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Abstract 

For over three decades, the evidence that microtubules might play a role in 
neuronal excitability has been largely ignored. More recently, several groups 
provided direct evidence for the involvement of microtubule-associated protein 
Tau in excitability. This paper shows that the Tau-induced hyperexcitability 
could play a central role in tauopathy which includes Alzheimer's disease, 
Huntington's disease and Tau-positive frontotemporal dementia. These 
neurodegenerative disorders are characterized by elevated total and/or 4R-
Tau level. According to the Microtubule Model for Excitability (MTME) proposed 
in Paper 1, elevation of total and/or 4R-Tau promotes dissociation of 
microtubules from the membrane of axon initial segment (AIS), thereby 
increasing excitability. The microtubule-bound Tau proteins in AIS are 
vulnerable to phosphorylation by protein kinases, particularly GSK-3β. Hence, 
the tauopathy exhibits Tau pathology (Tau hyperphosphorylation and 
neurofibrillary tangles). 

  

Introduction 

Hyperexcitability is an early sign of Alzheimer's disease (AD) (Dickerson et al., 
2005; Putcha et al., 2011) and amyotrophic lateral sclerosis (ALS) (Vucic et al., 
2008; Menon et al., 2015). Other neurodegenerative disorders are also linked 
to hyperexcitability, including Parkinson's disease (PD) (Rodriguez et al., 1998; 
Ambrosi et al., 2014), Huntington's Disease (HD) (Klapstein et al., 2001; 
Burgold et al., 2019), progressive supranuclear palsy (PSP) (Kofler et al., 2000), 
frontotemporal dementia (FTD) and Dementia with Lewy Bodies (DLB) (Beagle 
et al., 2017). The microtubule-associated protein Tau is implicated in a class 
of neurodegenerative disorders known as "tauopathy". In Paper 1, it was 
proposed that the Tau protein may modulate neuronal excitability by interacting 
with the microtubules at the axon initial segment (AIS). Further details are 
discussed in this paper.  
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Tau Isoforms 

Tau is encoded by a single gene, MAPT, which may generate six isoforms 
through alternative RNA splicing. They differ in the number of inserts at the N-
terminal half and the number of repeats in the microtubule binding domain 
(Figure 1). A Tau isoform is commonly designated as xNyR, where x is the 
number of inserts and y is the number of repeats. For instance, 2N4R indicates 
that it contains two N-terminal inserts and four repeats. The number of inserts 
can be 0, 1 or 2 and the number of repeats may be either 3 or 4. The 4-repeat 
(4R) Tau includes the second repeat encoded by exon 10. 

 

Figure 1. Tau isoforms. An isoform is designated as 
xNyR, where x is the number of inserts and y is the 
number of repeats. [Source: Park et al., 2016] 

The 4R-Tau binds to, assembles, and stabilizes microtubules more effectively 
than 3R-Tau (Bunker et al., 2004). In a healthy adult brain, the levels of 4R- 
and 3R-Tau protein are approximately equal. Elevation of total and/or 4R-Tau 
is prone to develop tauopathy. 

Tauopathy Arises from Elevated Total and/or 4R Tau 

Tauopathy is a class of neurodegenerative diseases that exhibit Tau pathology 
(Tau hyperphosphorylation and neurofibrillary tangles). These diseases are 
associated with elevated total and/or 4R-Tau level as well as hyperexcitability. 

• Alzheimer's disease. In healthy brains, the expression level of 3R-Tau is 
comparable across all different brain regions studied, including the 
hippocampus, entorhinal cortex (EC), frontal cortex, occipital-temporal cortex, 
parietal-temporal cortex, the striatum, olfactory bulb and the cerebellum. 
However, the expression levels of total and 4R-Tau are the highest in EC (Hu 
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et al., 2017). This may explain why AD begins in EC, specifically in lateral EC 
(Khan et al., 2014). The 4R-Tau is also upregulated in other areas of AD brain 
with a heavy burden of neurofibrillary tangles (Yasojima et al., 1999; Ginsberg 
et al., 2006; Glatz et al., 2006). 

• Huntington's disease is a genetic disorder due to expansion of the CAG repeat 
within the huntingtin gene. The genetic abnormality increases 4R-Tau 
(Fernández-Nogales et al., 2014). Seizure often occurs in the juvenile form of 
Huntington's disease (Cloud et al., 2012).  

• FTLD-Tau. FTLD refers to frontotemporal lobar degeneration, which is the 
pathological term for frontotemporal dementia (FTD). FTLD may be either Tau-
positive (FTLD-Tau) or Tau-negative (FTLD-U), with roughly equal prevalence. 
FTLD-Tau is characterized by elevated total and/or 4R-Tau (Goedert et al., 
2012).  

• Progressive supranuclear palsy is a 4R tauopathy (Katsuse et al., 2003). Its 
neurophysiological abnormalities may reflect cortical hyperexcitability (Kofler et 
al., 2000). The disease also increases the risk of seizures (Nygaard et al., 1989). 

• Corticobasal degeneration is another 4R tauopathy (Katsuse et al., 2003). It 
is characterized by hyperexcitability of the motor cortex (Lu et al., 1998; Nardone 
et al., 2019). 

The Microtubule Model for Excitability (MTME) 

MTME was originally proposed for wireless communication in the brain, 
wherein microtubules at the AIS may serve as the receiving antennas for 
converting electromagnetic (EM) force into neuronal excitability. A microtubule 
is made up of tubulin which has two isoforms, α and β, that usually form a 
heterodimer. In a tubulin heterodimer, the number of negatively charged amino 
acids exceeds that of positively charged amino acids by about 50 (Minoura and 
Muto, 2006). As a result, a microtubule is highly negatively charged along the 
entire length (Baker et al., 2001). 

The generation of action potentials requires opening of voltage-gated sodium 
channels. It has been well documented that action potentials initiate at AIS. 
Therefore, AIS is an ideal region for microtubules to modulate excitability. 
Fundamentally, the open probability of voltage-gated sodium channels is 
determined by electric fields acting on their voltage sensor (the S4 segment). 
In a nerve membrane, the electric fields may come from various sources, such 
as applied voltages or ions in the intracellular and extracellular solutions. Paper 
1 has shown that the electric fields from microtubules can exert significant 
influence on excitability by acting on the voltage sensor of sodium channels, 
especially in pyramidal neurons that participate in long-range communication. 
The association between microtubules and the AIS membrane should have the 
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same effects as hyperpolarization, i.e., inhibitory. Dissociation of microtubules 
from the AIS membrane is equivalent to depolarization.  

Ankyrin-G, together with the microtubule end binding protein EB1 or EB3 
(denoted by EB1/3), play a crucial role in anchoring microtubules to the AIS 
membrane (Leterrier et al., 2011). Higher Ankyrin-G level will provide more 
"anchor points", which restrict the microtubule to move away from the 
membrane, thereby reducing excitability (Figure 2). During long range 
synchronization, the EM force can induce microtubule vibration to disrupt the 
anchoring, resulting in microtubule dissociation from the membrane.  

 

Figure 2. The effects of Ankyrin-G on excitability.  
(A) Ankyrin-G links the negatively charged microtubule 
fascicle to the membrane, thereby reducing excitability. 
(B) Down-regulation of Ankyrin-G may increase the 
probability for the microtubule fascicle to detach from the 
membrane, consequently increasing excitability. Loss of 
all Ankyrin-G proteins would disrupt the AIS structure. 

This model is supported by two studies that have demonstrated the effects of 
Ankyrin-G on excitability. The first study employed TsA201 cells to express 
Nav1.6 channels and/or Ankyrin-G. If only Nav1.6 channels are expressed, a 
significant persistent sodium current INaP (conducted by Nav1.6 channels) was 
observed. However, co-expression with Ankyrin-G reduced INaP (Shirahata et 
al., 2006). Nav1.6 is abundant at the AIS, with a critical role for the regulation 
of excitability (O'Brien and Meisler, 2013). The second study investigated the 
effects of amyloid precursor protein (APP) over-expression in a transgenic 
mouse model. It was found that the APP over-expression up-regulates a 

https://www.ncbi.nlm.nih.gov/pubmed/21551097
http://www.geon.us/Papers/P1/LongRange.html
http://www.geon.us/Papers/P1/LongRange.html
http://www.geon.us/Frontiers/AIS.htm
http://www.geon.us/Frontiers/AIS.htm
https://www.ncbi.nlm.nih.gov/pubmed/16775201
https://www.ncbi.nlm.nih.gov/pubmed/16775201
https://www.ncbi.nlm.nih.gov/pubmed/24194747


microRNA, miR-342-5p, which in turn down-regulates the expression of 
Ankyrin-G (Sun et al., 2014). In agreement with MTME, the APP transgenic 
mice exhibited hyperexcitability (Wesson et al., 2011; Bezzina et al., 2015). 

Elevated Total and/or 4R Tau Increases Excitability 

According to MTME, the excitability of pyramidal neurons is largely dependent 
on the electric field from microtubule fascicle acting on the voltage sensor (S4 
segment) of sodium channels in the AIS. Most AIS sodium channels would be 
closed when the microtubule fascicle associates with the membrane via 
Ankyrin-G and EB1/3. The open probability of AIS sodium channels will 
increase sharply as the microtubule fascicle dissociates from the membrane 
due to disruption of the binding between fascicle and Ankyrin-G. The Tau 
protein interacts with not only microtubules, but also EB1/3 (Sayas et al., 2015). 
Therefore, Tau could be recruited to the binding sites between microtubules 
and EB1/3. These sites are the anchor points that link microtubules to the 
membrane. As Tau proteins are recruited to anchor points, they will prevent 
the binding between Ankyrin-G and microtubule fascicles, thereby increasing 
excitability (Figure 3). 
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Figure 3. The effects of Tau protein on excitability. The 
binding between Tau and the EB1/3 on microtubules 
prevents the association between Ankyrin-G and 
microtubule fascicles, thereby increasing excitability. 
These Tau proteins are vulnerable to phosphorylation by 
protein kinases, particularly GSK-3β. 

The above mechanism predicts that elevated total Tau level should increase 
excitability by promoting dissociation of microtubule fascicles from the 
membrane. The 4R-Tau contains more microtubule binding repeats than the 
3R-Tau. Thus, 4R-Tau has stronger binding affinity to microtubules than 3R-
Tau (Bunker et al., 2004). Therefore, 4R-Tau can prevent Ankyrin-
G/microtubule binding more effectively than 3R-Tau. This explains why 
elevated total and/or 4R-Tau increase excitability, as observed in tauopathy. 
The mechanism also agrees with the finding that Tau phosphorylation 
attenuates excitability. 

Tau Phosphorylation Attenuates Excitability 

Phosphorylation is a process that adds a negatively charged phosphate group 
(PO4

3−) to a protein. Therefore, phosphorylation of the Tau protein generally 
reduces its binding affinity to microtubules, particularly at sites serine-262 and 
threonine-231, which have strong impact on the Tau-microtubule binding 
(Sengupta et al., 1998). According to the above mechanism, detachment of 
Tau protein from microtubules at the AIS should attenuate neuronal excitability, 
thereby reducing excitotoxicity, including the deleterious effects of hyperactive 
GSK-3β. This prediction agrees with the finding that at the early stage of AD, 
increased phosphorylation within or near Tau's microtubule binding domain 
correlates with reduced levels of neuronal excitability, suggesting that Tau 
phosphorylation on these sites represents a compensatory mechanism that 
mediates neuroprotection against hyperexcitability (Mondragón-Rodríguez et 
al., 2018). 

The Effects of Microtubule Depolymerization 

The idea that microtubules might play a role in neuronal excitability has been 
proposed several decades ago, based on the observation that the excitability 
of squid giant axons correlates with microtubule assembly (Matsumoto and 
Sakai, 1979). It was further found that the internal perfusions which cause 
microtubules to depolymerize reduce the excitability and those supporting 
microtubule assembly increase the peak sodium current (Sakai et al., 1985). 
Recently, similar results were obtained from epilepsy models in the rat: the 
microtubule-depolymerizing agent nocodazole reduced burst activity and 
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seizure severity (Carletti et al., 2016). Nocodazole is likely to act on the 
microtubules at AIS, as the chemical agent has been shown to modulate AIS 
location in a microtubule-dependent manner (Hatch et al., 2017). 

 

Figure 4. Molecular organization of the AIS. The AIS can 
be divided into three layers: the plasma membrane, 
submembrane cytoskeleton and inner AIS shaft. In other 
compartments of various neuronal types, the 
submembrane cytoskeleton also contains actin and 
spectrin, but without Ankyrin-G. Click here to enlarge. 
[Source: Jones and Svitkina, 2016] 

How can microtubule depolymerization reduce excitability? It is important to 
note that, beneath the plasma membrane of a neuron, there is a submembrane 
cytoskeleton composed of actin and spectrin (Figure 4). The actin/spectrin 
layer exists not only in axons (Xu et al., 2013), but also in the somatodendritic 
compartments of various neuronal types, across different animal species (He 
et al., 2016; Han et al., 2017). Although both actin and spectrin are also highly 
negatively charged (Elzinga et al., 1973; Speicher et al., 1983), their distance 
from the membrane surface is fixed. These charges do not contribute to the 
dynamic change of the electric fields acting on the voltage sensor of voltage-
gated ion channels. By contrast, the AIS contains sparse microtubules (Palay 
et al., 1968), allowing them to translocate significantly within the AIS. As 
calculated in Paper 1, translocation of a microtubule within the AIS is sufficient 
to influence channel gating. 
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Due to the presence of the submembrane cytoskeleton, a microtubule cannot 
contact the intracellular membrane surface. The free tubulin dimer is a small 
molecular complex capable of penetrating the actin/spectrin layer to inhibit 
action potentials with its negative electric field. However, the actin/spectrin 
layer is also negatively charged, which would repel tubulin. Therefore, the entry 
of tubulin into the submembrane cytoskeleton may require multivalent 
counterions (Ha and Liu, 1999), such as Ca2+ ions. High concentration of Ca2+ 
ions is known to cause microtubule depolymerization to produce free tubulin 
dimers (O'Brien et al., 1997). During seizures (Paper 14) or traumatic brain 
injury (Paper 13), the intensive neural activities often lead to Ca2+ overload. 
Not only can the elevated Ca2+ ions induce microtubule depolymerization to 
produce free tubulin dimers, they also serve as the counterions mediating the 
attraction between the actin/spectrin layer and tubulin. This explains how 
microtubule depolymerization can attenuate neuronal excitability (Figure 5). 
We see that, through tubulin inhibition, the microtubule depolymerization 
resulting from Ca2+ overload provides a negative feedback to mitigate Ca2+ 
toxicity. 

 

Figure 5. Schematic illustration of the inhibitory effects by 
free tubulin dimers at AIS. During seizures or traumatic 
brain injury, the intensive neural activities often lead to 
Ca2+ overload, which then induces microtubule 
depolymerization (O'Brien et al., 1997), producing free 
tubulin dimers to penetrate the actin/spectrin layer and 
inhibit neuronal firing. The Ca2+ ions also serve as the 
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counterions mediating the attraction between negatively 
charged actin/spectrin layer and tubulin. 

Discussion 

For over three decades, the evidence (Matsumoto and Sakai, 1979) that 
microtubules might play a role in neuronal excitability has been largely ignored. 
More recently, several groups provided direct evidence for the involvement of 
microtubule-associated protein Tau in excitability (Holth et al., 2013; DeVos et 
al., 2013; Schoch et al., 2016). The Tau-induced hyperexcitability could play a 
central role in tauopathy which includes Alzheimer's disease, Huntington's 
disease, progressive supranuclear palsy and Tau-positive frontotemporal 
dementia. These neurodegenerative disorders are characterized by elevated 
total and/or 4R-Tau level. According to MTME, elevation of total and/or 4R-Tau 
promotes dissociation of microtubule fascicles from the membrane, thereby 
increasing excitability. The microtubule-bound Tau proteins in AIS are 
vulnerable to phosphorylation by protein kinases, particularly GSK-3β. Hence, 
the tauopathy exhibits Tau pathology (Tau hyperphosphorylation and 
neurofibrillary tangles). 

MTME can also explain why Tau phosphorylation attenuates excitability (Hatch 
et al., 2017; Mondragón-Rodríguez et al., 2018). Hatch et al. attributed the 
reduced excitability to the relocation of AIS away from the soma, whereas 
MTME suggests that the reduced excitability is due to the effects of Tau on 
microtubule association with the AIS membrane. The shift of AIS away from 
the soma does not necessarily attenuate excitability. There are two competing 
factors. On one hand, a more distal AIS will increase the voltage attenuation 
from synapses to AIS which is the initiation site of action potentials. As a result, 
the possibility for AIS potential to reach the threshold is decreased. On the 
other hand, the large somatodendritic membrane area acts as a current sink 
for sodium current generated in the AIS. A more distal AIS would reduce the 
current flow, thereby increasing the local depolarization at the AIS (Hamada et 
al., 2016). For pyramidal neurons (used in the study of Hatch et al.), computer 
modeling indicates that a more distally located AIS should enhance, rather than 
reduce, excitability. However, due to the two opposing factors, the change in 
excitability by AIS relocation is only modest (Gulledge and Bravo, 2016). 
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