

% of the value at time 0 mins, p = 0.0015). A non-parametric two-way ANOVA was then used to evaluate 

whether the shift in spike onset was dependent solely on the treatment condition, on the timescale of 

recording, or an interaction between both. A significant effect of time (p = 0.0047) and condition (vehicle 

or CFRAG oTau; p = 0.0001) were observed to contribute to the alteration of spike onset, with significance 

observed from the 30-minute time-point onwards (as determined by post-hoc analysis; 30 mins p = 

0.0019, 40 mins p = 0.0001). An interaction effect between condition and time was also noted (p = 

0.0152).  (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 and re-simulating with little 

effect on excitability or firing rate, thus confirming that the increase in excitability is predominantly 

mediated by a shift in spike threshold. 

Fig 5: Rapid increase in input resistance mediated by 444 nM NFRAG  tau is due to aggregation in 

the soma 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. At 5 minutes, the input resistance was 169 ± 24.2 % of that 

at 0 minutes (whole cell breakthrough), the time constant was reduced to 77 ± 3.2 % of that at 0 minutes 

and this change in time constant reflected a change in whole-cell capacitance (by 5 minutes the 

capacitance was reduced to 53 ± 5.4 % of that at 0 minutes (n = 4). B) Bright-field image of a CA1 

neuron in the hippocampus with two patch pipettes recording simultaneously from the soma. C) 

Schematic of the stimulation protocol used, a 200 pA hyperpolarising current step was applied 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, there was no change to the relative amplitude of 
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the voltage responses between 0 mins (whole-cell breakthrough) and 5 mins (the relative response was 

97 ± 1.7 % of the response at 0 minutes, p = 0.1484, n = 8).  E) Representative example when 444 nM 

NFRAG was introduced via the ‘inject and record pipette’, the same rapid increase in voltage response 

(as in A) was observed. This was not reflected by an increase in the amplitude of the voltage step as 

measured by the ‘recording only’ pipette, suggesting that the aggregates are impeding the flow of 

current between the pipettes (at 5 minutes the relative response was 58.4 ± 7 % of the response at 0 

minutes, p = 0.0078, n = 8). F) Mean and SEM data for control (n = 8) and 444 nM NFRAG recordings 

(n=8). A significant reduction in the voltage response measured by the ‘record’ pipette compared to the 

‘inject and record’ pipette (where tau was introduced) can be observed. 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 = 0.0489) and condition (vehicle or NFRAG, p < 0.0001) were observed to contribute to the alteration 

resistance.  

Figure 6: 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 RMP over the period 

of recording for any of the conditions. (NFRAG tau aggregates: at 40 mins, the RMP was 99 ± 1.0 % of 

that at time 0, p = 0.9609, n = 12; NFRAG tau monomers at 40 mins, the RMP was 104 ± 2.4 % of that at 

time 0, p = 0.0938, n=12).  (B) Graph showing that there is no change to the input resistance over the 

period of recording for 133 nM NFRAG aggregates or monomers (NFRAG tau aggregates: at 40 mins, the 

peak input resistance, measured from the voltage response to step current injection, was 102 ± 7.7 % 

of that at time 0, p = 0.9531; NFRAG tau monomers: at 40 mins, the peak input resistance, measured 

from the voltage response to step current injection, was 102 ± 4.1 % of that at time 0, p = 0.9395). (C) 

Graph showing that there is no change to firing rate over the period of recording for 133 nM NFRAG

aggregates or monomers. (NFRAG tau aggregates: at 40 mins, the firing rate, measured from the voltage 

response to naturalistic current injection, was 107 ± 13.6 % of that at time 0, p = 0.7471; NFRAG tau 

monomers: at 40 mins, the firing rate, measured from the voltage response to naturalistic current 

injection, was 106 ± 10.5 % of that at time 0, p = 0.5068). (D) Graph showing that there is no change to 

the rheobase current over the period of recording for 133 nM NFRAG aggregates or monomers (NFRAG

tau aggregates: at 40 mins, the rheobase was 127 ± 11.9 % of that at time 0, p = 0.1294; NFRAG tau 

monomers: at 40 mins, the rheobase was 116 ± 10.1 % of that at time 0, p = 0.2402). (E) Representative 

examples of AP 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 AP height and width is 

observed. (F) Graph showing that there is a comparable change to AP height over the period of 

recording for 133 nM NFRAG aggregates or monomers and FL-oTau (NFRAG tau aggregates: AP amplitude 

at 40 minutes was significantly reduced to 76 ± 2.9 % of that at time 0 minutes, p=0.0005; NFRAG tau 

monomers: AP amplitude at 40 minutes was significantly reduced to 82 ± 2.6 % of that at time 0 minutes, 

p=0.0010). (G) Graph showing that there is a comparable change to AP width over the period of 

recording for 133 nM NFRAG aggregates or monomers and FL-oTau. (NFRAG tau aggregates: AP width at 

40 minutes was significantly increased to 118 ± 7.4 % of that at time 0 minutes, p = 0.0186; NFRAG tau 
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monomers: AP width at 40 minutes was significantly increased to 123 ± 2.0 % of that at time 0 minutes, 

p = 0.0303).  Pale red lines demonstrate the effects of FL-oTau for comparison (data presented in figure 

2). Action potential (AP), Firing rate (FR), Input resistance (IR), Resting membrane potential (RMP).  

Figure 7: Tau directly modifies somatic sodium channel currents recorded from hippocampal 

CA1 neurons 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) sodium channels. There is a brief step to -55 mV (1 ms) before the steps used 

to evoke the controlled sodium channel currents (15 ms). The steps were given on consecutive sweeps 

from -60 V to + 60 mV (5 mV increment) 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) is plotted. 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 (at 20 mins, the half activation was 98 ± 1.0 % of that 

at time 0, p = 0.2031), FL-oTau introduced cells see a significant decrease in half activation (activate at 

lower voltages; increase in excitability), at 20 minutes, the half activation was 150 ± 11.7 % of that at 

time 0, p = 0.0078. We also see a doubling of the rate constant of activation (E). In control cells, at 20 

mins, it was 101 ± 3.6 % of that at time 0, p = 0.9375, whereas in FL-oTau introduced neurons had 

increased significantly to 171 ± 15.4 % of that at time 0, p = 0.0078. 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) 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 (J). 
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Table 1: Electrophysiological parameters measured for dopaminergic neurons at time zero and time 40 mins for each experimental treatment (vehicle, FL-

oTau, and CFRAG o-Tau. Data is displayed as mean and SEM of the raw values. Action potential (AP), Firing rate (FR), Input resistance (IR), Resting membrane 

potential (RMP). 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 = 0.1386, peak input resistance p = 0.2288, firing rate p = 0.6439, action potential (AP) amplitude p = 

0.7528 or AP width p = 0.9090, n = 12 for each condition). 

Vehicle/ control (n=12) Full length tau (n=12) CFRAG (n=12) 

0 mins 40 mins 0 mins 40 mins 0 mins 40 mins 

Parameter Mean SEM Mean SEM Mean SEM Mean SD Mean SEM Mean SEM 

RMP (mV) -64 ± 1.07 -66 ± 1.36 -66 ± 0.75 -64 ± 1.30 -64 ± 0.92 -67 ± 1.52 

Peak Rin (MΩ) 204 ± 18.6 197 ± 20.1 165 ± 6.29 218 ± 16.1 178 ± 13.4 177 ± 11.7 

Firing Rate (Hz) 1.73 ± 0.4 1.63 ± 0.45 1.25 ±  0.3 1.73 ± 0.3 1.1 ±  0.19 1.5 ± 0.21 

AP Height (mV) 85 ± 2.52 83 ± 2.86 87 ± 3.42 63 ± 7.48 89 ± 2.19 86 ± 2.45 

AP width (ms) 1.8 ± 0.09 1.7 ± 0.08 1.8 ± 0.05 2.4 ± 0.34 1.8 ± 0.06 1.9 ± 0.06 

Rheobase (pA) 61 ± 3.47 60 ± 4.51 68 ± 5.39 47 ± 7.42 79 ± 7.74 56 ± 8.18 
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Findings 
FL-   oTau 

(444 nM) 

CFRAG -oTau   

(444 nM) 

NFRAG-oTau 

(444 nM) 

NFRAG-oTau    

(133 nM) 

NFRAG-Tau   

(133 nM) 
Potential mechanism 

AP amplitude ↓ - ↓ ↓ ↓ 
Slower activation of voltage-gated sodium 

channels 
AP width ↑ - ↑ ↑ ↑ 

Input 

resistance 
↑ - ↑ - - 

Aggregation in the soma impeding current flow, 

lowering apparent capacitance. 

Firing rate ↑ ↑ - - - Hyperpolarised shift in spike initiation 
threshold. 

Shift in the half activation of voltage-gated 
sodium channels 

Rheobase ↓ ↓ - - - 

Table 2: Summary of findings using recombinant truncations of tau and identified mechanisms.  
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