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Abstract 

This paper presents evidence for the BDNF Cascade Hypothesis which posits 
that neurodegeneration is fundamentally caused by neuronal hyperexcitability 
resulting from BDNF deficiency and other risk factors involved in the 
pathogenic cascade. The BDNF deficiency occurring in different brain areas 
may lead to distinct neurodegenerative diseases. Alzheimer's disease arises 
from BDNF deficiency in the lateral entorhinal cortex while amyotrophic lateral 
sclerosis may originate from BDNF deficiency in the motor cortex. Within the 
basal ganglia, BDNF deficiency could lead to either Parkinson's disease (PD) 
or progressive supranuclear palsy (PSP), depending on whether 
hyperexcitability is induced by hyperactive GSK-3β or elevated Tau level. Tau 
or GSK-3β induced hyperexcitability also distinguishes Tau-positive 
frontotemporal dementia from Dementia with Lewy Bodies that originate in the 
frontotemporal cortex. The GSK-3β induced hyperexcitability does not cause 
significant Tau pathology. This explains why PD exhibits little Tau pathology 
compared to PSP which is a tauopathy with symptoms resembling PD 

  

  

Introduction 

Brain-derived neurotrophic factor (BDNF) plays a pivotal role in cell 
differentiation, neuronal survival, and synaptic plasticity in the central nervous 
system (Cunha et al., 2010). Low level of BDNF has been shown to associate 
with Alzheimer's disease (AD) (Yasutake et al., 2006), Parkinson's disease (PD) 
(Howells et al., 2000; Lungu et al., 2013), amyotrophic lateral sclerosis (ALS) 
(He et al., 2013), Huntington's disease (HD) (Zuccato and Cattaneo, 2007) and 
frontotemporal dementia (FTD) (Ventriglia et al., 2013; Zanardini et al., 2016). 
In cognitively normal adults, the cerebrospinal fluid concentration of BDNF 
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decreases with age (Li et al., 2009). This may explain why age is a risk factor 
for neurodegeneration. 

BDNF stimulates mTOR activation (discussed below). Paper 3 has presented 
compelling evidence that hyperactive mTOR may lead to hyperexcitability 
which promotes neurodegeneration. Then, how can neurodegeneration 
associate with low level of BDNF? This paper will show that the microRNA, 
miR-132, plays a critical role in neurodegeneration. miR-132 is down-regulated 
in AD (Lau et al., 2013; El Fatimy et al., 2018), HD (Johnson and Buckley, 2009; 
Lee et al., 2011; Fukuoka et al., 2018), ALS (Freischmidt et al., 2013), FTD 
(Hébert et al., 2013; Chen-Plotkin et al., 2012) and progressive supranuclear 
palsy (PSP) (Smith et al., 2011). Intriguingly, miR-132 is up-regulated in PD 
(Lungu et al., 2013), suggesting that its pathogenic mechanism could be quite 
different from other neurodegenerative disorders. 

Biogenesis and Functions of microRNA 

A microRNA is a small non-coding RNA molecule (~ 22 nucleotides), generated 
from the genomic DNA. To date, over 2000 microRNAs have been discovered 
in humans (Hammond, 2015). They are named with the prefix "miR" followed 
by a dash and a number. A suffix, -3p or -5p, may also be included, specifying 
whether the mature microRNA originates from the 3' or 5' arm of its precursor.  

The biogenesis of a microRNA starts from its newly transcribed microRNA, i.e., 
the primary transcript (pri-miRNA). During the first step, pri-miRNA is cleaved 
by the microprocessor complex consisting of Drosha and DGCR8. This results 
in a shorter microRNA-precursor denoted by pre-miRNA (Figure 2). 
Subsequently, the pre-miRNA is transported from the nucleus to the cytoplasm 
for further processing by the Dicer complex, leading to a mature microRNA (Ye 
et al., 2016).  
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Figure 1. The structure of pre-miR-132. Red color 
indicates its mature segment. [Source: Wanet et al., 2012] 

The mature microRNA interacts with its target (the mRNA of a protein) within a 
structure called RNA-induced silencing complex (RISC). For perfect or nearly 
perfect complementarity between a microRNA and its mRNA target, the 
interaction within RISC will result in mRNA degradation. For partial 
complementarity, the translation of the target mRNA will be repressed (Ye et 
al., 2016).  
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Figure 2. The biogenesis of a microRNA. TDP-43 
promotes microRNA biogenesis by interacting with the 



nuclear Drosha complex and the cytoplasmic Dicer 
complex. The mutant C9ORF72 disrupts microRNA 
biogenesis by binding to Drosha. [Adapted from: 
Wikipedia] 

The Beneficial Effects of miR-132 

It has been suggested that BDNF could exert its beneficial effects via up-
regulation of miR-132 (Numakawa et al., 2011). A microRNA may inhibit the 
expression of its target mRNA either by promoting mRNA degradation or by 
repressing protein translation. miR-132 has been shown to reduce the total Tau 
protein level by targeting Tau mRNA and decrease 4R-Tau by targeting a 
splicing factor, PTBP2 (Smith et al., 2011; Smith et al., 2015). Therefore, 
upregulation of miR-132 by BDNF can attenuate the Tau-induced neuronal 
hyperexcitability (see Paper 2).  

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). FTLD refers to frontotemporal lobar degeneration - the 
pathological term of frontotemporal dementia (FTD). FTLD may be either Tau-
positive (FTLD-Tau) or Tau-negative, with roughly equal prevalence. FTLD-
TDP is a Tau-negative neurodegenerative disorder characterized by TDP-43 
pathology. TMEM106B is elevated in FTLD-TDP brains and TMEM106B 
overexpression disrupts endosomal–lysosomal pathways of degradation 
(Chen-Plotkin et al., 2012). Thus, TMEM106B seems to play a role in the 
clearance of pathological TDP-43 (Nicholson and Rademakers, 2016). 
Elevation of TMEM106B could promote TDP-43 pathology. Since miR-132 can 
repress TMEM106B expression, its upregulation may mitigate TDP-43 
pathology. 
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Figure 3. The beneficial effects of miR-132. (1) miR-132 
targets Tau, counteracting its translation by mTOR. (2) 
miR-132 targets PTBP2, thereby reducing the total and 
4R-Tau level. (3) miR-132 targets TMEM106B which could 
play a role in the clearance of pathological TDP-43. 

BDNF Signaling Pathways 

The pathways related to neuronal excitability are triggered by the binding 
between BDNF and the tropomyosin-related kinase B (TrkB) located on either 
presynaptic or postsynaptic membranes. Three main pathways have been 
elucidated: PLCγ, PI3K and Ras (Cunha et al., 2010). They all lead to the 
activation of the transcription factor CREB (Figure 4) that regulates 
transcription of a variety of genes, including miR-132 and BDNF itself (Wanet 
et al., 2012; Yi et al., 2014; Zheng et al., 2012). Thus, BDNF can stimulate its 
own production and increase the level of miR-132. The PI3K pathway may also 
activate mechanistic target of rapamycin (mTOR) whose principal function is 
protein translation from mRNA (Paper 3). mTOR activation has been shown to 
increase Tau protein level (Caccamo et al., 2013; Tang et al., 2013; Tang et 
al., 2015). Therefore, the BDNF/PI3K/mTOR pathway can increase Tau protein 
level which, as discussed in Paper 2, may lead to tauopathy. However, BDNF 
also up-regulates miR-132 to suppress Tau expression. 
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Figure 4. The BDNF-TrkB signaling pathways mediated 
by PLCγ, PI3K and Ras. Note that BDNF can stimulate its 
own production and increase the level of miR-132.  

It is important to note that expression of the Tau gene (MAPT) is regulated by 
the transcription factors SP1 and AP2, not CREB (Caillet-Boudin et al., 2015). 
If the Tau gene were transcribed by CREB, BDNF would also increase Tau 
mRNA. This would negate the beneficial effects of BDNF via up-regulation of 
miR-132. 

Tau vs. GSK-3β Induced Hyperexcitability 

As discussed above, BDNF deficiency may lead to elevated total and/or 4R-
Tau by down-regulating miR-132. According to the Microtubule Model for 
Excitability (MTME), elevation of total and/or 4R-Tau promotes dissociation of 
microtubules from the membrane of axon initial segment (AIS), thereby 
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increasing excitability (Paper 2). The microtubule-bound Tau proteins in AIS 
are vulnerable to phosphorylation by protein kinases, particularly GSK-3β. 
Hence, the tauopathy, which is characterized by elevated total and/or 4R-Tau, 
may exhibit Tau pathology (Tau hyperphosphorylation and neurofibrillary 
tangles). 

BDNF deficiency can also lead to hyperactive GSK-3β through the 
BDNF/PI3K/Akt/GSK-3β pathway. Activation of GSK-3β has been shown to 
enhance neuronal excitability, e.g., by phosphorylating potassium channels 
(Wildburger and Laezza, 2012). This mechanism is independent of Tau level. 
Therefore, the GSK-3β induced hyperexcitability does not cause significant 
Tau pathology. 

In PD, GSK-3β activity is elevated (Cartelli et al., 2012; Golpich et al., 2015), 
but miR-132 is up-regulated which would reduce the Tau level. Hence, the 
hyperexcitability observed in PD is likely to result from hyperactive GSK-3β, 
rather than elevated Tau level. This explain why PD exhibits little Tau pathology 
compared to PSP (Schonhaut et al., 2017) which is a tauopathy with symptoms 
resembling PD.  

BDNF Cascade Hypothesis 

The BDNF Cascade Hypothesis posits that neurodegeneration is 
fundamentally caused by neuronal hyperexcitability resulting from BDNF 
deficiency and other risk factors involved in the pathogenic cascade. The 
BDNF deficiency occurring in different brain areas may lead to distinct 
neurodegenerative diseases. AD arises from BDNF deficiency in the lateral 
entorhinal cortex (LEC) while ALS may originate from BDNF deficiency in the 
motor cortex. Within the basal ganglia, BDNF deficiency could lead to either 
PD or PSP, depending on whether hyperexcitability is induced by hyperactive 
GSK-3β or elevated Tau level. Tau or GSK-3β induced hyperexcitability also 
distinguishes FTLD-Tau from Dementia with Lewy Bodies (DLB) that originate 
in the frontotemporal cortex (Figure 5). In FTLD-TDP, miR-132 reduction leads 
to up-regulation of TMEM106B (not shown in Figure 5). This disorder may not 
be associated with hyperexcitability. 
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Figure 5. The BDNF Cascade Hypothesis of 
neurodegeneration. BDNF deficiency occurring in different 
brain areas leads to distinct neurodegenerative diseases.  

Risk Factors for Tauopathy 

BDNF Deficiency 

In addition to aging (Li et al., 2009), glucocorticoid elevation (Suri and Vaidya, 
2013; Wosiski-Kuhn et al., 2014), estrogen deficiency (Carbone and Handa, 
2013) and melatonin deficiency (Imbesi et al., 2008; Zhang et al., 2013; 
Rudnitskaya et al., 2015) may also reduce BDNF level. The glucocorticoid level 
increases under psychological stress, which is a risk factor for AD via Tau 
hyperphosphorylation (Rissman, 2009; Sotiropoulos et al., 2011; Sotiropoulos 
and Sousa, 2015).  
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APP/PS Overexpression 

In familial AD, one of three genes is mutated: APP, PSEN1 and PSEN2, 
encoding amyloid precursor protein (APP), Presenilin 1 (PS1) and Presenilin 2 
(PS2), respectively. In the past several decades, thousands of experimental 
studies have employed transgenic mice overexpressing mutant APP/PS to 
investigate the pathogenesis of AD. The results appeared to support the 
Amyloid Cascade Hypothesis. However, the APP/PS overexpression has been 
shown to up-regulate a microRNA, miR-342-5p, which in turn down-regulates 
the expression of Ankyrin-G (Sun et al., 2014). Injection of Ankyrin-G into the 
APP transgenic mice reduces β-amyloid pathology (Santuccione et al., 2013). 
Therefore, the pathology observed in the APP/PS transgenic mice could arise 
from down-regulation of Ankyrin-G leading to hyperexcitability (Paper 2). 

mTOR and Hyperexcitability 

Upon activation, the mechanistic target of rapamycin (mTOR) stimulates the 
synthesis of a variety of proteins, including Tau (Caccamo et al., 2013; Tang 
et al., 2013; Tang et al., 2015). Compelling evidence indicates that excessive 
Tau expression can cause hyperexcitability (Paper 2). Therefore, hyperactive 
mTOR can result in hyperexcitability. This novel mechanism is now well 
documented (Paper 3). While hyperexcitability could arise from alteration at 
synapses, the hyperactive mTOR does not necessarily lead to changes in 
synaptic transmission (Lasarge and Danzer, 2014; Wang et al., 2015). 
Furthermore, rapamycin (a potent mTOR inhibitor) ameliorates Tau pathology 
(Caccamo et al., 2013; Ozcelik et al., 2013; Kolosova et al., 2013), supporting 
the notion that the mTOR-induced hyperexcitability arises from elevated Tau 
level. 

mTOR can be activated by a diverse range of signals such as glucose 
(Blagosklonny, 2013), cytokines (Lee et al., 2007) and protein misfolding (Qian 
et al., 2010). Diabetes (excess glucose), inflammation (aberrant cytokine 
activation) and vitamin D deficiency are known to be the risk factors for AD. 
They all converge to the activation of mTOR. 
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Figure 6. The BDNF Cascade Hypothesis of tauopathy 
and the targets of various risk factors.  

Risk Factors for Synucleinopathy 



Synucleinopathy is a class of neurodegenerative disorders that exhibit α-
synuclein pathology (Lewy bodies comprising phosphorylated α-synuclein). It 
includes Parkinson's disease and Dementia with Lewy Bodies. GSK-3β has 
been demonstrated to phosphorylate α-synuclein at serine-129 (S129) (Credle 
et al., 2015). In Lewy bodies, approximately 90% of α-synuclein are 
phosphorylated at S129 (Sato et al., 2011; Oueslati, 2016). This demonstrates 
the importance of GSK-3β in the pathogenesis of synucleinopathy. 

 

Figure 7. The BDNF Cascade Hypothesis of 
synucleinopathy. The risk factors LRRK2 and 
inflammation enhance GSK-3β activity. 

LRRK2 

Mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common 
genetic cause of late-onset PD. It has been found that LRRK2 can enhance 
GSK-3β activity by direct interaction (Kawakami et al., 2014). The pathogenic 
mutations of LRRK2 can increase GSK-3β activity even further (Berwick et al., 
2017). 

Inflammation 

Compelling evidence indicates that inflammation is a major risk factor for 
sporadic PD (Caggiu et al., 2019). GSK-3β plays a central role in the 
inflammatory response by promoting the activation of nuclear factor-κB (NF-
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κB) which stimulates the expression of pro-inflammatory cytokines (Jope et al., 
2017). Strikingly, miR-132 is up-regulated by NF-κB activation (de la Rica et 
al., 2015), consistent with the finding that miR-132 is up-regulated in PD (Lungu 
et al., 2013). 
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