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Abstract 

In the past few years, significant progress has been made in pinpointing the 
neurons exhibiting earliest hyperexcitability for various neurodegenerative 
disorders: 

• Alzheimer's disease. The hyperexcitability resulting from BDNF deficiency and 
other risk factors (Paper 4) could originate in either the cholecystokinin-positive 
interneurons (CCK cells) or the pyramidal neurons directly modulated by the 
parvalbumin-positive interneurons (PV cells) in the lateral entorhinal cortex 
(LEC). 

• Frontotemporal dementia. The neurons exhibiting earliest hyperexcitability 
could be the CCK cells and/or PV cell-modulated pyramidal neurons in the 
anterior cingulate cortex. 

• Amyotrophic lateral sclerosis. The somatostatin-positive interneurons (SOM 
cells) and/or PV cell-modulated pyramidal neurons in the motor cortex could 
exhibit the earliest hyperexcitability. 

• Parkinson's disease. Hyperexcitability could originate in the projection neurons 
of subthalamic nucleus. 

  

  

Introduction 

The BDNF Cascade Hypothesis posits that neurodegeneration is 
fundamentally caused by neuronal hyperexcitability, arising from BDNF 
deficiency and other risk factors (Paper 4). The hyperexcitability originating in 
different brain areas leads to distinct diseases. This paper aims to pinpoint the 
hyperactive neurons that initiate various neurodegenerative disorders. It will be 
shown that the inhibitory GABAergic interneurons play a critical role in the 
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hyperexcitability of principal neurons that give rise to neurodegenerative 
disorders. 

GABAergic Interneurons 

Local synchronization is commonly mediated by inhibitory GABAergic 
interneurons (Article 1), which consist of three major classes: parvalbumin 
(PV)-positive, somatostatin (SOM or SST)-positive and cholecystokinin (CCK)-
positive. CCK cells are also called 5HT3R interneurons because they express 
5-HT3 receptors. The PV cells oscillate at the gamma band (30-80 Hz), thus 
also referred to as fast-spiking (FS) interneurons. CCK cells fire at 8.8 ± 3.3 Hz 
(Klausberger et al., 2005), which covers the alpha band (8-12 Hz). SOM cells 
fire at 10-30 Hz with low threshold, hence also called low-threshold-spiking 
(LTS) interneurons (Mancilla et al., 2007). Note that the oscillations of SOM 
cells cover the entire beta band (13 - 30 Hz). However, SOM cells are not the 
only source of beta rhythms. A set of pyramidal neurons in layer 5 (L5) of 
somatosensory and motor cortices were found to generate high beta (20 - 30 
Hz) oscillations (Roopun et al., 2006; Yamawaki et al., 2008). 

CCK Cells, LEC and Alzheimer's Disease 

It has been known for decades that Alzheimer's disease (AD) begins in the 
entorhinal cortex (EC). In healthy brains, the expression level of 3-repeat (3R) 
Tau protein 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 
et al., 2017). According to the BDNF Cascade Hypothesis, elevated total and/or 
4R-Tau plays a central role in the pathogenesis of AD (Paper 4). Therefore, 
this observation explains why AD begins in EC. A recent study further identified 
the lateral entorhinal cortex (LEC) as the onset site of AD (Khan et al., 2014).  

In a knock-in mouse model of AD (AppNL-F/NL-F), the PV cells of LEC were 
found to be hypoactive, resulting in hyperexcitability and excitotoxicity in the 
postsynaptic pyramidal neurons (Petrache et al., 2019). The cause of 
hypoactivity in PV cells is not clear. In the cortex, PV cells are frequently 
regulated by other GABAergic interneurons, such as the SOM cells (Yavorska 
and Wehr, 2016). However, evidence for the involvement of SOM cells in AD 
is scarce. Instead, CCK cells are known to play a role in memory and cognition 
(Whissell et al., 2019). Higher cerebrospinal fluid (CSF) CCK levels correlate 
with decreased likelihood of having mild cognitive impairment or AD. CSF CCK 
is also strongly related to higher CSF total tau and phosphorylated Tau, but not 
Aβ1-42, suggesting that CCK may increase for compensatory protection as AD 
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pathology progresses (Plagman et al., 2019). Furthermore, CCK (5HT3R) cells 
are the major target of the cholinergic inputs from the medial septum to LEC 
(Desikan et al., 2018). Therefore, it is reasonable to assume that the 
hypoactivity of PV cells in LEC is caused by hyperactive CCK cells. The 
hyperexcitability resulting from BDNF deficiency and other risk factors (Paper 
4) could originate in either the CCK cell or the pyramidal neurons directly 
modulated by the PV cells in LEC (Figure 1). 

 

Figure 1. The proposed microcircuit in the lateral 
entorhinal cortex. ACh: cholinergic neuron; CCK: 
cholecystokinin-positive GABAergic interneuron; PV: 
parvalbumin-positive GABAergic interneuron. 

CCK Cells, ACC and FTD  

Frontotemporal dementia (FTD) is the clinical manifestation of frontotemporal 
lobar degeneration (FTLD). Pathologically, FTLD may be either Tau-positive or 
Tau-negative, with roughly equal prevalence (Goedert et al., 2012). The 
anterior cingulate cortex (ACC) is one of two sources that generate alpha 
rhythms (8 - 12 Hz) (Connemann et al., 2005). As mentioned above, CCK cells 
oscillate mainly in the alpha band. They could play an important role in the 
global synchronization of alpha rhythms (see Article 2). In accordance with this 
notion, CCK cells are most numerous within the medial prefrontal cortex (which 
includes ACC) (Whissell et al., 2015) and the neuropeptide CCK is especially 
abundant in the ACC (Erel et al., 2004). Furthermore, a study using induced 
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pluripotent stem cell (iPSC)-derived neurons carrying mutant Tau reveals that 
alteration of the GABA-mediated signaling may contribute to the pathogenesis 
of FTLD-Tau (Jiang et al., 2018). Thus, in ACC, CCK cells could regulate the 
gamma-oscillating pyramidal neurons through inhibition of PV interneurons as 
in LEC (Figure 1) such that hyperactive CCK cells may result in excitotoxicity 
of the pyramidal neurons, leading to dementia. 

SOM Cells, Motor Cortex and ALS 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder that 
affects motor neurons in the motor cortex, brain stem, and spinal cord. It has 
been well established that ALS originates from hyperexcitability in the cerebral 
cortex (Eisen et al., 1993; Vucic et al., 2008; Menon et al., 2015). Corticospinal 
motor neurons project from the motor cortex layer 5 (L5) to the spinal cord 
motor neurons. However, their hyperexcitability may not be the origin of ALS. 
A study suggests that the abnormality of motor cortex occurs first in layer 3 
pyramidal neurons, rather than the layer 5 corticospinal motor neurons which 
include the giant Betz cells (Sasaki and Maruyama, 1994). Remarkably, in a 
mouse model of ALS using mutant TDP-43, hyperactive SOM cells have been 
demonstrated to induce excitotoxicity of L5 pyramidal neurons by inhibiting PV 
interneurons (Zhang et al., 2016). This result, together with the finding of 
Sasaki and Maruyama, indicate that ALS could originate from hyperactive SOM 
cells and/or pyramidal neurons in the layer 3, leading to excitotoxicity of L5 
pyramidal neurons (Figure 2).  
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Figure 2. In ALS, the neurons exhibiting earliest 
hyperexcitability could be the SOM cells and/or pyramidal 
neurons in the layer 3 of motor cortex. 

SOM Cells, STN and Parkinson's Disease 

Parkinson's disease (PD) is characterized by loss of dopaminergic (DA) 
neurons in the substantia nigra pars compacta (SNc). There is substantial 
evidence that the loss of DA neurons in SNc arises from glutamate-mediated 
excitotoxicity (Blandini et al., 1996; Ambrosi et al., 2014). The subthalamic 
nucleus (STN) provides major glutamatergic inputs to SNc (Rodriguez et al., 
1998). In PD, STN is hyperactive (Hilker et al., 2005; Jahanshahi et al., 2015). 
Therefore, the neurons exhibiting earliest hyperexcitability could be located 
within STN. 

In STN, about 7.5% of the total neuronal population are GABAergic 
interneurons (Lévesque and Parent, 2005). Their functional roles were largely 
unexplored. Since SOM cells oscillate mostly in the beta band, they could be 
the major GABAergic interneurons in STN. Thus, the projection neurons of 
STN could be synchronized by SOM cells in the same manner as described in 
Article 1. On the other hand, STN has direct connection with the motor-related 
cortical areas via hyperdirect pathway (Nambu et al., 2002). Typically, the 
cerebral cortex sends output to subcortical areas via layer 5 (L5) pyramidal 
neurons. Therefore, it is reasonable to assume that the hyperdirect pathway is 
a direct connection between the projection neurons of STN and the cortical 
layer 5 pyramidal neurons (Figure 3). 
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Figure 3. A model for the hyperactivity of the subthalamic 
nucleus (STN) induced by Parkin mutation. In STN, 
projection neurons (PN) are inhibited by somatostatin-
positive GABAergic interneurons (SOM). PN also receives 
direct inputs from layer 5 pyramidal neurons. Parkin 
mutations cause loss of SOM cells, thereby enhancing PN 
activity. In sporadic PD, BDNF deficiency could contribute 
to hyperexcitability of PN. 

PARK2, which encodes Parkin, is a well-documented risk gene for PD. 
Recently, a study using iPSC-derived neurons carrying mutant PARK2 found 
that the number of SOM cells were reduced (Iwasawa et al., 2019). Based on 
the microcircuit proposed in Figure 3, the loss of SOM cells would enhance the 
activity of projection neurons in STN, consistent with the view that, in PD, the 
neurons exhibiting earliest hyperexcitability could be located within STN. 

BDNF Deficiency and Huntington's Disease 

The Huntington's disease (HD) may provide important clues for the sites of 
onset in other neurodegenerative disorders. HD is caused by mutations in the 
huntingtin gene (HTT). The mutant huntingtin contains expanded glutamine 
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repeats, capable of interacting with the splicing factor SRSF6, leading to 
elevated total and 4R-Tau level (Fernández-Nogales et al., 2014). In addition, 
huntingtin plays an important role in enhancing the transport of BDNF-
containing vesicles from the cell body to synapses (Gauthier et al., 2004). The 
mutation of huntingtin will reduce BDNF level at synapses. 

Huntingtin is expressed ubiquitously across the brain, but only a number of 
brain regions are selectively affected by its mutation. According to the BDNF 
Cascade Hypothesis, BDNF deficiency and Tau elevation are the key factors 
for hyperexcitability that leads to neurodegeneration. In agreement, BDNF 
overexpression in the forebrain has been shown to rescue HD phenotypes in 
mice (Xie et al., 2010). The hypothesis thus predicts the affected regions in HD 
be those vulnerable to Tau-induced hyperexcitability and Tau pathology. HD 
has been shown to affect the striatum severely (Landwehrmeyer et al., 1995), 
due to its heavy dependence on BDNF transport (Zhao et al., 2016; Yu et al., 
2018). Other areas impaired in HD include EC (Braak and Braak, 1992), STN 
(Callahan and Abercrombie, 2015), and cerebral cortex, particularly the 
primary motor cortex and ACC (Thu et al., 2010). In HD, the Tau pathology has 
been observed in EC, striatum and cerebral cortex (McIntosh et al., 1978; 
Vuono et al., 2015; Gratuze et al., 2016).  
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