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Abstract

Neurodegenerative disorders are debilitating and largely untreatable conditions that pose a 

significant burden to affected individuals and caregivers. Overwhelming evidence supports a 

crucial preclinical role for endosomal dysfunction as an upstream pathogenic hub and driver in 

Alzheimer‘s disease (AD) and related neurodegenerative disorders. We present recent advances 

on the role of endosomal acid-base homeostasis in neurodegeneration and discuss evidence 

for converging mechanisms. The strongest genetic risk factor in sporadic AD is the ε4 allele 

of Apolipoprotein E (ApoE4), which potentiates pre-symptomatic endosomal dysfunction and 

prominent amyloid beta (Aβ) pathology, although how these pathways are linked mechanistically 

has remained unclear. There is emerging evidence that the Christianson syndrome protein NHE6 

is a prominent ApoE4 effector linking endosomal function to Aβ pathologies. By functioning as a 

dominant leak pathway for protons, the Na+/H+ exchanger activity of NHE6 limits endosomal 

acidification and regulates β-secretase (BACE)-mediated Aβ production and LRP1 receptor- 

mediated Aβ clearance. Pathological endosomal acidification may impact both Aβ generation 

and clearance mechanisms and emerges as a promising therapeutic target in AD. We also offer 

our perspective on the complex role of endosomal acid-base homeostasis in the pathogenesis of 

neurodegeneration and its therapeutic implications for neuronal rescue and repair strategies.
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1 A Balancing Act: pH Regulation in the Endosome

The endosome is a busy station handling cargo traffic at the degradation-recycling 

crossroads. There is widespread interest in deciphering basic mechanisms of endosomal 

traffic not only to understand a fundamental cellular process but also to identify new 

diagnostic and therapeutic targets in disease (Afghah et al. 2019; Casey et al. 2010; Maxfield 

2014). Endosomes play important roles in membrane and protein turnover, nutrient uptake, 

receptor-ligand uncoupling, antigen presentation, enzyme activation, vesicle budding and 

exosome formation, and as crucial regulators of cellular signaling pathways (Afghah et 

al. 2019; Casey et al. 2010; Maxfield 2014). Despite this multipartite function of the 

endosome, relatively few studies have addressed the contribution of endosomes to human 

health and disease. However, recent studies have begun to shed light on the mechanistic 

roles of endosomes in a host of developmental and degenerative disorders of the brain, 

including autism and Alzheimer’s disease, and in oncogenesis, including glioblastoma 

(Kondapalli et al. 2014, 2015; Nixon 2005, 2017; Ko et al. 2020). Although very diverse 

at first sight, pathophysiologic commonalities between these disorders emerge upon closer 

analysis. Compelling evidence points to vesicle trafficking defects as a unifying mechanism 

underlying these disorders, which in turn critically depend on luminal pH within the 

endosomal-lysosomal compartment (Kondapalli et al. 2014; Prasad and Rao 2015a).

A precise balance of luminal pH and endosomal ion flux is required for endosomal 

trafficking, and a thorough dissection of pathways regulating endosomal pH may be a 

promising strategy to reveal pathophysiological mechanisms (Kondapalli et al. 2014; Prasad 

and Rao 2015a). Traditionally, research on endosomal acidification in human health and 

disease has focused on the vacuolar-type ATPase (V-ATPase) that pumps protons into 

the endosomes. Altered V-ATPase activity and defective lysosomal acidification have 

been linked to cellular aging and neurodegenerative disorders including Parkinson’s and 

Alzheimer’s disease (Colacurcio and Nixon 2016). However, a growing number of studies 

are highlighting the role of multiple ion transporters that act in concert with the V-ATPase 

for luminal pH regulation (Scott and Gruenberg 2011) (Fig. 1a). The compensatory 

movement of Cl− ions is critical to allow acidification of the endolysosomal lumen by 

dissipating the membrane potential resulting from unidirectional pumping of H+ by the 

V-ATPase. The CLC family includes plasma membrane Cl− channels as well as vesicular 

transporters, CLC3 through CLC7 in mammals, which function as Cl−/H+ exchangers. The 

stoichiometry of exchange, 2Cl−/H+, results in three negative charges introduced into the 

vesicle lumen per transport cycle, albeit with loss of one H+, to counter the V-ATPase. 

Gene disruptions in mouse models result in severe neurodegeneration, including loss of 

hippocampus in Clcn3−/− null mouse and pathological similarity to lysosomal storage 

disorders such as neuronal ceroid lipofuscinosis in various targeted Clcn7−/− models, 

reviewed elsewhere (Jentsch and Pusch 2018; Poroca et al. 2017). Potential players 

in regulating endosomal pH also include the mucolipin subfamily of transient receptor 

potential (TRPML) calcium channels found on endosomes, particularly the pH-regulated 

TRPML3 isoform, overexpression of which is known to increase endosomal pH (Martina 

et al. 2009). Activation of two-pore Ca2+ channels (TPCs) residing in endosomal-lysosomal 

compartments may also regulate luminal pH (Morgan and Galione 2007) (Fig. 1a).
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Recent clinical reports and genetic studies have underscored the contribution of endosomal 

Na+/H+ exchangers in the pathophysiology of a plethora of human disorders (Kondapalli et 

al. 2014; Prasad and Rao 2015a; Zhao et al. 2016). Encoded by the SLC9 gene family of 

solute carriers, Na+/H+ exchangers (NHE) are grouped into three subfamilies: (1) SLC9A 
that has nine isoforms, SLC9A1–9, encoding NHE1–9 proteins; (2) SLC9B that has two 

isoforms, SLC9B1–2, encoding NHA1–2 proteins; and (3) SLC9C that has two isoforms, 

SLC9C1–2, encoding NHE10–11 proteins (Brett et al. 2005a; Donowitz et al. 2013; Fuster 

and Alexander 2014; Pedersen and Counillon 2019) (Fig. 1b). The SLC9A subfamily 

consists of electroneutral Na+/H+ exchangers that reside on the plasma membrane (NHE1, 

NHE2 and NHE4), recycle between plasma membrane and endosomal compartments 

(NHE3 and NHE5), or function within intracellular compartments, including the Golgi 

(NHE8), trans Golgi network (NHE7), and the early and recycling endosomes (NHE6 and 

NHE9) (Brett et al. 2005a; Donowitz et al. 2013; Fuster and Alexander 2014; Pedersen and 

Counillon 2019) (Fig. 1b). Cation selectivity of the NHE transporters reflects the availability 

of ions in the surrounding milieu: whereas plasma membrane isoforms are restricted to 

Na+ (and Li+), intracellular isoforms can additionally transport K+ ions (Pedersen and 

Counillon 2019). As a result, cation/H+ exchange can be driven by both proton and cation 

gradients. All NHE members have a cytoplasmic C-terminal domain, which is significantly 

unstructured and binds to a number of regulatory factors, including calcineurin homology 

protein (CHP) and the PDZ-domain scaffold protein NHERF (Pedersen and Counillon 

2019). The C-terminal tail mediates scaffolding to the cytoskeleton and activation of 

transport in response to signaling cascades, although much less is known about regulation 

and trafficking of endosomal NHE isoforms (Kondapalli et al. 2014; Kagami et al. 2008).

Endosomal NHE (eNHE) activity was originally described in the tonoplast membranes of 

plant vacuoles (Barkla and Blumwald 1991; Blumwald and Poole 1985). The gene was first 

cloned in yeast, where it was recognized as an evolutionarily ancient subtype, distinct from 

the well-characterized plasma membrane NHE (Nass et al. 1997; Nass and Rao 1998; Brett 

et al. 2005a), and subsequently multiple isoforms were identified in plants, mammals, and 

other organisms (Gaxiola et al. 1999; Brett et al. 2002). Early research on eNHE (Fig. 1c) 

focused on fundamental questions relating to their role in vesicle trafficking using model 

organisms, first in yeast and soon after in plants and metazoans, including mammalian cells 

(Brett et al. 2002, 2005b; Gaxiola et al. 1999; Nass et al. 1997; Nass and Rao 1998; Bowers 

et al. 2000). In the last decade (Fig. 1c), there has been an exponential rise in interest 

due to the emerging links between eNHE and a growing list of human diseases, including 

neurodevelopmental disorders such as autism and intellectual disability (Christianson 

Syndrome), attention deficit hyperactivity disorder, addiction, several types of cancers (Ko 

et al. 2020), and more recently to neurodegenerative disorders such as Parkinson’s and 

Alzheimer’s disease (Gilfillan et al. 2008; Kerner-Rossi et al. 2019; Kondapalli et al. 2014, 

2015; Morrow et al. 2008; Prasad and Rao 2015b, 2018a; Ullman et al. 2018). While a 

fraction of eNHE patient variants reported in the literature may be benign polymorphisms, 

a significant proportion is deleterious and causal to disease phenotypes (Ilie et al. 2016; 

Kondapalli et al. 2013; Prasad et al. 2017). As a major source of proton leak activity in 

endosomes, the eNHE functions as an endosomal gatekeeper that must be tightly regulated 

and controlled (Kondapalli et al. 2014). Given that Na+/H+ exchangers are estimated to have 
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exceptionally high transport rates of ~1,500 ions/s, even small perturbations in expression or 

activity may result in dramatic consequences within the limited confines of endosomal space 

(Lee et al. 2013). Dysregulation of endosomal pH could potentially impact a plethora of 

downstream events including alterations in cargo sorting and trafficking, protein processing, 

and receptor turnover and thus represents a previously unidentified pathogenic mechanism in 

neurodegeneration. Here, we review evidence linking endosomal pH and eNHE function to 

Alzheimer’s disease and discuss how this knowledge might help us understand the broader 

role for endosomal acid-base homeostasis in neurodegenerative diseases. We also briefly 

address the potential role of endosomal pH in other neurodegenerative disorders and discuss 

translational prospects.

2 Lessons from Baker’s Yeast

Simple organisms such as yeast can powerfully inform our understanding of genetic players 

in neurological disorders such as Alzheimer’s disease and aid in discovery of new therapies 

(Treusch et al. 2011). Much of what we know about specific functions and raison d’etre of 

eNHE in humans has come from rigorous studies on the yeast ortholog Nhx1. Beginning 

in the mid-1990s, Nhx1 was cloned, localized to the prevacuolar compartment in yeast, 

and defined as the founding member of an evolutionarily conserved, phylogenetic cluster of 

endosomal Na+/H+ exchangers with proposed roles in vesicle trafficking, ion homeostasis, 

and biogenesis of lysosomes (Bowers et al. 2000; Brett et al. 2005a; Nass et al. 1997; 

Nass and Rao 1998). Extension of these studies to plants also revealed a critical role 

in determining flower color and salt tolerance (Gaxiola et al. 1999; Kondapalli et al. 

2014). The “pump-leak” model of pH regulation is conserved from yeast to plants and 

humans, with the exchange of luminal protons for sodium or potassium ions by eNHE 

acting as a brake that counters H+ pumping activity of the V-ATPase to precisely tune 

the endosomal pH (Kondapalli et al. 2014) (Fig. 1a). Loss of this leak pathway leads 

to over-acidification of early and recycling endosomes, missorting of cargo, defects in 

protein processing, and receptor turnover (Kondapalli et al. 2014). Importantly, trafficking 

defects in Nhx1-null mutants could be corrected with weak base or exacerbated by weak 

acids (Brett et al. 2005b). Furthermore, a genome-wide analysis of vacuolar pH in ~4,600 

yeast null mutants revealed a reciprocal link between luminal pH and vesicle trafficking 

(Brett et al. 2011). Hyperacidification of the endolysosomal compartment was observed in 

the null mutant of Ncr1, the yeast ortholog of the human gene linked to Niemann-Pick 

type C (NPC) disease, resulting in the endosomal trapping of unesterified cholesterol and 

establishing a link between dysregulation of luminal pH and neurodegeneration (Brett et al. 

2011). Deletion of Nhx1 (also known as Vps44) results in enlarged endosomes, hyperacidic 

luminal pH, enhanced proteolysis of the chaperone protein Vps10 (an ortholog of the 

AD susceptibility factor SORL1/sortilin-related receptor 1), mistrafficking of lysosomal 

hydrolases, and profound deficiencies in lysosomal cargo sorting and delivery (Bowers et al. 

2000; Brett et al. 2005b; Nass and Rao 1998). Interestingly, these cellular phenotypes are 

strikingly reminiscent of preclinical stages of Alzheimer disease, as discussed below, and 

point to a role for eNHE in AD. Although the contribution of the V-ATPase in acidification 

of endosomal-lysosomal compartments in well established, the role of eNHE is remains 

largely unexplored in mammalian cells, including neurons. Much of the early evidence 
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concerning endosomal NHE involvement in vesicle trafficking is based on studies performed 

using simple yeast models and non-neuronal mammalian systems; the direct extrapolation 

of such observations to explain complex events such as synapse formation and turnover, 

however, is not straightforward and further research is necessary to elucidate mechanisms 

that link disrupted neuronal function to changes in endosomal pH in AD.

3 Endosomopathy Is a Preclinical Hallmark of Alzheimer’s Disease

The number of people living with dementia worldwide is currently estimated at 47 million 

and is projected to triple by 2050. Alzheimer’s disease (AD) is the leading cause of 

dementia and contributes up to 70% of case (Baumgart et al. 2015; Tarawneh and Holtzman 

2012). A majority of AD cases occur sporadically, with 40–65% of patients carrying 

at least one copy of the E4 allele of Apolipoprotein E (ApoE4), the strongest known 

genetic risk factor for AD. Indeed, the presence of two copies of the E4 allele is known 

to increase risk of AD by ~12-times as compared to E3 isoform (Corder et al. 1993; 

Verghese et al. 2013; Yamazaki et al. 2016). Unfortunately, the underlying cellular pathology 

that leads to neurodegeneration occurs long before clinical symptoms emerge, resulting in 

abysmal clinical failure (up to 99.6%) of drugs to reverse advanced pathology of amyloid 

plaques, neurofibrillary tangles, and neuronal death (Cummings et al. 2014). Therefore, 

early detection and intervention in preclinical stages may be key to treatment of this 

devastating disease. In this context, it is critical to identify preclinical AD features in high-

risk populations and cognitively normal seniors that are associated with future cognitive 

decline and mortality.

Endosomal abnormalities, as early features of AD that precede the clinical onset of the 

disease by several decades, were proposed as early as 1998 by Troncoso et al. (1998). More 

recently, there have been several studies documenting endosomal dysfunction and trafficking 

defects in AD; however, the underlying molecular mechanisms and cellular consequences 

of endosomal deficits largely remains to be elucidated. Notably, in 2017, Nixon coined the 

term “endosomopathy” in relation to AD, and Petsko and colleagues proposed endosomal 

“traffic jams” as an upstream pathogenic hub in AD, suggesting that interventions designed 

to “unjam” the endosome may have far-reaching therapeutic implications (Nixon 2017; 

Small et al. 2017). Indeed, the earliest and most prominent brain pathology known to 

precede cognitive impairment is the marked enlargement and amplification of the endosomal 

pool, pointing to underlying dysfunction of the endosomal-lysosomal pathway (Nixon 

2005, 2017). More importantly, inheritance of ApoE4 is known to potentiate prominent pre-

symptomatic endosomopathy in AD brains (Cataldo et al. 2000). Although this observation 

was made around two decades ago, the absence of known molecular effectors and druggable 

targets has precluded translation from bench to bedside.

The importance of endosomal function in AD is strengthened by several recently identified 

genes in genome-wide association studies (GWAS) of AD risk, including BIN1, PICALM, 

CD2AP, EPHA1, and SORL1, that are known to regulate endosomal mechanisms (Karch 

and Goate 2015). Understanding the abnormalities in the endosomal-lysosomal system 

in AD could potentially be a new “lamp post” that lights the path to new promising 

therapeutic targets. AD-related endosomal dysfunction manifests functionally as abnormal 
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endocytic activity, mistrafficking of lysosomal hydrolases, and abnormal accumulation of 

unesterified cholesterol (Nixon 2005, 2017). One well-studied endosomal molecular player 

is Rab5, a regulatory guanosine triphosphatase (GTPase) that is associated with the early 

or sorting endosome and participates in early endosomal biogenesis and cellular signaling 

reactions. The family of Rab proteins regulates multiple steps in membrane trafficking, 

from vesicle formation to fusion. Abnormal activation of Rab5 is observed in AD and 

Down syndrome where it is thought to contribute to prominent early endosomal dysfunction 

(Jiang et al. 2010; Kim et al. 2016; Nixon 2005, 2017). Several AD-related risk factors, 

including amyloid precursor protein (APP) dosage, increased β-secretase BACE1 (beta-site 

APP cleaving enzyme 1) expression, accumulation of β-carboxyl-terminal fragment of 

APP (β-CTF), inheritance of the ApoE4 allele, reduced retromer/Vps35 expression, and 

abnormal cellular accumulation of cholesterol, potentiate Rab5-mediated dysfunction of 

early endosomes (Cataldo et al. 2000; Jiang et al. 2010; Kim et al. 2016).

In comparison, the role of recycling endosomes is relatively understudied and 

underappreciated as a component of AD. Synaptic function critically depends on recycling 

endosomal function and surface proteostasis of membrane proteins, which includes the 

mechanisms by which synaptic proteins are endocytosed and recycled back to the plasma 

membrane to regulate their surface expression (Park et al. 2004; Schmidt and Haucke 2007). 

Rab11 is a member of the Rab family of proteins that localizes to recycling endosomes 

where it mediates membrane traffic. Recently, β-CTF-mediated Rab11 impairment was 

reported in AD, leading to the dysfunction of recycling endosomes that could contribute to 

synapse dysfunction and defective long-term potentiation (LTP) seen in this disorder (Park 

et al. 2004; Woodruff et al. 2016). Other studies have documented impaired endocytic 

recycling of glutamate and insulin receptors in brains of ApoE4 carriers (Chen et al. 

2010; Zhao et al. 2017). The pan-functional role of endosomal pH in plasma membrane 

protein recycling and turnover has recently received much attention in the context on 

autism and brain cancer, with the accumulation of evidence showing that recycling 

endosomal alkalization promotes receptor recycling and prolonged oncogenic signaling, 

whereas endosomal hyperacidification enhances turnover and thereby reduces lifetime of 

membrane proteins (Kondapalli et al. 2013, 2015; Prasad and Rao 2015a). These and 

many other observations have been consolidated into a unifying hypothesis centering on 

vesicle trafficking dysfunction that is particularly germane to our understanding of AD 

pathogenesis.

4 Protons to Patients: Linking Endosomal pH and Neurodegeneration

We hypothesize that endosomal pH is central to the mechanism of AD. Notably, APP, its 

proteolytic fragments (Aβ and β-CTF), and key clipping enzymes (β and γ-secretases) 

localize to endosomes. Pathological endosomal acidification promotes amyloid pathology at 

all key steps: production, aggregation, and deposition (Fig. 2).

The processing of APP and production of Aβ itself is linked to endosomal pH and function 

at multiple levels: First, the endosomal lumen must be acidic for the obligatory and rate-

limiting convergence of APP/BACE1 (substrate/enzyme) vesicles in neurons (Das et al. 

2013). Second, BACE1 protease has an acid pH optimum at pH 4.5 and its active site is in 
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the lumen of the vesicle (Vassar et al. 1999; Vassar and Kandalepas 2011). Notably, there 

exists a roughly bell-shaped relationship between pH and BACE activity with optimum at 

pH 4.5, and both very low levels and very high levels depress enzyme activity. Importantly, 

biochemical studies determining the pH dependence of BACE activity around the functional 

pH range of endosomes showed roughly linear relationship between acidity and BACE 

activity. At pH 6, which broadly corresponds to early endosomal pH, the BACE activity 

is low, i.e., relative activity below 20% that increases markedly in conditions resembling 

pathological endosomal acidification to ~50% at pH 5.5 and ~80% at pH 5.0 (Vassar et 

al. 1999). The prominent pH dependence of the BACE enzyme predicts that conditions 

that hyperacidify endosomes could promote BACE1 mediated clipping of APP. Notably, 

reducing BACE1 levels ameliorates neuropathology and behavioral defects in AD and Down 

syndrome mouse models, pointing to its importance as a promising therapeutic target (Cai et 

al. 2001; Jiang et al. 2016).

Third, endosomal pH regulates retrograde APP trafficking from endosomes and trans-Golgi 

network to aid in physical approximation of APP and BACE1 (Prasad and Rao 2015b). 

Furthermore, APP shows an acidic pH-dependent conformational switch, although the 

functional consequence remains to be determined (Hoefgen et al. 2015). Next, defective Aβ 
cellular clearance and degradation processes can lead to the accumulation and aggregation of 

Aβ to form neurotoxic oligomers. Hyperacidic endosomal pH could impact this aggregation 

step of Aβ by at least two distinct mechanisms. First, acidic endosomal pH disrupts 

SORL1-Aβ interaction and attenuates lysosomal targeting of Aβ for degradation in neurons 

(Caglayan etal. 2014). Second, pathological endosomal acidification reduces the capacity 

of astrocytes to clear Aβ (Prasad and Rao 2018a). Finally, acidic endosomal pH could 

aggravate Aβ deposition into neurotoxic plaques by enhancing protonation of three histidine 

residues (His6, His13 and His14) in Aβ to promote metal ion binding and formation of 

β-sheets and fibril assembly (Olubiyi and Strodel 2012) (Fig. 2).

In parallel to these observations, it has been recognized for over two decades that 

drugs causing endosomal alkalization including V-ATPase inhibitors (e.g., bafilomycin 

and concanamycin), alkalizing drugs (e.g., chloroquine and ammonium chloride), and 

ionophore drugs that mediate Na+(K+)/H+ exchange (e.g., monensin and nigericin) have 

beneficial roles in reducing APP processing and Aβ production (Caporaso et al. 1992; 

Haass et al. 1995; Lahiri 1994; Schrader-Fischer and Paganetti 1996; Urmoneit et al. 1998). 

However, V-ATPase inhibitors, alkalinizing drugs and ionophores have potent and multiple 

compartmental effects. As a result, they cause undesired changes in vesicle trafficking, 

Golgi and lysosomal function, and impact the mammalian target of rapamycin (mTOR) 

and autophagy pathways. Therefore, they have therefore not been exploited for managing 

AD (Mauvezin and Neufeld 2015; Zoncu et al. 2011). Thus far, there are no clinical 

agents in AD therapy available to specifically and effectively target endosomal pH. In this 

context, the discovery of endosomal Na+/H+ exchangers and recognition of their key roles 

in precisely tuning endosomal pH and vesicle trafficking provides a unique opportunity for 

compartment-specific targeting of early and recycling endosomal pathology in AD.
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5 Acid Indigestion in the Endosome: The Role of ApoE4

Key cellular pathologies associated with ApoE4 include endosomal dysfunction, lysosomal 

leakage, translocation of lysosomal cathepsin D, and neuronal cell death (Cataldo et al. 

2000; Ji et al. 2002; Persson et al. 2017). As discussed earlier, the endolysosomal network is 

central to the recycling and turnover of cellular components, and the pH within this network 

plays a critical role in receptor-mediated endocytosis and vesicular trafficking (Casey et al. 

2010). Thus, reliable measurement of intracellular pH is increasingly important in studies 

of disease mechanisms. To gain a comprehensive understanding of the cellular “pH-stat,” 

more recently, flow-cytometry and confocal microscopy-based tools have been developed 

for precise, ratiometric fluorescence-based quantification of endosomal, lysosomal, and 

cytoplasmic pH. Using these techniques on ApoE genotyped patient fibroblasts and murine 

astrocytes with human ApoE variants, we demonstrated that endosomes were hyperacidic 

(~1 pH unit lower), whereas lysosomes were hyperalkaline (~1 pH unit higher), in disease-

associated ApoE4, compared to normal ApoE3 cells (Prasad and Rao 2018a). Evidence 

from lower eukaryotes, e.g., yeast, shows that acidic endosomes also result in more acidic 

lysosomes (Brett et al. 2005b). However, only a single eNHE isoform (Nhx1) and single 

Cl−/H+ transporter (Gef1) exist in yeast, whereas mammalian cells have multiple isoforms 

with discrete localizations to various endosomal and lysosomal compartments. As a result, 

pH homeostasis in each organelle may be regulated independently and uniquely adapted to 

specific needs, and alterations in luminal pH in endosomes might not extend to lysosomes. 

This might also explain why ectopic expression of NHE6 does not alter lysosomal pH 

(Prasad and Rao 2018a). Significant downregulation of expression of V-ATPase might 

underlie lysosomal alkalinization in ApoE4 astrocytes (Prasad and Rao 2018a). Previously, 

abnormal alkalization of lysosomal pH was also reported in a genetic model of presenilin 

1-deficiency in AD, in cell culture and neurons (Lee et al. 2010). A comprehensive overview 

of lysosomal pH dysregulation in AD is available elsewhere, so we will focus on the 

regulation of endosomal pH in AD. The recent identification of intracellular NHE isoforms 

in genome-wide association studies of risk factors in AD further strengthens the link with 

endosomal pH (Martinelli-Boneschi et al. 2013; Meda et al. 2012; Perez-Palma et al. 2014). 

We suggest that defective pH regulation in the endosomal-lysosomal system may be a broad, 

unifying mechanism and a new paradigm for understanding the pathogenesis of familial and 

sporadic late onset AD.

6 NHE6 Is an ApoE4 Effector

Although several genetic studies have identified links between eNHE to a host 

of neurological disorders, including autism, intellectual disability, attention deficit 

hyperactivity disorder, epilepsy, Parkinson’s disease, brain cancer, multiple sclerosis, and 

more recently to late-onset AD, a mechanistic basis for the contribution of Na+/H+ exchange 

to these disorders is still emerging (Kondapalli et al. 2014; Prasad and Rao 2015a). 

Mutations in SLC9A6, encoding NHE6, are causal to Christianson syndrome, a monogenic 

X-linked disorder with neurodevelopmental hallmarks of syndromic autism and intellectual 

disability. Although ubiquitous in tissue distribution, NHE6 is highly expressed in the brain, 

particularly in the hippocampus and Purkinje cell layer of the cerebellum, where it has 

been implicated in neuronal spine dynamics, dendritic arborization, and synaptic strength 
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(Deane et al. 2013; Gilfillan et al. 2008; Kondapalli et al. 2014; Ouyang et al. 2013). 

As summarized in Table 1, patients with loss-of-function mutations in NHE6 also present 

with striking and progressive neurodegenerative pathology including (1) early-onset, severe 

degeneration of cortex and cerebellum, (2) loss of neurons, (3) gliosis, and (4) deposition 

of hyperphosphorylated tau in neurons and astrocytes (Garbern et al. 2010; Mignot et 

al. 2013). Notably, NHE6 deletion in mice leads to cellular phenotypes reminiscent of 

AD, including endosomal hyperacidification, endolysosomal dysfunction, accumulation 

of unesterified cholesterol in endosomes, and neurodegeneration (Ouyang et al. 2013; 

Stromme et al. 2011). These observations point to a more widespread role for NHE6 

in neurodegenerative disorders. Given the link between ApoE genotype and endosomal 

pathology, we hypothesized that the Christianson syndrome protein NHE6 is a potential 

ApoE effector and that dysfunction of NHE6 in disease-associated ApoE4 variants is causal 

to a subset of pathologies and phenotypes associated with AD.

6.1 NHE6 Is Downregulated in Alzheimer’s Disease

Our analysis of publicly available patient databases revealed that NHE6 is one ofthe top 100 

downregulated genes in late-onset AD, predictive of endosomal hyperacidification (Prasad 

and Rao 2018a). Furthermore, NHE6 downregulation was proportional to disease severity 

as determined by cognitive and pathological scores (Prasad and Rao 2015b). Importantly, 

NHE6 expression strongly correlated with average expression of set of synapse genes found 

to be downregulated in AD. These correlations suggest that reduced NHE6 levels and, by 

extrapolation, pathological endosomal acidification may underlie synaptic pathology in AD. 

Indeed, NHE6 protein was low in sporadic AD brains relative to control (Prasad and Rao 

2015b). Female carriers of loss-of-function NHE6 mutations have learning difficulties and 

behavioral problems and some present in late adulthood with low Mini-Mental Status Exam 

(MMSE) scores indicating early cognitive decline and susceptibility to neurodegeneration 

(Sinajon et al. 2016). Consistent with these clinical data, transcriptomic analysis of brains 

areas involved in cognition revealed that NHE6 is among the most highly downregulated 

genes (up to sixfold) in old (70 years) brain, compared to adult (40 years) (Naumova 

et al. 2012). NHE6 was also identified as a top hub transcript in AD with 202 network 

connections that control a plethora of downstream effects (Webster et al. 2009). Another 

study employing knowledge-based algorithms predicted NHE6 as a molecular player 

contributing to early-stage AD (Mayburd and Baranova 2013). A network analysis of the 

metastable subproteome associated with AD identified NHE6 as a top hub gene regulating 

trafficking and clearance mechanisms necessary for safeguarding cellular proteostasis 

(Kundra et al. 2017). Although not identified in GWAS studies on AD risk, a more recent 

deep-learning approach that involved construction of an integrated heterogeneous omics 

profile using gene expression and methylation data identified NHE6 as one ofthe 35 genes 

that improved the accuracy ofAD prediction (Park et al. 2019). Together, these observations 

provide compelling evidence supporting a more widespread role for NHE6 and endosomal 

acid-base homeostasis in AD. Central to our hypothesis, ApoE4-associated downregulation 

of NHE6 expression was observed in post-mortem brains and cellular models (Prasad and 

Rao 2018a; Xu et al. 2006).
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6.2 Co-expression Clues in Alzheimer’s Disease

Genetic architecture and gene co-expression networks have been beneficial in understanding 

mechanisms of disease pathogenesis and progression in AD (Zhang et al. 2013). Clustering 

analysis of RNA-seq data from 524 normal human brains from the Allen Brain Atlas was 

used to gather functional insights from the inherent patterns of co-expression (Miller et al. 

2014). This approach, also used in cancer research, is based on the premise that genes that 

are expressed together are likely to function together in a common pathway (Dang et al. 

2019; Prasad and Rao 2015b; Zhang et al. 2013). Gene expression clustering works on the 

principle of “guilt by association” and could provide clues to functional interactions and 

form the basis for new hypothesis-driven research as evidenced by the close association of 

enzymesubstrate-receptor group (BACE1, APP, SORL1), receptor-ligand group (TREM2, 

TYROBP), and members of same family such as MS4A/CD20 proteins (MS4A4A, 

MS4A6A), and apolipoproteins (APOE, APOJ/clusterin) (Karch and Goate 2015) (Fig. 3). 

Recent studies have validated functional links between other close associations observed 

from this clustering analysis: (TYROBP, CD33, TREM2; Haure- Mirande et al. 2017), 

(ADAM10, SIRT1; Theendakara et al. 2013), (CD2AP, FERMT2; Shulman et al. 2014), 

(BIN1, APOJ/clusterin; Zhou et al. 2014), and (PICALM, PSEN1; Kanatsu et al. 2014). 

Thus, gene co-expression analysis may not only identify novel disease-related genes but also 

may point to previously unrecognized gene functions (Fig. 3).

NHE6 expression was tightly linked with amyloid precursor protein APP and β-secretase 

enzyme BACE1, with a prominent linear correlation for APP and NHE6 (Pearson 

correlation 0.75; n = 524; p = 7.0 × 10−96). Indeed, NHE6 ranked among the top 

0.5% of human brain transcriptome transcripts (of 52,376) whose expression was most 

correlated with APP. This observation prompted an investigation of the role of NHE6 

in APP metabolism and also uncovered a significant association of the closely related 

endosomal isoform NHE9 with APOE and APOJ, two lipid carrier proteins that are central 

to cholesterol homeostasis in brain. The APOE-NHE9 cluster also had a prominent linear 

correlation (Pearson correlation: 0.78, n: 524, p value: 1.7 × 10−108), suggesting a functional 

link that warrants future investigation. Intriguingly, NHE9 has been associated with 

late-onset AD and poor response to cholinesterase inhibitor treatment in AD (Martinelli-

Boneschi et al. 2013; Perez-Palma et al. 2014). Furthermore, NHE9 is among the top 

1% of human brain transcriptome (out of 52,376 transcripts) whose expression was most 

correlated with the expression of APOE across 524 samples. Another interesting observation 

from our analysis is the differential clustering of presenilin proteins (PSEN1 and PSEN2) 

with the two sheddases, α- and β-secretase. Presenilin proteins constitute the catalytic 

subunits of the gamma-secretase complex, which participates in both non-amyloidogenic 

and amyloidogenic APP processing pathways, in addition to its essential role in processing 

of Notch and other substrates (Karch and Goate 2015). Intriguingly, during normal 

brain development, PSEN2 clustered with β-secretase (BACE1), and, in contrast, PSEN1 

clustered with α-secretase (ADAM10), pointing at potential hitherto unnoticed differences 

in functions of the two presenilin proteins that could form the basis for new hypothesis-

driven research (Fig. 3).
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6.3 NHE6 Blocks Amyloid Buildup

Tripartite synapses are sites of cell-cell contact specialized to transmit and compute 

information in the brain, which, as the name suggests, consists of three essential 

components: presynaptic neuron, postsynaptic neuron, and the surrounding astrocyte 

process. Synaptic transmission involves translating the presynaptic information in form 

of neurotransmitters into various postsynaptic events, ranging from alterations in resting 

membrane potential, downstream biochemical cascades, and gene expression (Pereda 2014) 

(Fig. 4). Growing evidence points to deficits in synaptic transmission and loss of synapses 

in Aβ toxicity that occurs early in AD pathogenesis and precedes neuronal loss by several 

decades (Masliah et al. 2001; Sheng et al. 2012). Aβ production at the synapses is mediated 

by clathrin-dependent endocytosis of surface APP at presynaptic terminals into endosomes 

followed by physical approximation of APP and BACE1 positive vesicles, proteolytic 

cleavage of APP, and release of Aβ into the synaptic cleft (Cirrito et al. 2005; Das et 

al. 2013) (Fig. 4). One way enlarged and amplified endosomes seen in AD brains could 

impact amyloidogenesis is by providing increased surface area for BACE1-mediated APP 

cleavage. Here, we discuss how hyperacidic pH within these dysfunctional endosomes in 

neurons could regulate the BACE1 function. Specific targeting of microenvironment within 

endosomes has the advantage of dampening BACE1- mediated cleavage of APP and not 

of non-amyloid substrates that are processed in an endocytosis-independent manner, thus 

preventing mechanism-based toxicities and adverse events (Ben Halima et al. 2016).

Using neuronal and non-neuronal cell models, NHE6 was shown to regulate trafficking 

and BACE1-mediated processing of APP (Prasad and Rao 2015b). First, endogenous 

APP was co-localized with NHE6 in Rab11 positive endosomal compartments. Next, in 

a well-characterized HEK293-derived cell line stably expressing human APP, NHE6 activity 

blocked retrograde trafficking of APP from endosomes to the trans-Golgi network. These 

changes were correlated to luminal pH of sorting endosomes, and causality established 

using monensin, an ionophore and Na+/H+ exchange mimetic (Prasad and Rao 2015b). 

It is important to note that neurons have developed an efficient mechanism of restricting 

substrate (APP) and enzyme (BACE1) to separate organelles and the APP-BACE1 

convergence, intriguingly, is known to occur in acidic microdomains (Das et al. 2013). We 

therefore hypothesized that by limiting excess endosomal acidification, NHE6 in neurons 

blocks trafficking and physical approximation of APP from endosome and BACE1-positive 

vesicles, thus limiting biogenesis of Aβ under normal physiology (Fig. 4). This idea was 

validated in cell culture model by documenting significant reduction in substrateenzyme 

(APP-BACE1) overlap and diminished Aβ production with NHE6 expression. In contrast, 

BACE1-mediated APP processing and Aβ production was elevated upon NHE6 depletion 

(Prasad and Rao 2015b). These observations linking NHE6 dysregulation to Aβ pathology 

were supported by (1) significantly lower brain weight and (2) elevated Aβ levels in brain 

homogenates from 7-month old NHE6KO mice, relative to wild-type mice (Prasad and Rao 

2018a).

6.4 NHE6 Promotes Amyloid Clearance

Astrocytes are integral functional elements of the tripartite synapse, responding to 

neuronal activity and regulating overall brain homeostasis and housekeeping. Astrocytes 
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are specifically dysfunctional in neurodegenerative diseases, including AD (Phatnani and 

Maniatis 2015). It is increasingly evident from studies in cell culture, humans, and mouse 

models that ApoE4 genotype negatively affects uptake and clearance of secreted Aβ by 

astrocytes, a major central nervous system cell type (Castellano et al. 2011; Mawuenyega 

et al. 2010; Verghese et al. 2013). Using murine astrocytes that produce, lipidate, package, 

and secrete human ApoE variants in a brain-relevant physiological fashion, significant time-

dependent deficit in Aβ clearance was observed in E4 variants, compared to E3. Consistent 

with data from human brain transcriptome, NHE6 transcript and protein expression was 

downregulated in ApoE4 astrocytes, correlating with endosomal hyperacidification and 

~50%. reduced surface levels of Aβ receptor LRP1 (low-density lipoprotein receptor-related 

protein 1) (Prasad and Rao 2018a). These findings were independently recapitulated by AD 

patient-derived ApoE4/4 fibroblasts compared with ApoE3/3 fibroblasts from age-matched 

control (Prasad and Rao 2018a).

Loss-of-function mutation or downregulation of eNHE hyperacidifies endosomes and 

reduces surface expression of membrane proteins, and, conversely, overexpression of eNHE 

alkalinizes endosomes and stabilizes membrane proteins; both mechanisms have been 

previously shown to play causal roles in human diseases, including autism and brain cancer 

(Kondapalli et al. 2014; Prasad and Rao 2015a). Therefore, hyperacidification of early and 

recycling endosomes in ApoE4 astrocytes was proposed to cause loss of LRP1 surface 

expression and Aβ clearance. Consistent with this hypothesis, correction of endosomal pH 

by ectopic, lentiviral-mediated expression of NHE6 resulted in robust restoration of surface 

LRP1 levels and correction of defective Aβ clearance by ApoE4 cells. Similar findings were 

observed with monensin, establishing causality. Thus, NHE6, by localizing to early and 

recycling endosomes, significantly alkalinizes luminal pH, stabilizes surface expression of 

LRP1, and elevates clearance of Aβ peptides (Prasad and Rao 2018a) (Fig. 4). Furthermore, 

given that LRP1 is a receptor for multiple ligands, these observations, if extended to other 

ligands and receptors, have the potential to explain number of ApoE4 defects besides 

Aβ clearance (Prasad and Rao 2018a). Taken together, the findings from these studies, 

summarized in Table 2, support the following unifying hypothesis: loss of NHE6 function 

in AD is central to the endosomal pathology observed in pre-symptomatic AD brains and 

results in over-acidification of early and recycling endosomes, which creates an imbalance 

between Aβ production and clearance, culminating in Aβ plaques and neurodegeneration 

(Fig. 5).

Given the pan-functional role of eNHE on recycling of endocytosed proteins to the plasma 

membrane (Kondapalli et al. 2014; Prasad and Rao 2015a), we suggest that loss of NHE6 

and pathological luminal acidification may be an upstream event causal to dysfunction of 

recycling endosomes and defective recycling of multiple proteins, in addition to LRP1, 

including glutamate and insulin receptors known to be reduced in brains of ApoE4 carriers 

(Chen et al. 2010; Zhao et al. 2017). Further experimentation will determine the precise 

mechanism of pH-sensitive regulation of vesicular traffic. A slight alteration in the pH even 

as little as 0.2 pH units can have profound sequelae (Musgrove et al. 1987). Notably, under 

physiological conditions, each compartment within the endosomal network has a unique 

pH range that is one of the defining characteristics of compartmental identity and function 

(Casey et al. 2010; Pedersen and Counillon 2019). Modulation of acid-base homeostasis 
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within these endosomal compartments may affect cargo fate, redirecting content to or from 

the degradation pathway. Thus, it is attractive to speculate that changes in luminal pH alone 

are sufficient to drive endosomal recycling, with modest alkalization of the endosomal pH 

favoring the recycling pathway, rather than sorting cargo for degradation, and vice versa. 

This hypothesis, however, requires experimental validation.

6.5 The Goldilocks Scenario: Just the Right pH?

Humans with loss-of-function mutations in NHE6 and mouse lines for NHE6 deletion show 

progressive neurodegeneration, and this aspect of their phenotype provides crucial evidence 

to support the role for NHE6 inhibition/downregulation and endosomal hyperacidification 

in AD (Tables 1 and 2) (Garbern et al. 2010; Mignot et al. 2013; Stromme et al. 

2011). The phenotypes of lower brain weight and elevated Aβ levels in the brain 

observed in knockout mice suggest a protective role for NHE6 activity in Aβ metabolism, 

neuronal health, and function (Prasad and Rao 2018a). Supporting this notion, studies 

have demonstrated that NHE6 deletion and endosomal hyperacidification diminish neuronal 

arborization and can cause synapse loss in mice (Ouyang et al. 2013). Progressive changes 

in pathology of postnatal brain in two separate mouse models of NHE6 deletion revealed 

mixed neurodevelopmental and neurodegenerative changes (Xu et al. 2017). Furthermore, 

disruption of Ca2+ entry, a known ApoE4-related pathology, has been recently described 

in NHE9 null neurons, which show endosomal hyperacidification and impairment in 

neurotransmitter release (Chen et al. 2010; Ullman et al. 2018).

In contrast, studies by Xian et al. have reported neuroprotective effects of NHE6 knockdown 

and NHE inhibitor EMD87580 that reversed Apoer2/LRP8 surface trafficking deficits in 

neurons treated with ApoE4, proposed to result from a molten globule-like state of ApoE4 

induced in low pH (Xian et al. 2018). More recent studies, however, showed enhanced 

stability at acidic pH relative to neutral pH for all ApoE isoforms, contradicting earlier 

reports of molten-globule confirmation of ApoE4 in a low pH environment (Garai et al. 

2011). Because ApoE4 aggregates and shows enhanced binding to lipids in a low pH 

environment, it seems probable from a biophysical perspective that pathological aggregation 

of ApoE4 should be exacerbated in hyperacidic endosomal pH (Garai et al. 2011). Another 

biophysical property for consideration is that protonation of three histidine residues in Aβ 
under conditions of hyperacidic endosomal pH drives formation of β-sheets and metal ion 

binding, simulating the process of amyloid aggregation and plaque deposition (Olubiyi and 

Strodel 2012). Similarly, protonation of glutamate or aspartate resides which are buried 

in the four-helix bundle of the amino-terminal domain is thought to provide enhanced 

stability for ApoE in acidic environment (Garai et al. 2011). Several key questions should 

be considered to resolve the conflicting conclusions. Use of a non-selective NHE inhibitor 

EMD87580 could have confounding effects by acting on multiple NHE isoforms, including 

the recycling NHE5 isoform, which is enriched in neuronal endosomes and works to acidify, 

rather than alkalinize endosomal lumen (Diering et al. 2013); thus inhibition of NHE5 will 

lead to endosomal alkalization. Furthermore, it is known that depletion of NHE6 results in 

compensatory increase in NHE9 isoform, which shows overlapping endosomal distribution 

with NHE6, to delay or diminish endosomal acidification processes (Kondapalli et al. 

2013; Prasad and Rao 2015b). Similarly, downregulation of NHE6 levels associated with 
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reciprocal NHE9 upregulation was found in brains of autistic patients (Schwede et al. 2014). 

In the absence of direct endosomal pH measurements to confirm pH changes in response to 

gene knockdowns or inhibitor treatment, it is difficult to conclude how these manipulations 

lead to the observed cellular phenotypes.

Although similar in function, NHE6 and NHE9 have distinct and non-redundant roles as 

evidenced by disease pathologies in patients and cell phenotypes (Kondapalli et al. 2014). 

A key unresolved question in the field is whether eNHE isoforms have differential effects 

on the trafficking of specific membrane proteins. Answering this question will be critical to 

predict the effects of changes in endosomal pH on surface expression of different membrane 

proteins. For instance, the evidence in the literature suggests that NHE6, but not NHE9, 

regulates LRP1 trafficking, and on the other hand, epidermal growth factor receptor (EGFR) 

trafficking was altered by NHE9 expression and not by NHE6, pointing to isoformspecific 

functions in receptor trafficking (Ilie et al. 2016; Kondapalli et al. 2015; Prasad and Rao 

2018a). It is important to note that NHE9 is also downregulated in ApoE4 models and 

has been previously linked to AD (Martinelli-Boneschi et al. 2013; Perez-Palma et al. 

2014; Prasad and Rao 2018a). Thus, one potential mechanism, although it remains to be 

characterized, to explain beneficial effects observed with NHE6 knockdown could be that 

concurrent upregulation of NHE9 isoform enhances recycling of a subset of receptors, such 

as LRP8 reported in ApoE4 neurons.

Nevertheless, the intriguing observations made by Xian et al. may highlight an emerging 

Goldilocks scenario in biology, wherein cellular functions depend on an optimal condition, 

with higher or lower extremes potentially hampering them. It is possible that there 

exists a bell-shaped relationship between endosomal pH and vesicle trafficking in which 

intermediate levels of endosomal acidification potentiate endocytic recycling; both very 

low levels and very high levels depress surface expression. This paradigm could explain 

the protective effects of NHE6 activation and inhibition in ApoE4 cells, reported in the 

literature. This seemingly conflicting role for endosomal acid-base homeostasis emerging in 

AD could add an additional layer of complexity to this dauntingly complex syndrome.

7 Big Data Could Fuel Big Progress

There has been an effort to identify disease mechanisms and facilitate repurposing of 

drugs to restore gene expression in a given disease by trawling through transcriptome 

databases (Pessetto et al. 2017; Prasad et al. 2019). This in silico prediction approach 

has the advantage of being quick and inexpensive. Yeast microarray datasets remains a 

valuable, yet relatively untapped resource as compared to mammalian data for discovery-

driven mining efforts. An unbiased bioinformatics approach, based on data from 284 

microarray studies comprising a wide range of experimental conditions, was used to identify 

evolutionarily conserved mechanism for regulation of eNHE expression and to identify 

candidate molecules to enhance/restore NHE6 levels in AD (Prasad and Rao 2018b). A 

predictive model for regulation of Nhx1 expression via the histone deacetylase (HDAC) 

Rpd3 acting on transcription factor Abf1 to regulate Nhx1 expression was derived from 

top hits in gene expression (both up- and downregulation) that was then experimentally 

validated in yeast. The Rpd3 inhibitor, trichostatin A (TSA), increased Nhx1 expression by 
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approximately threefold and alkalinized luminal pH, consistent with the in silico derived 

model (Prasad and Rao 2018b).

To extend these findings to mammalian cells, a panel of HDAC inhibitors was tested 

on ApoE4 astrocytes to identify candidates, including TSA and vorinostat that restored 

NHE6 expression but not that of closely related NHE isoforms. These HDAC inhibitors 

also normalized endosomal pH and corrected Aβ clearance defects. In contrast, HDAC 

inhibitors that resulted in minimal changes in NHE6 expression (MC1568, tubacin) failed to 

correct Aβ clearance defects (Prasad and Rao 2018a). As predicted by this model, increased 

nuclear translocation of HDAC4 was observed in ApoE4 astrocytes, resulting in suppression 

of CREB (cAMP response element-binding protein) and NHE6 expression (Prasad and 

Rao 2018a, b). A translatable finding from these studies is that pharmacological HDAC 

inhibition (by TSA, vorinostat) or CREB activation (by Forskolin, Rolipram) selectively 

elevate endosomal pH and have the potential to correct human pathologies such as AD and 

autism resulting from aberrant endosomal hyperacidification (Prasad and Rao 2018a, b). 

Apart from CREB, HDACs have been previously shown to interact and inhibit myocyte 

enhancer factor 2A (MEF2A) transcription factor activity in neurons (Li et al. 2012). 

MEF2A is a key regulator of activity-dependent gene program that controls synapse 

development and function. Intriguingly, NHE6 is a known downstream target of MEF2A in 

neurons (Flavell et al. 2008). Thus, as an additional/alternative mechanism, we propose that 

ApoE4-mediated nuclear translocation of HDACs could potentially downregulate MEF2A-

NHE6 axis resulting in endosomal hyperacidification that favors amyloidogenic processing 

of APP and production of Aβ in neurons.

8 Extending the Endosomal Acid-Base Paradigm Beyond Alzheimer’s 

Disease

Evidence for an ever-expanding role for endosomes in neurodegeneration has led to the 

notion that the endosomal dysfunction could trigger multiple effects affecting diverse 

pathways. Thus, it appears likely that the disturbances in endosomal pH, by inducing 

complex patterns of synaptic dysfunction and alterations in neural circuitry, could play 

a role in multiple neurodegenerative disorders beyond AD. Similar to what has been 

shown in AD, endosomal aberrations and enlarged endosomes are also the earliest 

neuronal pathology described in Niemann-Pick type C (NPC), Parkinson’s disease, Down 

syndrome, and other neurodegenerative disorders (Nixon 2005, 2017). NPC is an inherited 

lysosomal storage disorder associated with impairment in cholesterol trafficking and 

excessive glycosphingolipid storage (Alam et al. 2016). We have previously observed a 

direct link between hyper-acidic endosomal-lysosomal pH and disruption of cholesterol 

trafficking and accumulation of free cholesterol, quantified by filipin staining, in yeast 

and fibroblast models of NPC disease (Brett et al. 2011). This link between pathological 

endosomal acidification and cholesterol mistrafficking is strengthened by in vivo studies on 

NHE6KO mice, showing hyperacidic endosomes and positive labeling with filipin in neurons 

(Ouyang et al. 2013; Stromme et al. 2011). In both yeast and mammalian cell culture 

models of NPC disease, we showed that these trafficking phenotypes could be rescued by 

mild alkalization of endosomal-lysosomal compartments using low concentrations (10 nm) 
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nigericin, a K+/H+ ionophore (Brett et al. 2011). Similarly, endosomal alkalization might 

explain reduced cholesterol accumulation reported in NPC patient fibroblasts treated with 

alexidine dihydrochloride, an antimicrobial compound with V-ATPase inhibitory activity 

(Chan et al. 2012; Pugach et al. 2018). Given our observation of increased NHE6 expression 

and endosomal alkalization with HDAC inhibition, we suggest that correction of endosomal 

hyperacidification pathology could potentially contribute to well-documented therapeutic 

effects of HDAC inhibitor drugs in Niemann-Pick type C disease (Alam et al. 2016; Prasad 

and Rao 2018a).

Recent studies suggest that endosomal-lysosomal dysfunction may be a primary defect in 

Parkinson’s disease (PD). For instance, mutations in Vps35/retromer, a master regulator 

of endosome sorting, have been linked to familial PD, highlighting the importance of 

endosomal pathway in the pathogenesis (Kett and Dauer 2016). More recently, deficiency of 

Vps35 has been also reported in primary tauopathies, including progressive supra-nuclear 

palsy and Picks’ disease, suggesting a mechanistic overlap with PD (Vagnozzi et al. 

2019). A genome-wide analysis of vacuolar pH in ~4,600 yeast null mutants identified 

dysregulation of luminal pH in Vps35 deletion yeast, although the extrapolation of these 

findings to humans remain to be validated (Brett et al. 2011). More compelling evidence 

to link endosomal acid-base dysregulation in PD emerged from recent clinical reports of 

patients with NHE6 mutations, summarized in Table 1. Riess et al. reported a family 

with NHE6 mutation where affected males had Christianson syndrome and obligate carrier 

females showed signs of Parkinsonism (Riess et al. 2013). Similar observations have been 

reported more recently wherein female carriers of NHE6 mutations showed corticobasal 

degeneration syndrome (CBDS) and atypical parkinsonism (Sinajon et al. 2016). These 

observations are further strengthened by a clinical report of a ΔWST372 in-frame deletion 

of three amino acids in NHE6 that was described by Garbern et al. in patients with 

corticobasal degeneration, severe intellectual disability, autistic symptoms accompanied by 

deposition of hyperphosphorylated tau in the brain (Garbern et al. 2010). Loss of function 

was demonstrated by structure-function evaluation of this mutation (Prasad and Rao 2015b). 

NHE6 inactivation is associated with tauopathy, characterized by neuronal and glial tau 

inclusions and a preponderance of pathological 4R tau isoform (Garbern et al. 2010). 

Consistent with this observation, our analysis of postmortem brains from normal and AD 

dataset revealed that decreased NHE6 expression was correlated with greater tau pathology 

assessed via neurofibrillary tangle scores (Prasad and Rao 2015b). Furthermore, NHE6 

expression was found downregulated in substantia nigra in patients with Parkinson’s disease 

(Hauser et al. 2005). Taken together, these observations provide compelling clues for the 

links between NHE6 function in Parkinson’s disease and tauopathy, and future studies are 

awaited to define this broader role for endosomal pH in neurodegeneration.

More recently, a pharmacogenetic study by Esposito et al. identified an intriguing link 

between multiple sclerosis (MS) and endosomal pH (Esposito et al. 2015). MS is a chronic 

inflammatory and demyelinating condition of the central nervous system characterized 

with prominent neurodegeneration, and this newly discovered link may lead to new 

therapies. Intriguingly, chloroquine, a weakly basic anti-malarial drug that accumulates in 

acidic organelles such as endosomes and alkalinizes luminal pH, was long found to have 

therapeutic effect in MS (Thome et al. 2013). Furthermore, polymorphisms in NHE9 are 
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linked to N-glycosylation alterations, an important molecular mechanism in MS (Huffman 

et al. 2011; Mkhikian et al. 2011). Moreover, NHE9 downregulation was found in a 

model of Down syndrome, a developmental disorder with Alzheimer’s-related endosome 

dysfunction and early-onset neurodegeneration (Hibaoui et al. 2014; Jiang et al. 2010). By 

using an approach that integrated GWAS with experimental studies, Esposito et al. showed 

a significant association between an intronic variant in NHE9 (rs9828519) and non-response 

to interferon-β (IFNβ) therapy in MS patients (Table 1). Downregulation of NHE9 levels 

was observed in peripheral blood mononuclear cells (PBMCs) in MS patients with an active 

disease course. Furthermore, NHE9 expression was induced in PBMCs with IFNβ treatment. 

NHE9 was found to influence polarization and differentiation of T cells and knockdown of 

this protein showed increased expression of proinflammatory molecule interferon gamma 

(IFNγ) (Esposito et al. 2015) (Table 2). A follow-up study Liu et al. identified significant 

association between rs9828519 variant and dysregulation of NHE9 expression in three brain 

regions, including occipital cortex, intralobular white matter, and substantia nigra (Liu et al. 

2017). Further detailed mechanistic studies in well-defined animal models are warranted to 

understand the link between NHE9 and MS.

Taken together, available literature reviewed here and elsewhere raises the possibility that 

a significant proportion of deficits in patients with neurodegenerative disorders are due 

to endosomal trafficking defects that act as an upstream pathogenic hub. The precise 

mechanisms by which disturbances in endosomal pH cause neuronal dysfunction and 

ultimately death in different neurodegenerative disorders remain to be defined and potential 

therapeutic interventions aimed at endosomal pH need to be determined. This concept has 

far-reaching therapeutic implications. While the reversal of structural defects in endosomes 

such as amplifications in its size and number remains a challenge, the correction of 

endosomal pH deficits, the re-establishment of vesicle trafficking and an improvement of 

network function appear to be within plausible reach.

9 Summary, Key Questions, and Translational Prospects

What are the translational prospects of the complex endosomal acid-base alterations in 

neurodegenerative diseases reviewed herein? Most well-known genetic risks for sporadic 

AD are endosomal proteins, yet targeting these has not provided effective treatments. 

Notably, an earliest preclinical hallmark of the AD and other neurode-generative disorders 

is dysfunction of endolysosomal system that manifests morphologically as enlarged and 

amplified compartments, biochemically as hyperacidic luminal pH, and functionally as 

trafficking defects that promotes amyloid pathology (Nixon 2017; Prasad and Rao 2018a; 

Small et al. 2017). There is a clear potential for development of interventions to exploit the 

disease-modifying benefit of endosomal pH. An integrated approach involving data mining 

and in silico co-expression analysis combined with wet lab studies using NHE6KO mice, 

post-mortem brains, patient fibroblasts, cultured neuronal and astrocyte lines, and simple 

yeast models demonstrated a novel ApoE-regulated cellular mechanism and identified a 

druggable target in AD. By regulating endosomal pH in amyloid pathology, NHE6 is 

a prominent effector of ApoE4 (Prasad and Rao 2015b, 2018a, b). The fact that acidic 

endosomal pH is linked to AD at multiple levels makes endosomal pH an attractive target for 

“disease-modifying” drugs for AD therapy. Significant mechanism-based toxicity has been 
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reported with strong inhibition of APP processing enzymes (β- and γ-secretases), which 

has directed efforts to identify novel regulators/modulators of APP processing (Ben Halima 

et al. 2016). Moderate secretase inhibition coupled with novel therapies targeting cellular 

microenvironment hold promise to benefit in CNS and limit mechanism-based toxicities.

Endosomal Na+/H+ exchangers bring new focus to endosome biology, a neglected area in 

neurodegenerative disorders, and forge a new link between autism/intellectual disability and 

AD. Endosomal pH emerges as a critical mechanistic link between neurodevelopmental 

and neurodegenerative disorders. We suggest that in both genetic and sporadic AD, 

there is disease-initiated perturbation of endosomal-lysosomal pH that may represent the 

mechanism for relentless disease progression. Consistent with this idea, amphipathic drugs 

such as bepridil and amiodarone which partition into acidic compartments and alkalinize 

endosomes also correct Aβ pathology in cell culture and animal models (Mitterreiter 

et al. 2010). Similarly, endosomal alkalization might explain APP redistribution and 

reduced Aβ production reported in APP stable cells treated with destruxin E, a natural 

cyclic hexadepsipeptide with V-ATPase inhibitory activity (Itoh et al. 2009). Our research 

provides a rational basis for such screening and repurposing of existing US Food and 

Drug Administration (FDA)-approved drugs and natural product derivatives, known to have 

off-label activity of endosomal alkalization, as “disease-modifying” drugs to target the 

cellular micro-environment in AD. Membrane transporters like NHE6 are generally useful 

“druggable” targets of therapeutic potential. A compelling example is of cystic fibrosis 

transmembrane conductance regulator (CFTR), one of the most widely studied membrane 

transporters that has been successfully targeted using small molecule potentiators and 

correctors as a therapeutic approach to cystic fibrosis. Development of small molecular 

activators of NHE6 to enhance endosomal pH therefore has the potential to reduce Aβ 
pathology. Targeting NHE6 has the advantage of specific β-secretase inhibition within 

endosomes, enhancing their potential as AD therapeutics without undesired mechanism-

based toxicities. In addition to regulating luminal pH, endosomal NHE could modulate ionic 

composition of the endosomal lumen (e.g., K+ and Na+) that may directly impact inter- and 

intra-endosomal functions and dynamics, including osmotic effects and altering membrane 

curvature and microdomains (Scott and Gruenberg 2011). Further experiments are needed to 

determine if any such non-pH roles are perturbed in AD.

An emerging pathophysiology of AD is transsynaptic dissemination of the pathological 

proteins by altering the content of exosomes (Rajendran et al. 2006). The luminal pH 

within endosomal-lysosomal compartment might play a role in exosome content, biogenesis, 

and release. In this context, it is important to note that the ionophore monensin that 

mediates Na+/H+ exchange, alkalinize luminal pH, and mimics constitutively activated 

NHE6 is known to stimulate the endosomal recycling pathway and exosome secretion 

(Muro et al. 2006; Savina et al. 2003). We speculate that NHE6 downregulation in 

AD might disrupt vesicular traffic and alter the number of intraluminal vesicles in the 

multivesicular body and/or alter the content of exosomes. Further studies are needed to 

characterize and validate this mechanism. Pathological events, such as epileptiform activity, 

and normal physiological processes, such as the sleep-wake cycle, are known to regulate Aβ 
production and if such diverse stimuli also regulate expression/activity of NHE6, a known 

epilepsy linked protein, remain to be determined (Cirrito et al. 2005; Kang et al. 2009; 
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Kondapalli et al. 2014). Previously, we have shown that endosomal hyperacidification in 

astrocytes could result in reduced surface levels of glutamate uptake transporter, resulting 

in aberrant increase in levels of glutamate in and around the synaptic cleft, which could 

cause epileptiform phenotype and neurodegeneration seen in autism (Kondapalli et al. 

2013). Similar mechanism could also explain, in part, AD-related excitotoxicity. While 

the evidence to link NHE6 downregulation and synapse dysfunction is compelling, it must 

be acknowledged that the overall contribution of endosomal pH and endosomal NHE to 

synaptic protein expression, in the context of normal physiology and in pathologies such as 

AD, remains unclear and more research is warranted. Thus, for example, although enhanced 

recruitment of NHE6 into dendritic spines during N-methyl D-aspartate (NMDA)-dependent 

LTP has been reported in the literature, the accumulation of NHE6 at dendritic spines 

and presynaptic terminals alone cannot be taken as unequivocal evidence for its role in 

synapse formation and maintenance (Deane et al. 2013). Given the emerging role for 

recycling endosomal dysfunction in AD (Woodruff et al. 2016), therapeutic enhancement 

of pH of recycling endosomes might result in better endocytic recycling of membrane 

proteins, including adhesion molecules and neurotransmitter receptors and transporters, and 

provide neuroprotection independently of protection against plaque formation. Targeting this 

inside-out control of surface proteostasis by eNHE therefore may provide new treatments for 

sporadic AD and related disorders.

Lastly, based on our data, we propose that amyloid pathologies may contribute to autism 

and intellectual disability phenotypes seen in patients with NHE6 mutations that could 

have important prognostic implications for early intervention to limit regression and marked 

neurodegeneration seen in Christianson syndrome patients (Mignot et al. 2013). Notably, 

alterations in APP processing and Aβ production have been reported in autism, Fragile 

X syndrome and 15q duplication in patients and animal models (Wegiel et al. 2012). 

An understanding of the mechanistic overlap between developmental and aging disorders 

is urgently needed to expand therapeutic options for these disorders. Consistent to our 

reports of lower NHE6 levels in AD, downregulation of NHE6 gene expression has 

been documented in post-mortem autism brains, marking the possibility of a mechanistic 

overlap between autism and AD pathologies (Prasad and Rao 2015b, 2018a; Schwede et 

al. 2014). A long-term goal of our research is to determine if a subset of autism patients 

with dysregulated NHE6 activity, either by loss-of-function mutations or by downregulated 

gene expression, have a higher risk of premature aging and developing neurodegenerative 

disorders, thereby providing a rational basis to stratify patients for targeted therapies. In 

summary, studies on NHE6 have proven to be instrumental for appreciating the role of 

endosomal acid-base homeostasis in neurodegenerative diseases and have provided us an 

opportunity through which we can begin to study and understand the role of other ion 

transporters regulating endosomal pH in human pathologies. Restoring endosomal acid-base 

disturbance that fuels the progression of AD holds promise to slow and ultimately even 

prevent cognitive impairment in this syndrome. Future research will hopefully further 

define additional molecular players and pathways regulating critical endosomal acidification 

process and in doing so may identify promising targets for therapies for Alzheimer’s disease 

and related neuro- degenerative disorders.
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Fig. 1. Endosomal pH regulation by Na+/H+ exchangers.
(a) Under physiological conditions, the endosomal pH is acidic (≈6.2) as compared to the 

cytoplasmic pH (≈7.2). According to the “pumpleak” model, conserved from yeast to plants 

and mammals, the exchange of luminal protons for Na+ or K+ ions by eNHE counters the 

activity of the H+ pumping V-ATPase to precisely tune the endosomal pH. Also depicted 

in the figure are ClC transporters and Ca2+ channels (mucolipins and TPC) also reported 

to regulate endosomal pH. The pH values indicated in the figure were obtained from 

experimental observations (Prasad and Rao 2018a). (b) SLC9 phylogenetic tree constructed 

using the Mega5 program depicting three major subclasses of SLC9A, SLC9B, and SLC9C 
in mammals. There are nine NHE isoforms within the SLC9A subclass, which are further 

subdivided as resident or recycling plasma membrane (pNHE), and intracellular including 

the endosomal NHE (eNHE) isoforms, NHE6 and NHE9. (c) Timeline of two decades 

of research on eNHE highlighting some relevant publications. eNHE endosomal Na+/H+ 

exchangers, ClC Cl−/H’ antiporters, TPC two-pore channels
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Fig. 2. Acidic endosomal pH promotes Alzheimer’s disease pathology.
Pathological endosomal acidification promotes amyloid pathology at all key steps of 

amyloidogenesis, including cleavage of APP to produce Aβ, monomer aggregation, and 

oligomer deposition, culminating in plaques complexed with metal ions. APP amyloid 

precursor protein, BACE1 β-secretase, GSC gamma secretase complex, SORL1 Sortilin 

Related Receptor 1, Aβ amyloid β
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Fig. 3. Co-expression of eNHE isoforms with Alzheimer disease genes.
Clustering analysis of RNA-seq data from 524 normal human brains from the Allen Brain 

Atlas (low correlation, blue; high correlation, red). Note the strong correlation of NHE6 with 

APP and BACE1 and of NHE9 with APOE and APOJ (red asterisks)
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Fig. 4. Model for endosomal pH regulation of synaptic Aβ production and clearance.
Endosomes are involved at multiple steps in the production and clearance of Aβ. At the cell 

surface (Step 1), APP can be cleaved by α- and γ-secretases (non-amyloidogenic pathway). 

Alternatively, APP is internalized by clathrin-dependent endocytosis at presynaptic 

terminals, where it undergoes amyloidogenic processing by β- and γ-secretases (Step 2). 

NHE6 alkalinizes the endosomal lumen, blocks trafficking of APP from the endosome 

to BACE1 positive vesicles, and limits Aβ production by neurons. Astrocytes clear Aβ 
peptides from the synaptic cleft by LRP1 receptor-mediated endocytosis (Step 3). NHE6 
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activity stabilizes surface expression of LRP1 and promotes Aβ clearance by astrocytes. An 

imbalance between Aβ production and clearance results in pathological accumulations of 

Aβ that could disrupt synaptic transmission and cause synapse loss (Step 4). APP amyloid 

precursor protein, α-Sec α-secretase, BACE1 β-secretase, GSC γ-secretase complex, BPV 
BACE1-positive vesicles, Aβ amyloid β, LRP1 LDL receptor-related protein 1, EE/RE early 

and recycling endosomes, LE/LY late endosome and lysosome, NT neurotransmitter
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Fig. 5. Loss of NHE6 function is central to the endosomal pathology in Alzheimer’s disease.
NHE6 blocks BACE1-mediated amyloid production and promotes LRP1-mediated Aβ 
clearance. Downregulation of NHE6 expression or activity contributes to the endosomal 

pathology observed in pre-symptomatic AD brains by causing over-acidification of early and 

recycling endosomes, which creates an imbalance between Aβ production and clearance 

pathways, culminating in Aβ plaques, neurodegeneration, and dementia. Depiction of 

dementia is adapted from the self-portrait of Mr. William Utermohlen, an artist and 

AD patient. APP amyloid precursor protein, BACE1 β-secretase, GSC gamma secretase 

complex, LRP1 LDL receptor-related protein 1, Aβ amyloid β
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Table 1
Summary of genetic evidence supporting the role of NHE6 and NHE9 in 
neurodegenerative disorders

Gene name Study type Nucleotide change Protein change Phenotype Reference

SLC9A6/
NHE6

Linkage analysis, 
electron microscopy, 
histopathological 
and biochemical 
investigations

c.1109_1117delGGAGTACCT P.W370_T372del Corticobasal 
degeneration and tau 
deposition

Garbem et al. 
(2010)

Serial brain MRI, 
clinical and mutational 
analysis

c.916C > T p.Q306X Progressive 
degeneration of cortex 
and cerebellum

Mignot et al. 
(2013)

Brain MRI, clinical and 
mutational analysis

c.1560dupT p.T521YfsX23 Parkinsonism in 
female carriers

Riess et al. 

(2013) a 

Clinical and mutational 
analysis

c.190G > T p.E64X Corticobasal 
degeneration 
syndrome and 
parkinsonism in 
female carriers

Sinajon et al. 
(2016)

SLC9A9/
NHE9

GWAS Multiple SNPs Alzheimer’s disease Perez-Palma et 
al. (2014)

GWAS rs17636071 Alzheimer’s disease, 
response to 
cholinesterase 
inhibitors

Martinelli-
Boneschi et al. 
(2013)

GWAS rs9828519 Multiple sclerosis, 
response to inter- 
feron-ß

Esposito et al. 
(2015)

GWAS genome-wide association studies, MRI magnetic resonance imaging, del deletion, dup duplication, fs frameshift, X stop codon, SNPs single 
nucleotide polymorphisms; Amino acids are represented by their single letter codes in protein (p) sequence

a
Mutation referred in relation to longer NHE6.1 isoform (NP_001036002.1)
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Table 2
Summary of experimental studies documenting the role of endosomal acid-base 
homeostasis in neurodegenerative diseases

Experimental system Key findings Reference

Post-mortem human brain 
tissue

Significantly lower NHE6 transcript and protein levels in AD brains relative to 
control

Prasad and Rao (2015b)

NHE6 downregulation in AD correlated with disease severity as determined by 
cognitive and pathological scores

NHE6 expression strongly correlated with synapse genes down regulated in AD

NHE6KO mice Endolysosomal dysfunction, accumulation of unesterified cholesterol in endosomes 
and neurodegeneration

Stromme etal. (2011)

Endosomal hyperacidification, diminished neuronal arborization and synapse number Ouyang et al. (2013)

Lower brain weight and elevated Aβ levels in the brain Prasad and Rao (2018a)

Cell culture model NHE6 blocks trafficking of APP from endosome to trans-Golgi network Prasad and Rao (2015b)

Expression of NHE6 regulates physical approximation of substrate (APP) and 
enzyme (BACE1)

BACE1-mediated APP processing and Aβ production was elevated upon NHE6 
depletion

Astrocytes Endosomal hyperacidification and reduced surface levels of Aβ receptor LRP1 in 
ApoE4 astrocytes relative to ApoE3 astrocytes

Prasad and Rao (2018a)

Significantly lower NHE6 transcript and protein levels in ApoE4 astrocytes relative 
to ApoE3 astrocytes

Restoring NHE6 expression by lentiviral expression or HDACi treatment corrected 
surface LRP1 levels and defective Aβ clearance deficit in ApoE4 astrocytes

Neurons Reduced surface levels of LRP8 in neurons treated with ApoE4 Xian et al. (2018)

NHE6 lentiviral knockdown restores normal trafficking of LRP8 in the presence of 
ApoE4

Non-selective NHE inhibitor EMD87580 restores normal trafficking of LRP8 in the 
presence of ApoE4

PBMCs Significantly lower NHE9 transcript levels in PBMCs in MS patients with an active 
disease course

Esposito et al. (2015)

NHE9 expression regulates polarization and differentiation of T cells

Proinflammatory IFNγ expression was elevated upon NHE9 depletion

AD Alzheimer’s disease, MS multiple sclerosis, HDACi histone deacetylase inhibitor, PBMCs peripheral blood mononuclear cells, LRP1 LDL 
receptor related protein 1, LRP8 LDL receptor related protein 8, IFNγ interferon gamma
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