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Abstract 

The cellular mechanisms from hyperexcitability to neurodegenerative 
pathologies are proposed in this paper. 

• Tau pathology. Hyperexcitability may cause Ca2+ overload, resulting in 
activation of glycogen synthase kinase-3β (GSK-3β) and cyclin dependent 
kinase 5 (Cdk5), which then phosphorylate Tau at specific sites to open the 
paperclip conformation of the Tau protein such that its phosphatase-activating 
domain (PAD) is exposed. The PAD-exposed Tau proteins, whether they are 
monomeric or in an aggregate, may activate other GSK-3β via protein 
phosphatase 1 as they diffuse within the cell or spread to other neurons. 
Hyperactive GSK-3β is toxic to neurons because it can impair axonal transport, 
neurite outgrowth, and long-range synchronization. 

• Beta amyloid (Aβ) pathology. The reciprocal interactions between Ca2+-
induced reactive oxygen species (ROS) and ROS-modulated Ca2+ upsurge may 
aggravate oxidative stress which has been demonstrated to promote the 
production of Aβ peptides. Aβ oligomers may bind the prion protein to induce 
mGluR5 signaling, eventually resulting in hyperphosphorylation of CRMP2 
which could be the major cause of Aβ-mediated synaptic deficits.  

• α-Synuclein pathology. The hyperexcitability-induced hyperactive GSK-3β 
can phosphorylate α-synuclein at serine-129 (S129). Strikingly, about 90% of α-
synuclein found in pathological Lewy bodies are phosphorylated at S129, 
suggesting the importance of S129 phosphorylation in α-synuclein pathology.  

• TDP-43 pathology. Abnormal TDP-43 may down-regulate miR-132 and miR-9, 
resulting in impaired TDP-43 clearance and dysregulation of neurofilaments, 
respectively. The abnormal TDP-43 (pathological phosphorylation or cleavage) 
could also arise from hyperexcitability-induced Ca2+ overload. 

  

  



Introduction 

Hyperphosphorylated Tau (Grundke-Iqbal et al., 1986), oligomeric α-synuclein 
(Roberts and Brown, 2015), and phosphorylated or cleaved TDP-43 
(Hasegawa et al., 2008; Yamashita et al., 2012) are the pathological hallmarks 
of Alzheimer's disease (AD), Parkinson's disease (PD) and amyotrophic lateral 
sclerosis (ALS), respectively. Tau and TDP-43 pathologies are also the major 
causes of frontotemporal dementia (FTD), with roughly equal prevalence 
(Goedert et al., 2012). On the other hand, hyperexcitability is linked to AD 
(Dickerson et al., 2005; Vossel et al., 2013), PD (Blandini et al., 1996; Hilker et 
al., 2005), ALS (Bae et al., 2013) and FTD (Sánchez et al., 2018). This paper 
will discuss how hyperexcitability can lead to these pathologies. 

Tau Pathology 

Tau Toxicity Depends on PAD Exposure 

Generally, phosphorylation of the Tau protein reduces its binding affinity to 
microtubules, particularly at sites serine-262 (S262) and threonine-231 (T231), 
which have strong impact on the Tau-microtubule binding (Sengupta et al., 
1998). It was widely believed that Tau detachment from microtubules 
represents a major mechanism underlying Tau toxicity by causing microtubule 
disintegration. However, as pointed out by Kneynsberg et al. (2017), a few 
animal studies have revealed that Tau knockout leads to only mild changes in 
behavior, cognition, and neuropathology. These findings do not support the 
notion that detachment of the Tau protein would cause microtubule breakdown. 

Aggregation of Tau proteins has also been proposed to underlie Tau toxicity. 
Tau Phosphorylation at S202, T205 and S208 promotes, while S262 inhibits, 
aggregation (Despres et al., 2017; Schneider et al., 1999). Phosphorylation at 
T175 and T231 facilitates the formation of neurofibrillary tangles (NFTs) 
(Moszczynski et al., 2015). However, it has been shown that Tau oligomers 
(small Tau aggregates), not NFTs, are the true toxic species (Shafiei et al., 
2017). Other studies suggest that the exposure of Tau's phosphatase-
activating domain (PAD) plays a critical role in Tau toxicity (Combs et al., 2016; 
Combs and Kanaan, 2017). PAD exposure may activate glycogen synthase 
kinase-3β (GSK-3β) via protein phosphatase 1 (PP1) (Kanaan et al., 2011). 
Therefore, aberrant PAD exposure would cause hyperactive GSK-3β, resulting 
in impairment of axonal transport, neurite outgrowth, and long-range 
synchronization (Article 4). In line with this mechanism, GSK-3β has been 
demonstrated to be essential in the pathogenesis of Alzheimer's disease 
(Takashima, 2006). 

Ca2+ Overload Causes PAD Exposure 
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Neuronal firing is accompanied with Ca2+ influx through various types of 
calcium channels and Ca2+-conducting NMDA receptors. Thus, 
hyperexcitability can lead to high Ca2+ concentration within the neuron. It has 
been well documented that calcium dysregulation is critical for 
neurodegeneration (Mattson, 2007). Ca2+ overload may increase the activities 
of GSK-3β and cyclin dependent kinase 5 (Cdk5) by activating calpain (Figure 
1), which is a Ca2+-dependent protease that cleaves proteins (Ferreira, 2012). 

 

Figure 1. Regulation of GSK-3 and Cdk5 by calpain. (A) 
In the inactive form, GSK-3 contains an inhibitory domain. 
Calpain may remove this inhibitory domain to activate 
GSK-3 (Goñi-Oliver et al., 2007). (B) Cdk5 is normally 
activated by binding to the protein p35. Calpain may 
cleave p35 to generate p25, forming a hyperactive 
Cdk5/p25 complex (Kimura et al., 2014). 

GSK-3β and Cdk5 are the major protein kinases capable of phosphorylating 
Tau at multiple sites (Wang et al., 2007). In a normal free Tau, both N and C 
termini fold back to form a "paperclip conformation". Phosphorylation at S199, 
S202, and T205 moves the N-terminal domain away from the C-terminal 
domain while phosphorylation at S396 and S404 moves the C-terminal domain 
away from the repeat domain, as demonstrated by pseudo-phosphorylation in 
which these residues are mutated to negatively charged glutamate (E) 
(Jeganathan et al., 2008). In either case, PAD is exposed. GSK-3β and Cdk5 
target all of these sites (Wang et al., 2007; Noble et al., 2003). Therefore, Ca2+ 
overload may activate GSK-3β and/or Cdk5 to induce PAD exposure, which 
could then activate other GSK-3β as the PAD-exposed Tau proteins, whether 
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they are monomeric or in an aggregate, diffuse within the cell or spread to other 
neurons. 

Pros and Cons of Tau Phosphorylation 

Arguably, our body is an efficient physiological system where every cellular 
process should have beneficial purposes. If Tau phosphorylation were always 
toxic, it would not have existed. Under normal physiological conditions, PAD 
exposure has been shown to regulate delivery of cargos (proteins and 
organelles) transported by microtubules (Kanaan et al., 2011). Even during 
hyperexcitability, the exposure of PAD could also have beneficial effects. As 
discussed in Paper 2, elevated total and 4-repeat Tau increases excitability. 
Therefore, hyperexcitability could arise from elevated Tau level. The real 
purpose of PAD exposure during hyperexcitability is likely to reduce Tau level. 
This idea agrees with the finding that Tau proteins phosphorylated at 
S202/T205 or S396/S404 are selectively targeted for degradation (Dickey et 
al., 2006). Therefore, Tau phosphorylation could be a protective process. It is 
the failure of the degradation system that causes the disease. The beneficial 
effects of Tau phosphorylation at other sites are discussed in Article 2. 

Beta Amyloid (Aβ) Pathology 

The reciprocal interactions between Ca2+-induced reactive oxygen species 
(ROS) and ROS-modulated Ca2+ upsurge may aggravate oxidative stress 
(Peng and Jou, 2010; Görlach et al., 2015), which has been demonstrated to 
promote the production of Aβ peptides (Zhao and Zhao, 2013; Arimon et al., 
2015). Excessive Aβ production will increase the amount of Aβ oligomers 
(AβOs) and amyloid plaques. AβOs are more toxic than amyloid plaques (Cline 
et al., 2018). However, they generally do not cause neuronal death, but 
interfere specifically with synaptic function (Lacor et al., 2004; Nimmrich and 
Ebert, 2009). A number of AβO receptors have been identified, including 
cellular prion protein (PrPc), α7 nicotinic acetylcholine receptor, p75 
neurotrophin receptor, beta-adrenergic receptors, Eph receptors, paired 
immunoglobulin-like receptor B and its human ortholog receptor (LilrB2) (Xia et 
al., 2016). Among them, the AβO/PrPc signaling pathway (Figure 2) concurred 
with the largest body of evidence on AβO toxicity. 
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Figure 2. A model for the synaptic deficits induced by the 
extracellular Aβ oligomer (AβO). AβO may bind PrPc to 
induce metabotropic glutamate receptors 5 (mGluR5) 
signaling which leads to increased Ca2+ level in the 
cytosol and subsequently stimulates synergistic 
coactivation of Fyn and Pyk2. The Tau protein is required 
for AβO-induced toxicity because it may facilitate 
Fyn/Pyk2 coactivation (see Article 7 for details).  

A growing number of studies indicate that CRMP2 hyperphosphorylation is 
involved in AβO-induced synaptic deficits (Cole et al., 2007; Isono et al., 2013; 
Xing et al., 2016; Mokhtar et al., 2018). The AβO/PrPc signaling pathway may 
lead to CRMP2 hyperphosphorylation by activating GSK-3β and/or Rho kinase. 
Phosphorylation at T514 by GSK-3β disrupts the CRMP2/tubulin binding. This 
would inhibit microtubule transport of tubulin into the spine, resulting in synaptic 
dysfunction, but may not be sufficient to cause spine loss. The microtubule 
transport is mediated by the motor protein kinesin, which may carry not only 
the CABT complex, but also the CRMP2/WAVE1/Sra1 complex (Figure 3). 
WAVE1 is a key driver for the assembly of actin monomers into filamentous 
actin (F-actin). Loss of WAVE1 has been demonstrated to reduce spine density. 
The transport of WAVE1 into the spine would be abolished if CRMP2 cannot 
bind to kinesin. It has been shown that phosphorylation of CRMP2 at T555 
dissociates CRMP2 from kinesin (Mokhtar et al., 2018). Furthermore, Pyk2 
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may induce T555 phosphorylation via the RhoA/Rho kinase pathway (see 
Article 8 for details). 

 

Figure 3. The role of CRMP2 in microtubule transport and 
synaptic functions. CRMP2 mediates the transport of 
tubulin heterodimer and WAVE1/Sra1 into the spine. The 
CABT complex consists of a CRMP2 monomer and a 
tubulin heterodimer. It could play a central role in memory 
extinction and retrieval. Impaired transport of the CABT 
complex into spines would cause synaptic dysfunction. 
WAVE1 is a key driver for the assembly of actin 
monomers into F-actin. Impaired transport of WAVE1 into 
spines would result in spine loss. [Adapted from: Hensley 
and Kursula, 2016].  

α-Synuclein Pathology 

The mechanism of long-range synchronization proposed in Paper 1 requires 
the microtubules at the axon initial segment (AIS) be stable, mobile, and 
shorter than the length of AIS. Such unconventional microtubules have been 
discovered several decades ago. They are referred to as "transportable 
microtubules" (tMTs) (Brady et al., 1984; Baas, 2013; Baas et al., 2016). 
Recently, α-synuclein has been demonstrated to promote the assembly of 
tMTs (Toba et al., 2017). Therefore, α-synuclein deficiency may impair long-
range synchronization of neural oscillations that underlie cognitive functions. 
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As mentioned above, hyperexcitability may result in Ca2+ overload which, in 
turn, could cause hyperactive GSK-3β. It has been shown that GSK-3β can 
phosphorylate α-synuclein at S129 (Credle et al., 2015), leading to the loss of 
its normal function - assembly of tMTs (Toba et al., 2017). Strikingly, about 
90% of α-synuclein found in pathological Lewy bodies are phosphorylated at 
S129 (Sato et al., 2011; Oueslati, 2016), suggesting the importance of S129 
phosphorylation in α-synuclein pathology.  

For Parkinson's disease, α-synuclein pathology could also originate from 
oxidative stress which may upregulate α-synuclein and in turn stimulate the 
activation of GSK-3β. Thus, both hyperexcitability and oxidative stress 
converge to hyperactive GSK-3β. Article 6 further shows that the spreading of 
α-synuclein pathology could essentially be the transfer of hyperactive GSK-3β 
from one cell to another. 

TDP-43 Pathology 

TDP-43 is involved in the biogenesis of microRNAs, including miR-132 and 
miR-9 (Paper 4). It has been shown that miR-132 regulates not only the 
expression of Tau protein, but also TMEM106B (Chen-Plotkin et al., 2012), 
which is implicated in both FTLD-TDP and ALS (Vass et al., 2011). miR-132 
deficiency leads to TMEM106B upregulation, thereby resulting in TDP-43 
pathology, possibly through impaired TDP-43 clearance (Nicholson and 
Rademakers, 2016). 

miR-9 targets neurofilaments which are a major component of the neuronal 
cytoskeleton, located primarily in the axon. Their dysregulation has been 
shown to play an important role in the pathogenesis of ALS (Collard et al., 
1995). TDP-43 mutations result in miR-9 down-regulation (Zhang et al., 2013), 
which may account for neurofilament dysregulation in TDP-43 pathology. 

In addition to genetic mutations, phosphorylated or cleaved TDP-43 can also 
result in the loss of its normal functions. This may originate from 
hyperexcitability and the consequent Ca2+ overload. TDP-43 can be cleaved 
by calpain (Yamashita et al., 2012). Its pathological phosphorylation is 
catalyzed by casein kinase-1 (CK1) (Hasegawa et al., 2008). Calpain is directly 
activated by high level of Ca2+ ions. CK1 also depends on Ca2+, but indirectly. 
Ca2+ may stimulate protein phosphatase 2B (PP2B or calcineurin) to 
dephosphorylate CK1, resulting in its activation (Liu et al., 2002; Nakano et al., 
2010). 
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