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Abstract

Epilepsy is a common central nervous system (CNS) disease characterized by recurrent transient 

neurological events occurring due to abnormally excessive or synchronous neuronal activity in the 

brain. The CNS is affected by systemic acid–base disorders, and epileptic seizures are sensitive 

indicators of underlying imbalances in cellular pH regulation. Na+/H+ exchangers (NHEs) are a 

family of membrane transporter proteins actively involved in regulating intracellular and 

organellar pH by extruding H+ in exchange for Na+ influx. Altering NHE function significantly 

influences neuronal excitability and plays a role in epilepsy. This review gives an overview of pH 

regulatory mechanisms in the brain with a special focus on the NHE family and the relationship 

between epilepsy and dysfunction of NHE isoforms. We first discuss how cells translocate acids 

and bases across the membrane and establish pH homeostasis as a result of the concerted effort of 

enzymes and ion transporters. We focus on the specific roles of the NHE family by detailing how 

the loss of NHE1 in two NHE mutant mice results in enhanced neuronal excitability in these 

animals. Furthermore, we highlight new findings on the link between mutations of NHE6 and 

NHE9 and developmental brain disorders including epilepsy, autism, and attention deficit 

hyperactivity disorder (ADHD). These studies demonstrate the importance of NHE proteins in 

maintaining H+ homeostasis and their intricate roles in the regulation of neuronal function. A 

better understanding of the mechanisms underlying NHE1, 6, and 9 dysfunctions in epilepsy 

formation may advance the development of new epilepsy treatment strategies.
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1. Introduction

Epilepsy is a common central nervous system disease in which a sudden, abnormal 

discharge of brain neurons results in seizure activity, which can appear as a wide range of 

neurological events including impaired awareness, sensations of déjà vu or generalized 

tonic-clonic jerking. This disease can result in life-long disabilities and serious adverse 

effects on the physical, mental, and socioeconomic status of patients and society (Kerr, 

2012). The prevalence of epilepsy is 0.6% of the population, resulting in an estimated $9.6 

billion in medical expenses in the United States alone (Yoon et al., 2009). Approximately 

60% of cases are idiopathic while the remaining cases are secondary to some form of brain 

insult, including stroke, tumors, infections, traumatic brain injuries, or underlying genetic 

conditions (Forsgren et al., 2005; WHO, 2015).

Epilepsy is a heterogeneous collection of seizure disorders that result from different 

underlying defects in neuronal membrane excitability and synaptic function (Staley, 2015). 

These phenotypic variances can be influenced by dysregulation of ion channels (Armijo et 

al., 2005), neurotransmitter systems (Masino et al., 2014; Rowley et al., 2012), 

neuropeptides (Kovac and Walker, 2013), hormones (Tauboll et al., 2015), ion transporters 

(Cox et al., 1997; Kahle et al., 2008), calcium-activated kinases (Butler et al., 1995), and/or 

vesicle release proteins (Rosahl et al., 1995). Genetic testing of epilepsy patients can help 

determine which brain functions have been compromised, allowing a more targeted 

treatment plan to be prescribed (El Achkar et al., 2015; Olson et al., 2014).

The currently available epilepsy treatments target a wide range of molecular substrates, 

reflective of the heterogeneous origins of epileptic seizures. Initial treatments for emergent 

seizures are typically benzodiazepines, such as diazepam and lorazepam, which enhance the 

effects of the inhibitory neurotransmitter γ-aminobutyric acid (GABA) (Rogalski and 

Rogalski, 2015). Once a specific diagnosis of the cause of the seizure is determined, or if 

seizures become refractive to benzodiazepines, additional treatments targeting the 

GABAergic system may be applied, including GABA agonists, structural analogs, reuptake 

inhibitors, and inhibitors of GABA degrading enzymes (reviewed in Greenfield, 2013). 

Other classes of antiepileptic drugs (AEDs), such as channel blockers for Na+ (Catterall, 

2014), glutamate (Gupta et al., 2014; Steinhoff, 2015), and Ca2+ (Goren and Onat, 2007), 

can be added to treatment regimens to successfully manage seizures. Levetiracetam is being 

increasingly used due to its low probability of pharmaco resistance and limited side effects. 

This drug minimizes seizures by several molecular mechanisms revolving around Ca2+ 

regulation, including decreasing [Ca2+]i and preventing Ca2+ from binding to synaptic 

vesicle protein 2, thus impairing neurotransmitter release (Deshpande and Delorenzo, 2014). 

Overall, up to two-thirds of newly diagnosed patients who receive appropriate drug 

treatments become seizure-free, highlighting the importance of therapeutic interventions for 

the recovery of a normal quality of life (Kwan and Brodie, 2000). However, approximately 

30% of patients do not respond to any available treatments, which illustrates an urgent need 

for novel therapeutic interventions focused on new molecular targets.
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2. Systemic acid–base disorders and seizures

The CNS is a tightly regulated milieu that can be perturbed by alteration in peripheral 

conditions, such as pH-altering systemic acid–base disorders. A wide variety of neuronal 

signaling mechanisms are pH-dependent, including membrane voltage – and ligand – gated 

ion channels, transmitter uptake through transporters, intracellular signal transduction, and 

intercellular communication via gap junctions (Takahashi and Copenhagen, 1996). 

Accordingly, the alteration of pH can lead to a great diversity of changes in nerve cell 

function, including synchronization of discharges, resulting in epilepsy (Obara et al., 2008). 

Many mice that exhibit spontaneous seizure activity and aberrant gates were found to have 

mutations in pH-sensitive voltage-gated Ca2+ channel subunits, giving rise to the 

“Stargazer”, “Ducky”, “Lethargic”, “Leaner” and “Tottering” mutant mouse lines used in 

epilepsy research today (Grone and Baraban, 2015; Letts, 2005; Tombaugh and Somjen, 

1997). However, one of the strongest intrinsic mechanisms for the modulation of neuronal 

excitability in the brain is pH regulation. Shifts toward an extracellular alkaline pH generally 

enhance neuronal excitability, while acidic extracellular environments encourage neuronal 

depression (Ruusuvuori and Kaila, 2014). These pH shifts can vary in scale, but large, life-

threatening shifts can result from systemic acid–base dysregulation, such as during renal or 

hepatic failure, which are often accompanied by epileptic seizures (Lacerda et al., 2006). 

Transient pH shifts routinely occur in the microdomains surrounding bursting neurons, 

creating a pH differential between the intracellular and extracellular compartments (de 

Curtis et al., 1998; Dulla et al., 2009; Makani and Chesler, 2010; Ruusuvuori and Kaila, 

2014). These pH differentials play important roles in the modulation of neuronal excitability, 

which will now be discussed in more detail.

3. The influence of pH on neuronal excitability

In general, neuronal activity is associated with localized fluctuations between acidic and 

alkaline pHo, which act as feedback mechanisms to regulate firing activity by modulating 

neuronal excitability. These shifts are usually the result of movement of acid–base 

equivalents across the cell membrane such that a shift toward an alkaline pHo is 

accompanied by an intracellular acidification and vice versa (Sinning and Hubner, 2013). 

These H+ shifts affect neuronal excitability through a variety of mechanisms, including 

modification of receptor and ion channel properties, enzymatic activity, and protein bonds. 

Although our knowledge is far from complete, experiments over the past decades have 

illuminated some mechanistic aspects of how pH alters neuronal excitability.

During an action potential, H+ ions that were co-packaged with neurotransmitters by the H+-

VATPase are released and induce a rapid but brief (~10 ms) acidification of the synaptic 

cleft. Transient incorporation of the V-ATPase into the cell membrane during vesicle fusion 

further acidifies the extracellular space (Zhang et al., 2010). This H+ accumulation can then 

alter the function of other synaptically localized proteins. For example, presynaptic voltage-

gated calcium channels (VGCCs) mediate the Ca2+ influx upon neuronal depolarization that 

induces vesicular release of neurotransmitters. Several studies have shown that these 

channels are pH sensitive, reducing their conductance and shifting their opening to voltage 

to more positive values when pHo is acidic (Chen et al., 1996; Krafte and Kass, 1988). Thus, 
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extracellular H+ dampen presynaptic Ca2+ accumulation thereby acting as a negative 

feedback mechanism when successful vesicular release has occurred (DeVries, 2001) and 

Fig. 1. This brief synaptic acidification also affects the post-synapse function. NMDA 

receptors are highly sensitive to pH (Traynelis and Cull-Candy, 1990). Acidic pHo converts 

NMDA receptors to an inactivated form with decreased receptor opening frequency while 

alkaline environments enhance receptor function (Tang et al., 1990; Traynelis and Cull-

Candy, 1990). This feature may serve to limit excessive activation during normal brain 

activity (Fig. 1), but may also underlie the excessive NMDA receptor activation seen in 

seizure models resulting from the alkaline pHo (Velisek et al., 1994).

ATP and adenosine can also regulate neuronal excitability in a pH-dependent manner. ATP 

binds to the purinergic P2X and P2Y receptors which often result in increased neuronal 

excitability (Abbracchio et al., 2009). In the extracellular space, ATP is rapidly broken down 

into adenosine and activates adenosine receptors, which largely inhibits excitatory 

neurotransmission (Wei et al., 2011). Extracellular acidification as a result of increased CO2 

levels has been observed to increase adenosine availability, thereby reducing excitatory 

synaptic transmission (Gourine et al., 2005). Conversely, extracellular alkalization inhibits 

the enzyme ecto-ATPase, which converts ATP into adenosine, resulting in decreased 

availability of adenosine. This results in reduced activation of adenosine receptors while 

abundant ATP activates P2X and P2Y receptors culminating in enhanced synaptic 

transmission (Dulla et al., 2005) (Fig. 1). Intracellular acidification caused by epileptic-like 

bursting, but not normal brain activity, has also been shown to increase adenosine release 

(Dulla et al., 2005, 2009). This may be a protective mechanism to help reduce neuronal 

excitability and halt seizure activity during pathological conditions.

The brief period of acidification after vesicular release is reversed through the actions of 

another set of pH-sensitive proteins (Fig. 1). Once the presynaptic terminal has been flooded 

with Ca2+ to induce vesicular release, presynaptic plasma membrane Ca2+/H+ ATPases 

(PMCAs) reestablish resting Ca2+ levels by importing H+ and extruding Ca2+, thus 

beginning the intracellular re-acidification (Thomas, 2009). Large Ca2+ influxes are also 

seen in the postsynaptic spine after NMDA receptor activation. PMCAs on the postsynapse 

induce a highly localized extracellular alkalinization in the vicinity of NMDA receptors, 

enhancing depolarization (Chen and Chesler, 2015). Extracellular acidification by membrane 

inserted V-ATPase is reversed as early recycling endosomes retrieve the V-ATPases from 

plasma membrane, reducing the number of H+ being extruding thus allowing a return to an 

alkaline extracellular pH (Zhang et al., 2010). Furthermore, membrane bound and 

extracellular carbonic anhydrases, particularly CA4 and CA14, help to buffer the alkaline 

shift. However, this process is relative slow compared to the speed of synaptic transmission 

and the relative contributions of regional isoforms require further clarification (Shah et al., 

2005; Tong et al., 2006).

Many other proteins discussed as pH regulators in Section 4 likely have roles in the cyclical 

pH fluctuations at the synapses, however, the direct relation between most of these proteins 

and neuronal excitability has not been clearly deduced. A summary of known and potential 

mechanisms for pH regulation at the synapse are presented in Fig. 1.
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4. Acid–base regulatory mechanisms

pH regulation is a concerted balancing effort by the lungs, kidneys, and various ion 

transporter systems including sodium-bicarbonate transporters, chloride-bicarbonate 

exchangers, and sodium-proton exchangers. These transporters are expressed in different 

tissue types with varying subcellular localizations to regulate pH in specific microdomains. 

The dysregulation of these pH regulatory systems is associated with numerous pathologies 

which have been thoroughly reviewed previously (Supuran, 2008). Notably, pH regulation 

plays a prominent role in the development of seizure disorders and intellectual disabilities. 

Broad overviews of pH regulatory mechanisms are available elsewhere (Casey et al., 2010), 

so we will focus on the regulation of pH in the brain.

Cellular pH is perpetually fluctuating as a result of cellular activity, therefore, pH regulation 

is a continuously ongoing process. Because cells maintain a negative resting membrane 

potential, protons tend to be driven inside the cell from the extracellular space. Furthermore, 

acidic by-products are generated within the cell by metabolic reactions, such as ATP from 

glycolysis. Together, these factors result in a slightly acidic intracellular space (pHi ~7.1–

7.2). In order to maintain optimal pHi and prevent toxic levels of acidity, H+ ions need to be 

extruded into the extracellular space, which is kept at pHo ~ 7.3– 7.4. This balance is 

imperative to the proper regulation of protein structures, protein interactions, enzymatic 

activity, and transmembrane ion gradients which allow the cell to function optimally 

(Whitten et al., 2005).

The brain presents with an additional layer of pH regulatory complexity owing to its 

frequent electrical activity. Rapid pH fluctuations occur in response to neuronal activity and 

alter neuronal function in accordance with pH feedback mechanisms (Chesler, 2003; Kaila 

and Ransom, 1998; Ruffin et al., 2014), as discusses in Section 3. Thus, pH fluctuations 

need to be tightly regulated in order to maintain signaling fidelity and prevent epileptic 

activity. Numerous mechanisms exist within cells to import or extrude acid–base 

equivalents. Many of these have been evolutionarily conserved, highlighting their critical 

role in cell viability (Brett et al., 2005a; Parker and Boron, 2013). We will now provide a 

short overview of key pH regulatory mechanisms present in the brain.

4.1. Sodium-bicarbonate transporters

Sodium coupled-bicarbonate transporters (NBCs) are part of the Slc4 gene family. Five 

mammalian NBCs move Na+ and HCO3
– unidirectionally through electroneutral (NBCn1, 

NDCBE, and NBCn2) or electrogenic (NBCe1 and NBCe2) isoforms with varying 

stoichiometries (Parker and Boron, 2013). Expression of many Slc4 family members in 

mammalian tissues has been thoroughly characterized previously (Damkier et al., 2007; 

Majumdar and Bevensee, 2010) and these findings will only be briefly summarized here. All 

five NBCs are expressed in the brain. NBCe1 (Slc4a4) is abundantly expressed in both 

neurons and glia, with highest expression in the hippocampus, cerebellum, piriform cortex, 

and olfactory bulb. Three NBCe1 splice variants are known, although only NBCe1-B and 

NBCe1-C appear in the brain (Majumdar et al., 2008). NBCe2 is expressed in the apical 

membrane of choroid plexus endothelial cells, and at least at the mRNA level in the 

hippocampus, cerebrum, and cerebellum. NBCn1 (Slc4a7) is expressed in the cortex, 
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cerebellum, choroid plexus, and several regions within the hippocampus, including neurons 

in the pyramidal layer and dentate gyrus as well as in postsynaptic densities. NDCBE1 

(Slc4a8) transports Cl– in addition to Na+ and HCO3
– and is expressed in hippocampal 

pyramidal neurons and in Purkinje cell and dendrites within the molecular layer of the 

cerebellum. NBCn2 (Slc4a10), also known as NCBE, appears in the choroid plexus, 

hippocampus, cortex, and to a lesser degree, the cerebellum (Majumdar and Bevensee, 

2010).

NBCs generally act as acid extruders, although alterations in membrane potential and ion 

gradients can evoke acid loading activity (Majumdar and Bevensee, 2010). Extrusion of acid 

equivalents serves to reduce the firing threshold of neurons by alkalizing the intracellular 

compartment. Additionally, activity of electrogenic NBCs in astrocytes can modulate the pH 

of the synaptic microenvironment, adding an additional layer of control over neuronal 

excitability. Neuronal action potentials lead to an accumulation of extracellular K+, which in 

turn depolarizes perisynaptic astrocytes to activate astrocytic NBC activity, termed 

depolarization-induced alkalization (DIA). The influx of Na+ and HCO3
– into astrocytes 

acidifies the synaptic environment, thus hindering neuronal excitability mediated by pH-

sensitive channels (reviewed in Chesler, 2003).

To further study the roles of NBCs in pH regulation, transgenic knockout (KO) mice have 

been developed. Hippocampal neurons from Slc4a10/NBCn2 KO mice did not differ from 

wildtypes in baseline pH levels, however, KO pyramidal neurons took longer to recover from 

experimentally induced intracellular acidification, demonstrating a clear role of NBCn2 in 

pHi regulation (Jacobs et al., 2008). Accordingly, these mice showed increased resistance to 

seizure induction as the proconvulsant pentylenetetrazole (PTZ) took nearly twice as long to 

induce seizures in NBCn2 KO mice. Furthermore, while half of the wildtype mice died as a 

result of PTZ or pilocarpine-induced seizures, all NBCn2 KO mice successfully recovered 

(Jacobs et al., 2008). NBCe1 null mice have also been generated, although they die before 

weaning due to complications from metabolic acidosis, thus precluding any detailed study of 

neurological function and seizure susceptibility (Gawenis et al., 2007). However, a role for 

NBCe1 in seizures can be inferred from other animal studies. Gerbils separated into 

“seizure-resistant” and “seizure sensitive” groups based on their response to seizure 

inducing stimuli showed no difference in NBCe1 expression prior to seizure induction. 

However, beginning 30 minutes after seizure initiation, seizure sensitive gerbils exhibited a 

progressive increase in NBCe1 expression in the hippocampal CA1-3 and dentate gyrus 

which returned to baseline 6 hour postictal (Kang et al., 2002). This increased NBC 

expression after seizure induction may serve to acidify the extracellular space to reduce 

excitability and inhibit further seizure propagation.

It has been shown that alterations in human NBC function are associated with a range of 

intellectual disabilities. Reduced membrane expression and decreased NBC transporter 

activity have been characterized as a result of SLC4A4 mutations initially identified in 

humans. Some of these patients display signs of mental retardation, developmental 

disorders, and frequent migraines, while others are free of neurological symptoms (Deda et 

al., 2001; Liu et al., 2012; Majumdar and Bevensee, 2010; Suzuki et al., 2010). Comparative 

genomic hybridization identified a spontaneous deletion of exon 1 in SLC4A10/NBCn2 in 
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monozygotic twins with autism (Sebat et al., 2007). The varied symptomology resulting 

from NBC mutations points to a complex role of the NBC family in brain development and 

function with possible functional compensation by other NBC isoforms or other acid–base 

transporters, such as NHE1 (Damkier et al., 2009).

4.2. Chloride-bicarbonate exchangers

In addition to the sodium-dependent bicarbonate transporters, the Slc4 gene superfamily also 

contains 4 Na+-independent, Cl–-dependent HCO3
– anion exchangers (AE1-AE4). AEs are 

transmembrane proteins which generally act as acid loaders, extruding HCO3
– in exchange 

for Cl– influx. AE4 (Slc4a9) is not yet fully characterized. Initial cloning of the gene 

demonstrated Cl– transport function of the protein, although phylogenetically this isoform is 

much more closely related to the Na+-coupled HCO3
– transporters (Alka and Casey, 2014; 

Ko et al., 2002). Recent evidence suggests that AE4 functions as a Na+-dependent Cl–/

HCO3
– transporter in salivary glands, making AE4 distinct in its transport profile (Pena-

Munzenmayer et al., 2015). AE3 is the primary Cl–/HCO3
– exchanger in the brain, although 

AE2 is abundant in the choroid plexus (Hentschke et al., 2006; Romero et al., 2013). A 

brain-enriched transcriptional variant of AE3, known as AE3fl (full-length) or bAE3, is 

longer than the cardiac-enriched variant (cAE3) and contains residues targeted by PKC, 

allowing for more fine-tuned modulation of channel behavior (Alvarez et al., 2001). The 

cytoplasmic N-terminals of AE2 and AE3, contain pH-sensing domains to more tightly 

regulate their activity and maintain physiological pH (Zhang et al., 1996).

Mutations in AE3 have been associated with increased susceptibility to seizures. The 

Ala867Asp variant of the SLC4A3 gene was identified in a large number of patients with 

idiopathic generalized epilepsy (Sander et al., 2002). HEK cells expressing this mutant form 

of AE3 showed a ~50% reduction in exchange activity, although how this results in 

increased excitability in neurons remains unclear (Vilas et al., 2009). AE3 KO mice do not 

exhibit spontaneous seizures, but do have a lower seizure induction threshold than wildtype 

mice (Hentschke et al., 2006). Furthermore, AE3 KO mice are more likely to die after 

seizure induction. Although it is clear AE3 plays an important role in pH regulation further 

work is needed to clarify its contributions to epileptic activity under different conditions.

4.3. Carbonic anhydrases

CAs catalyze the hydration of CO2 into H+ and bicarbonate (HCO3
–), mediating one of the 

most important pH buffering mechanisms in the brain. Thirteen enzymatically active 

mammalian carbonic anhydrase (CA) isoforms are expressed as soluble, secreted, 

mitochondrial, or membrane-associated zinc metalloenzymes (Ruusuvuori and Kaila, 2014; 

Supuran, 2008). Three additional isoforms (XIII, X, and XIV) lack the zinc-binding active 

site, and are therefore catalytically inactive (Aggarwal et al., 2013). CAs are expressed in 

both neurons and glia, although most of their pH buffering properties are associated with 

their function in astrocytes, due in large part to the involvement of astrocytes in energy 

metabolism (Deitmer, 2001; Deitmer and Rose, 1996). The presence of CAs in multiple cell 

types indicates the requirement not only of coordination between various transporter systems 

but also between cell types to maintain proper pH regulation.
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CA function in the brain is not limited to their enzymatic activity. CAII, which is abundantly 

expressed in astrocytes, can directly bind to monocarboxylate transporter 1 (MCT1) and 

regulate glial pHi by enhancing lactate/H+ cotransport, independent of its catalytic function 

(Agnati et al., 1995; Stridh et al., 2012). Indeed, CAII has been shown to enhance the 

function of other pH regulatory ion channels including Na+/H+ exchangers, Na+/HCO3
– 

transporters, Cl–/HCO3
– transporters, as well as other MCT family members either through 

direct binding or catalytic activity (Klier et al., 2014; Li et al., 2002; McMurtrie et al., 2004; 

Schueler et al., 2011). Mice with mutations in CAVIII, a catalytically inactive CA, show 

robust neurological alterations including functional defects of excitatory synapses in the 

cerebellum and an ataxic wobbly gate (Hirasawa et al., 2007).

Several experimental models and transgenic mice have identified roles for CAs in seizure 

pathology. CA II null mice are more resistant to flurothyl-induced seizures than their 

wildtype litter mates (Velisek et al., 1993). Kainic acid-induced seizures increased CAII 

expression in the hippocampal CA1 region and CAXII expression in layer 1 of the cortex, 

suggesting these isoforms may also be pro-epileptogenic (Halmi et al., 2006). Similarly, 

while wild type animals uniformly experience electrographic seizures in response to 

hyperthermia, CAVII KO mice show less severe or frequently absent febrile seizures under 

the same conditions (Ruusuvuori et al., 2013). CAVII KO mice exhibited comparable levels 

of increased body temperatures and respiratory alkalosis as compared to the wildtype 

animals, indicating seizure prevention may not be directly mediated through pH regulation. 

Rather, CAVII likely facilitates seizure induction through the generation of HCO3
– and 

efflux of HCO3
– via GABAA receptors, which drives excitatory GABAergic depolarization 

(Ruusuvuori et al., 2013).

CA activity is strongly linked to seizure activity through its regulation of GABAergic 

transmission. Activated GABAA receptors (GABAARs) bring Cl– into the cell and HCO3
– 

out of the cell, effectively acting as acid loaders. GABA released by interneurons can bind to 

postsynaptic receptors on principle neurons to elicit Cl– influx, thus hyperpolarizing the 

neurons and preventing action potentials. However, repeated activation of GABAARs results 

in neuronal depolarization, enhancing seizure activity. This is because repeated GABAA 

stimulation leads to a massive Cl− influx, which needs to be removed from the cell through 

the neuronal outward K+/Cl– cotransporter KCC2. The subsequent rise in [K+]o in 

combination with the locally increased pHo from HCO3
– extrusion from the GABAAR 

stimulates neuronal depolarization, leading to bursting activity (Viitanen et al., 2010). This 

phenomenon is contingent upon the activity of CAs as HCO3
– generation determines the 

GABAAR reversal potential and is required to fuel GABAAR receptor activity which drive 

neuronal depolarization (Ruusuvuori et al., 2004). Accordingly, inhibition of CA activity 

with antiepileptic drug acetazolomide in slice cultures prevents epileptiform discharges by 

reducing the availability of HCO3
– (Hamidi and Avoli, 2015). Extensive details of these 

paradoxical actions of GABA and seizure activity are available in other excellent reviews 

(Avoli and de Curtis, 2011; Blaesse et al., 2009).

Clearly, GABA has an exceedingly complex role in epileptiform brain activity, preventing 

seizures in some instances while enhancing discharge synchronicity to induce and maintain 

seizures in others (Avoli and de Curtis, 2011). Similarly, the role of GABA receptors in pH 
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regulation is also multifaceted. Ionotropic GABAA receptor activation itself can acidify the 

intracellular compartment through its extrusion of HCO3
– (Kaila et al., 1992; Kaila and 

Voipio, 1987; Luckermann et al., 1997). Activation of metabotropic GABAB receptors has 

been shown to increase expression levels of acid–base transporters including NHE1 and 

NBCe1 (Kang et al., 2003). NHE1 is a crucial acid extruder with prominent roles in epilepsy 

and developmental disorders and will thus be discussed in detail in Section 9.

4.4. Sodium-proton exchangers

NHEs catalyze the electroneutral exchange of one extracellular Na+ ion for one intracellular 

H+ that leads to a higher intracellular pH (pHi) and lower extracellular pH (pHo) (Jean et al., 

1985). Mice lacking NHE isoform 1 (NHE1) experience seizures beginning at 2–3 weeks of 

age and usually die prior to weaning (Bell et al., 1999; Cox et al., 1997). Interestingly, 

NHE1 null mice show an increased expression of voltage-sensitive Na+ channels, indicating 

a complex pathway for the role for NHEs on the regulation of neuronal excitability and 

seizure induction (Gu et al., 2001; Xia et al., 2003). In addition, recent studies reveal a link 

between dysfunction of NHE isoform 6 (NHE6) in cellular organelles and several 

developmental brain disorders, with epilepsy as a common feature (Kondapalli et al., 2014). 

In subsequent sections of this review, we will summarize the functions of the NHE family 

and specifically discuss findings of NHE1, NHE6, and NHE9 in the pathogenesis of 

epilepsy.

4.5. Respiratory regulation

While ion transporters and enzymes work to regulate pH in niche environments, system-

level pH is largely regulated by respiration. As blood passes through the lungs, large 

quantities of CO2 are removed and released through expiration thus controlling the partial 

pressure of CO2 (pCO2). Systemic pH and CO2 levels are monitored by chemosensitive 

neurons within in the brain which can then adjust respiratory rate to regulate CO2 efflux and 

ensure pH homeostasis (Putnam et al., 2004). The efflux of CO2 results in an overall 

increase in pH and neuronal excitability. Conversely, a reduced breathing rate will decrease 

pH, leading to an acidic environment and decreased excitability. Indeed, respiratory alkalosis 

is frequently present in children with febrile seizures (Schuchmann et al., 2006, 2011).

Regulation of breathing rate is frequently used in the study of seizure disorders. Asking 

patients to hyperventilate is an effective and non-invasive method to create an alkaline pH 

and precipitate seizure activity in experimental settings (Guaranha et al., 2005). Conversely, 

actively inducing an acidic extracellular environment has been proposed as a potential 

treatment for seizure disorders. This can be achieved by asking patients to hold their breath 

or through inhalation of CO2. Self-acidification by the inhalation of 5% CO2 was shown to 

reduce seizure duration in both animal seizure models and human epilepsy patients (Tolner 

et al., 2011; Yang et al., 2014). Interestingly, neonatal asphyxia is associated with seizure 

development during the hypoxia recovery period. This is attributed to an overshoot in the pH 

balancing mechanisms in which H+ are rapidly extruded across the blood–brain barrier by 

sodium-proton exchangers, thus inducing a sustained alkaline pH exclusively in the brain. 

Administration of an NHE blocker in a rodent model of neonatal asphyxia ameliorated 

seizures by balancing pH during the recovery period (Helmy et al., 2012). Several other 

Zhao et al. Page 9

Prog Neurobiol. Author manuscript; available in PMC 2017 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



drugs targeting pH regulatory mechanisms have been developed to prevent and treat seizures 

which will be discussed below.

5. NHE family and specific functions

NHEs are ubiquitously expressed in prokaryotes and lower and higher eukaryotes (Girardi 

and Di Sole, 2012). The NHE family consists of 9 members (NHE1-9) and a cluster of 

distantly NHE-related genes, NHA1 and NHA2 (Orlowski and Grinstein, 2007; Kondapalli 

et al., 2014). NHEs have a broad tissue distribution in mammals, with NHE1 being the most 

widely expressed isoform (Xu et al., 2015). NHE family members have similar membrane 

topologies. Each has 12 N-terminal membrane-spanning domains involved in ion binding 

and Na+ and H+ cation translocation and a large C-terminal cytoplasmic domain which 

serves as a scaffold for intracellular signaling (Shi et al., 2013; Slepkov et al., 2007). The 

members of the mammalian NHE family can be broadly classified into plasma membrane 

clusters vs. intracellular organellar clusters (Fig. 2), depending on their cellular localization 

as described below.

5.1. Localization of plasma membrane NHE family members

The NHE family members NHE1–NHE5 are primarily localized to the plasma membranes 

of diverse cell types, although NHE3 and NHE5 can also enter endosomal pools (Bobulescu 

et al., 2005; Orlowski and Grinstein, 2007). Among the plasma membrane cluster isoforms, 

NHE1 is distributed throughout the brain and the peripheral nervous system where it 

undertakes basic housekeeping functions, including regulating cytoplasmic pH and 

maintaining cell volume (Fuster and Alexander, 2014). NHE1 activity is a primary cellular 

alkalinizing mechanism, resulting from extrusion of H+ derived from metabolism or 

acidification (Fuster and Alexander, 2014). NHE1 also contributes to the Na+ influx into the 

cell, which is coupled to Cl– and H2O uptake. NHE1-mediated water influx restores cell 

volume following cell shrinkage, a process referred to as regulatory volume increase (Rotin 

and Grinstein, 1989).

Other plasma membrane isoforms, such as NHE2, NHE3 and NHE4, are primarily localized 

to the epithelia of peripheral tissues, but are also present in certain areas of the brain where 

they fulfill more specialized roles (Ma and Haddad, 1997). Table 1 has summarized all NHE 

isoforms, their function, their expression profile, and related pathophysiology in the CNS.

5.2. Intracellular organelle NHE family members

The members of the second NHE group, NHE6–NHE9, are expressed in organelle 

membranes (Pescosolido et al., 2014). Within the NHE superfamily (Table 1), NHE6 and 

NHE9 are currently the only known organellar isoforms that cause neurological disorder in 

humans when mutated (Fuster and Alexander, 2014). Therefore, the following discussion 

focuses on these two intracellular organelle isoforms.

5.2.1. NHE6—The NHE6 protein product is encoded by SLC9A6, a portion of the SLC9 
gene family located on chromosome band Xq26.3 (Orlowski and Grinstein, 2004). NHE6 

primarily resides within early and recycling endosomes of the endocytic pathway, but is also 
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a minor contributor to plasma membrane structure (Nakamura et al., 2005). The endosomal 

pathway has various functions critical to maintaining proper cellular activity. Components of 

the endocytic pathway experience a steady intracellular pH decrease as they progress from 

endosome to lysosome (from pH 6.3 in early endosomes to pH 5.5 in late endosomes to pH 

4.6 in lysosomes) (Mellman, 1992). NHE6 works in concert with the vacuolar-type H+ 

ATPase (V-ATPase) to regulate organellar pH. By pumping H+ into the lumen of endosomes, 

the V-ATPase steadily generates a relatively acidic luminal pH, which can then be de-

acidified by the outward leakage of H+ through NHE6 (Kondapalli et al., 2014; Nakamura et 

al., 2005). The precise stoichiometry of this exchange and the relative contributions of each 

protein to endosomal pH have not been quantified. Unlike the plasma membrane NHEs, 

organellar NHEs are able to pair H+ extrusion with the import of either Na+ or K+ (Ohgaki 

et al., 2011). In this manner, the NHE6 antiporter is able to regulate both pH and monovalent 

ion content of early and recycling endosomal compartments and can likely influence 

vesicular volume (Brett et al., 2002; Kondapalli et al., 2014).

As a primary constituent of early and recycling endosomes, NHE6-mediated H+ leakage is 

believed to play an integral role in maintaining the differential pH levels observed 

throughout the endocytic pathway (Nakamura et al., 2005). The NHE6-dependent regulation 

of acidification of intracellular compartments is essential for intracellular trafficking (Brett 

et al., 2005b), enzymatic protein processing (Prasad and Rao, 2015), establishment of cell 

polarity (Ohgaki et al., 2010), and clathrin-dependent endocytosis of molecules, including 

transferrin (Xinhan et al., 2011). Regulation of both the pH and monovalent ion content are 

crucial for the proper packaging of the appropriate neurotransmitters into vesicles (Futai et 

al., 2000). For example, membrane potential regulates the packaging of glutamate 

(Moriyama et al., 1990) whereas pH value dictates the transport of monoamines and GABA 

(Schuldiner et al., 1995). It has been proposed that the presence of NHE6 along the 

endocytic pathway serves to reverse the luminal pH reduction induced by the V-ATPase and 

consequently allow the V-ATPase to increase the membrane potential required for the 

repeated influx of neurotransmitters into vesicles (Hnasko and Edwards, 2012). However, 

this is a speculative role for NHE6, and its direct role in neurotransmitter packaging has yet 

to be established.

Under normal conditions, the slightly acidic internal environment of early endosomes 

promotes the dissociation of receptor–ligand complexes, subsequently facilitating receptor 

recycling (Mellman, 1992). Synaptic function requires proper targeting and recycling of 

transporters and receptors from the cell surface, thus, without proper receptor return, 

synaptic transmission and synaptic plasticity are compromised (Choquet and Triller, 2013; 

van der Sluijs and Hoogenraad, 2011). NHE6 distribution between the membrane and 

endosomes is regulated by NHE6s C-terminal interaction with receptor for activated C-

kinase (RACK1). Disruption of this interaction alkalizes endosomal pH, reduces NHE6 

expression at the plasma membrane, and disturbs transferrin uptake (Ohgaki et al., 2008). 

Thus, binding proteins that modulate NHE6 function also have important roles in the 

regulation of surface protein endocytosis and trafficking.

Loss-of-function mutations of NHE6 proteins have been shown to result in the 

hyperacidification of endosomal vesicles (Ohgaki et al., 2010; Xinhan et al., 2011). Without 
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the ability to alkalize the lumen of intracellular compartments through the NHE6-mediated 

leaky H+ pathway, H+ is continuously transported into endosomes via the V-ATPase, 

resulting in overacidification of the endosome interior. Because synaptic transmission is 

dependent on tightly regulated receptor recycling and neurotransmitter packaging, loss of 

NHE6 may perturb this important process. For example, hyperacidification of vesicles due 

to NHE6 deletion has been shown to increase the rate of endosomal TrkB receptor 

degradation, causing a reduced efficacy of BDNF neurotrophic signaling.

Disrupted NHE6 function elicits a broad range of cellular complications arising from 

impaired regulation of vesicular pH and localization. Ultimately, these functional 

complications may lead to circuit defects that underlie the neurodevelopmental disorders 

associated with NHE6 mutation. Indeed, NHE6 mutant mice exhibit reduced levels of 

neuronal arborization, functional connectivity, and mature synapses, all of which are 

characteristic of intellectual disabilities (Ouyang et al., 2013; Verpelli et al., 2014). These 

neurological deficits will be explored in more detail in Section 6.

5.2.2. NHE9—As part of the NHE super family, NHE9 is encoded by SLC9A9 and 

participates in the regulation of organellar pH and volume via cation/proton antiport 

(Kondapalli et al., 2013). According to primary protein structural analysis, NHE9 has high 

homology with NHE6 with 55% similarity among the amino acid sequences (Nakamura et 

al., 2005). NHE9 appears to perform similar functions to NHE6 by balancing the activity of 

the V-ATPase, but within different components of the endocytic pathway. NHE9 is primarily 

localized to late recycling endosomes, but does show a small degree of colocalization with 

NHE6 in early endosomes and at the plasma membrane (Nakamura et al., 2005).

As with NHE6, overexpression of NHE9 results in vesicular alkalization while deletion of 

NHE9, in conjunction with NHE6, enhances endosomal acidification (Kondapalli et al., 

2013; Nakamura et al., 2005; Roxrud et al., 2009). Gene dosing experiments in astrocytes 

indicate that NHE9 levels regulate surface expression of the potent glutamate transporter 

GLAST and thus affect glutamate clearance from the synaptic cleft (Kondapalli et al., 2013). 

Autism-associated NHE9 protein variants were less efficient at clearing extrasynaptic 

glutamate, which may underlie autistic patients’ intellectual disabilities and predisposition to 

epilepsy (Kondapalli et al., 2013).

NHE9 also interacts with various other molecules and receptors to promote signaling 

pathways between local networks of neurons within the hippocampus and cortex 

(Kondapalli et al., 2014; Zhang-James et al., 2011). For example, similar to NHE6, NHE9 

has a binding region for RACK1 (Ohgaki et al., 2008). RACK1 knockdown results in 

hyperacidification of endosomal lumens but has no effect on the total amount of NHE9 

protein. This leads to the hypothesis that RACK1 may play an important role in sequestering 

NHE9 proteins to the membranes of proper intracellular compartments in order to elicit 

essential regulatory activities for the endocytic pathway (Ohgaki et al., 2008). The roles of 

NHE9 mutation in epilepsy and other brain disorder will be discussed in Sections 7 and 8.
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6. NHE1 and epilepsy

NHE1 is expressed in all mammalian cell types and is a primary regulator of intracellular pH 

(pHi) homeostasis and cell volume (Orlowski and Grinstein, 1997). The major function of 

NHE1 is to counteract excessive intracellular acidification and maintain the acid–base 

balance in the cytoplasm (Orlowski and Grinstein, 1997). In hippocampal and cortical 

neurons, NHE1 is mainly activated by a decrease in intracellular pH (Raley-Susman et al., 

1991). When intracellular acidosis occurs, NHE1 activation is indispensable for the 

extrusion of H+ to restore physiological pHi. Additionally, the import of Na+ by NHE1 alters 

the intracellular milieu, triggering the activation of several other transporters. Increased 

[Na+]i stimulates the activity of the Na+/K+ ATPase, which extrudes 3 Na+ and imports 2 K+ 

at the cost of 1 molecule of ATP per exchange. A high [Na+]i will also stimulate the Na+/

Ca2+, thus increasing the intracellular Ca2+, leading to a variety of downstream molecular 

changes (Masereel et al., 2003). In this manner NHE1 can alter cellular function both by the 

regulation of pH and stimulation of intracellular signaling cascades.

Mouse models provide complementary tools for identifying disease-associated genes and 

defining the mechanisms underlying human epilepsy. The specific molecular pathways 

detailing how mutations in NHE1 can lead to epilepsy remain to be fully elucidated, 

although abundant evidence suggests it is an important contributor. Despite its ubiquitous 

expression, loss of NHE1 function produces a predominantly neurological phenotype 

(Lukashova et al., 2013). Many studies indicate that an NHE1 null mutation (knockout, KO) 

leads to spontaneous slow wave epilepsy (swe) in mice (Cox et al., 1997). Loss of NHE1 

increases excitability of the CNS, which contributes to the epilepsy phenotype. Bell et al. 

generated a traditional NHE1 KO mouse line (Bell et al., 1999). Both the NHE1 KO mutant 

and the swe mutant mice show an ataxic gait first evident at 2 weeks of age. There is a high 

excitability in neonates, followed by a brief period of total behavioral arrest. Just prior to 

weaning, mutants exhibit an increased rate of mortality and with a postmortem appearance 

suggestive of death by convulsive seizure (Bell et al., 1999). Next, we will discuss the 

specific individual characteristics of each mouse model.

6.1. NHE1 KO mice

Severe neurological events that appear to be seizures (which usually result in death) are one 

of the neurological abnormalities characterizing NHE1 KO mice (Bell et al., 1999). NHE1 

KO mice exhibit a decreased rate of postnatal growth and high mortality with only ~10% of 

mice surviving 5 weeks after birth (Bell et al., 1999). Cortical astrocytes isolated from 

NHE1 KO mice show decreased steady state pHi and attenuated pHi recovery from 

acidification, even in the presence of HCO3
– (Kintner et al., 2004). Electrophysiological 

recordings in hippocampal neurons from NHE1 KO mice revealed and increased excitability 

and higher Na+ channel subtype I current density (Gu et al., 2001). This increased current 

density was the result of increased Na+ channel subtype I expression in the hippocampus and 

Na+ channel subtype II expression in the cortex (Xia et al., 2003). Therefore, the expression 

and activity of membrane transport proteins in the brain are changed in NHE1 KO mice, 

which can result in increased neuronal excitability or pHi changes.
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6.2. SWE mice

In 1997, Cox et al. characterized slow-wave epilepsy (swe) mice. These mice exhibit CNS-

restricted features including locomotor ataxia and a novel seizure phenotype similar to 

common human epilepsies. Electrocorticographic (ECoG) recordings show that the 

homozygous swe mutants show frequent bursts of 3/sec generalized spike-wave activity and 

behavioral arrest. These seizures are found in younger but not older mice, are influenced by 

genetic background, and are accompanied by infrequent tonic-clonic seizures. This 

phenomenon is often observed in patients with childhood (25–46%) or juvenile onset (74–

81%) generalized absence (petit mal) epilepsy. Interestingly, with high resolution genetic 

mapping and analysis of candidate genes, the defective gene in swe mice has been identified 

as the ubiquitously expressed SLC9A1 gene, coding for the protein NHE1 (Cox et al., 

1997). Thus, NHE1 activity defects may leave certain neurons less able to regulate transient 

changes in pH and result in a reduced threshold for the initiation or propagation of 

synchronous epileptic discharges.

It is also possible that the crucial mechanisms of neuroexcitability in swe mice are related 

not only to dysfunctions of neurons, but also dysregulated function in the surrounding 

astrocytes (Cox et al., 1997). Glia regulate pHo to maintain ion homeostasis through a 

specific electrogenic Na+/HCO3
– membrane cotransporter and NHE1 (Deitmer and Rose, 

1996). Loss of NHE1 activity could reduce the effectiveness of glia in pHo homeostasis and 

enhance the neuroexcitability by mimicking chronic extracellular alkalosis. A similar 

extracellular alkalosis following hyperventilation (reducing pCO2 and increasing pHo) is 

often used to reliably activate absence seizures in children with petit mal epilepsy (Adams 

and Lueders, 1981).

Lastly, the NHE1 protein is expressed in different immune cells including monocytes, 

neutrophils, and macrophages/microglia. NHE1 activity is crucial for immune cell function 

by extruding H+ and regulating pHi during respiratory bursting (Shi et al., 2013). In the 

CNS, NHE1 function is required for full microglial (macrophage) activation and is involved 

in microglial phagocytosis (Shi et al., 2013). Microglia-neuron interactions play a crucial 

role in epilepsy by altering neural network excitability, which was associated with increased 

glutamatergic transmission through the potentiation of NMDA receptor mediated activity 

(Ferrini and De Koninck, 2013). Therefore, changes of NHE1 function in microglia may 

also affect hyper-excitability.

7. NHE6 and X-linked intellectual disabilities

Epilepsy and intellectual disability disorders exhibit a high level of comorbidity, suggesting 

similarities in their underlying molecular etiologies (Brooks-Kayal, 2010; Robertson et al., 

2015). NHE6 is one of the most recurrently mutated loci in patients with X-chromosome 

linked intellectual disability (XLID) (Tarpey et al., 2009). SLC9A6 mutations have been 

reported to result in three phenotypes: an X-linked Angelman-like condition (Gilfillan et al., 

2008), Christianson syndrome (Christianson et al., 1999), and corticobasal degeneration 

with tau deposition (Garbern et al., 2010). Although accompanied by varying signs and 

symptoms, these three phenotypic categories share similarities in that they are each 

characterized by the presentation of epilepsy, autistic behavior, intellectual disability (ID), 
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and ataxia (Stromme et al., 2011). Details of the specific mutations and their resulting 

phenotypes have been thoroughly reviewed by Kondapalli et al. (2014).

An NHE6 knockout mouse has been generated and characterized by Stromme et al. (2011). 

NHE6 knockout mice exhibit an accumulation of GM2 ganglioside and cholesterol within 

the late endosomes and lysosomes of neurons in specific sub regions of the hippocampus, 

amygdala, and cerebral cortex. The enzyme responsible for the degradation of GM2 

gangliosides, lysosomal β-hexosaminidase, was undetectable in knockout mouse neurons in 

the regions of GM2 accumulation. Furthermore, prominent Purkinje cell pathology was 

evident in the cerebellum of NHE6 knockouts. Despite prevalent cellular pathology, the 

behavioral phenotype consists only of mild motor impairments and motor hyperactivity 

without presentation of spontaneous seizures (Stromme et al., 2011). While this mouse 

begins to model the ataxia observed in humans with NHE6 mutations, the mild phenotype 

suggests possible compensation by other NHE family members. Interestingly, similar GM2 

accumulations and cerebellar degeneration are seen in lysosomal disorders, suggesting that 

NHE6 abnormalities may also contribute to other types of diseases (Walkley, 2004). 

Impaired endosomal function, including improper protein processing and receptor 

trafficking, likely underlie the cellular and behavioral pathologies, as was detailed in Section 

5.2.1.

7.1. X-linked Angelman-like syndrome

The X-linked Angelman-like condition is the most common of the three intellectual 

disability phenotypes seen clinically and is attributed to SLC9A6 mutations (Stromme et al., 

2011). Patients with this condition exhibit similar symptoms to those with true Angelman 

syndrome, including epilepsy, ataxia, happy demeanor, drooling, and limited or absent 

speech, but lack UBE3 gene pathology that is characteristic of Angelman syndrome 

(Takahashi et al., 2011). Patients with Angelman-like syndrome can also be distinguished 

from Angelman patients based on their low body weight, cerebellar atrophy, and a distinct 

EEG pattern consisting of a 10–14 Hz background frequency. However, it should be noted 

that conditions termed as “Angelman-like syndromes” are not exclusively characterized by 

SLC9A6 mutations. Genetic screening of patients with these symptoms have revealed 

instances where neither UBE3 nor SLC9A6 mutations were present, highlighting the 

complex etiology of intellectual disability (Fichou et al., 2009).

7.2. Christianson syndrome

Christianson syndrome (CS) is a syndromic form of X-linked mental retardation (XLMR) 

first reported by Christianson et al. (1999). Christianson syndrome usually presents in 

infancy and is characterized by severe developmental delay, seizures, absent speech, ataxia, 

and acquired microcephaly (Pescosolido et al., 2014; Riess et al., 2013; Schroer et al., 2010; 

Tzschach et al., 2011). Magnetic resonance spectroscopy has shown increased levels of 

glutamate/glutamine in patient brains, which likely contributes to seizure kindling and the 

observed atrophy of the hippocampus and cerebellum (Schroer et al., 2010).

CS was initially attributed to a 2 base pair frameshift mutation in the SLC9A6 gene in the 

South African family in which it was first identified (Gilfillan et al., 2008). Since then, 
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several other protein truncating or splicing SLC9A6 mutations have been identified in 

patients diagnosed with CS from independent lineages (Mignot et al., 2013; Pescosolido et 

al., 2014; Riess et al., 2013; Tzschach et al., 2011). Tzschach et al. (2011) report a 2 year-

old boy with a 315 kb deletion within Xq26.3, the region associated with the NHE6 gene, 

SLC9A6. The patient exhibited epilepsy, severe intellectual disability, ataxia, absent speech, 

and gastroespohogeal reflux, consistent with the phenotype of Christianson Syndrome. 

Mignot et al. (2013) report a 22 year-old male with an unique SLC9A6 point mutation who 

also presented with retinitis pigmentosum, suggesting retinal degeneration may also be a 

symptom of CS. The heterogeneity of SLC6A9 mutations that have been identified in CS 

illustrate the importance for proper NHE6 structure and function in normal brain 

development.

7.3. Corticobasal degeneration with tau deposition

Corticobasal degeneration with tau deposition is another phenotypic result attributed to 

NHE6 mutation first reported by Garbern et al. (2010). They reported a 9 base pair deletion 

in exon 8 of SLC9A6 that resulted in the loss of three highly conserved amino acids within 

the transmembrane domain. These patients exhibit profound mental retardation but less 

pronounced microencepahly and facial dysmorphia than other NHE6 mutation associated 

diseases. Uniquely, these patients have tangled tau depositions in glia and neurons 

throughout the brain (Garbern et al., 2010). Tau deposition is a primary characteristic of 

several neurodegenerative diseases, including Alzheimer's disease and Pick's disease 

(Murray et al., 2014). NHE6 expression is decreased in the brains of Alzheimer patients and 

was shown to be important for the proper endosomal processing of amyloid precursor 

protein (Prasad and Rao, 2015). The tau deposition observed in individuals with NHE6 

mutations can provide additional insights into the etiology of neurodegenerative diseases 

affecting both sexes.

8. NHE9 and intellectual disability

SLC9A9 mutations that result in mutated NHE9 protein are implicated in individuals 

presenting with autism, epilepsy, addiction, and attention-deficit/hyperactivity disorder 

(ADHD) (Fisher et al., 2002; Morrow et al., 2008; Pescosolido et al., 2014; Schwede et al., 

2014; Vink et al., 2009). Autism is accompanied by 10–30% comorbidity with epilepsy and 

up to 70% comorbidity with intellectual disability (Gabis et al., 2005; Yeargin-Allsopp et al., 

2003). Kondapalli et al. (2013) reported three autism-linked substitutions that occur within 

the NHE9 coding region. Patients with L236S and S438P mutations in the SLC9A9 
transmembrane domain presented with comorbid epilepsy, while the patient with a V176I 

mutation in the more variable peripheral region of the protein structure did not (Kondapalli 

et al., 2013). Morrow et al. (2008) reported a nonsense mutation at Arg423 in two male 

siblings and their mother which resulted in a premature stop codon within the 

transmembrane region of SLC9A9. The male siblings were diagnosed with autism, one with 

diagnosed comorbid epilepsy while the other had experienced seizures in childhood but was 

no longer epileptic. The mother reported experiencing only childhood language delay. 

Interestingly, this mutation is structurally similar to the NHE1 mutation seen in swe mice. 

Swe mice have a premature stop codon insertion at Lys44 of SLC9A1, which is also within 
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the transmembrane domain. These findings highlight the importance of the transmembrane 

domain to proper NHE function but also that additional factors play a role in whether 

individuals with the same SLC9A9 mutations will exhibit the same phenotype.

Attention-deficit hyperactivity disorder (ADHD) is characterized by impulsivity, inability to 

focus, and hyperactivity. It is not classified as an X-linked intellectual disability, but it does 

affect more males than females, with ratios ranging from 1:3 to 1:16, depending on country 

(Novik et al., 2006). Several genome wide association studies have suggested correlations 

between SLC9A9 and ADHD (Brookes et al., 2006; Lasky-Su et al., 2008; Markunas et al., 

2010). NHE9 interacts with regulatory proteins at the intracellular C-terminal 

juxtamembrane domain (Zhang-James et al., 2011). Specifically, NHE9 has been shown to 

interact with calmodulin (CaM), calcineurin homologous protein (CHP), and RACK 1, all of 

which foster synaptic transmission and plasticity (Zhang-James et al., 2011). CaM, CHP, and 

RACK1 are regulated by intracellular Ca2+ signaling cascades and provide the ability to 

phosphorylate and dephosphorylate proteins (Bertrand et al., 1994; Lin and Barber, 1996; 

Ohgaki et al., 2008; Zhang-James et al., 2011). Mutations in SLC9A9 may interfere with 

interactions between NHE9 and these signaling molecules and thus disrupt normal synaptic 

transmission and neuronal activity, leading to conditions including epilepsy, autism, and 

ADHD.

9. Epilepsy and NHE6/NHE9 mutations

The SLC9A9 gene that encodes for NHE9 has been suggested to play a role in the 

development of various disorders including ADHD, autism, inattentiveness, and 

hyperactivity (Zhang-James et al., 2012). Although missense substitutions in the SLC9A9 
gene have not been functionally evaluated, they are hypothesized to exhibit a genetic linkage 

to autism (Kondapalli et al., 2013). Aside from the well-known phenotypic characteristics of 

autism spectrum disorder (ASD), including impaired language and social communication, 

ASD has also been reported to show significant comorbidity with both epilepsy and 

intellectual disability (ID). Epilepsy is more frequent among ADHD patients than among the 

general public. Children with comorbid ADHD/epilepsy have poorer attention and memory 

functions than children with only one pathology (Lee et al., 2015). Interestingly, both 

ADHD and ID are present in individuals exhibiting NHE6-associated neurodevelopmental 

and degenerative disorders (Kondapalli et al., 2013; Zhang-James et al., 2011). The co-

expression of these traits suggests similar underlying genetic defects, potentially caused in 

part by NHE6 mutations.

One hypothesis for the link between epilepsy, ID and ASD in patients that exhibit mutations 

in both NHE6 and NHE9 revolves around abnormal accumulation of glutamate in patients 

with NHE mutations (Gilfillan et al., 2008; Kondapalli et al., 2013; Schroer et al., 2010). 

The majority of extra-synaptic glutamate is cleared by the glutamate transports GLAST and 

GLT-1 in astrocytes, which also express NHE1, NHE9, and likely NHE6 (Anderson and 

Swanson, 2000; Cahoy et al., 2008; Cengiz et al., 2014; Kondapalli et al., 2013). The 

transport of both glutamine and glutamate is sensitive to pH changes, thus NHE proteins, 

like NHE6 and NHE9, can play a role in controlling the transportation of these compounds 

(Gilfillan et al., 2008; Swanson et al., 1995). Mutations disrupting NHE6 and NHE9 
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functions might lead to glutamate toxicity and result in the phenotypic conditions exhibited 

in epilepsy, ID, and autism (Kondapalli et al., 2013).

10. Pharmacological inhibitors

Anti-epileptic drugs (AEDs) are used to control the patients’ symptoms and improve their 

quality of life. Based on their mechanisms of action, the currently available AEDs can be 

roughly grouped into three categories consisting of drugs that induce ion channel regulation, 

increase inhibitory neurotransmission, or decrease excitatory transmission (Kwan et al., 

2001). Drugs that modulate voltage-gated ion channels, such as Na+, K+, and Ca2+ channels, 

can alter the intrinsic excitability of the cell to control firing rate. Enhancing inhibitory 

neurotransmission by targeting the GABAergic system has led to many new antiepileptic 

treatments that decrease the brain's overall excitability. Finally, drugs that attenuate 

excitatory neurotransmission by reducing glutamate release can also reduce seizures. These 

categories are not mutually exclusive as a single drug may exert effects on multiple systems 

in order to balance neuronal excitability and inhibition. In addition, neurotransmitter 

transporters indirectly modulate neurotransmission via the regulation of pH. In the following 

section we will discuss some AEDs which improve seizures through the regulation pH.

10.1. Elevation of GABA-mediated inhibition

Animal experiments and clinical trials have proven that GABA plays an important role in the 

causative mechanisms and subsequent treatment of epilepsy (Kwan et al., 2001). GABA is 

released at up to 40% of all synapses and functions as the primary inhibitory 

neurotransmitter to maintain inhibitory tone that counterbalances neuronal excitation in the 

mammalian CNS (Olsen and Avoli, 1997). GABA exerts its effects by binding to either 

metabotropic or ionotropic GABA receptors. Activation of ionotropic GABAA ligand-gated 

ion channels controls chloride entry into the cell. Metabotropic GABAB receptors are G 

protein-linked receptors which increase K+ conductance and decreases Ca2+ access 

(Treiman, 2001). Excess GABA is depleted from the synaptic cleft through GABA 

transporters (GATs) present on perisynaptic astrocyte processes and axon terminals (Conti et 

al., 2004). The four identified GATs (GAT-1, GAT-2, GAT-3, and BGT-1) exhibit different 

expression patterns and sensitivities (Borden et al., 1992; Conti et al., 2004). The variety of 

GABA receptors and transporters provide a broad range of targets for antiepileptic therapies 

to regulate neuronal excitability.

The initial line of treatment for patients presenting with emergent status epilepticus of 

unknown origin is administration of benzodiazepines. Intravenous lorazepam is preferred, 

although non-intravenous diazepam or midazolam are suitable alternatives (Abend et al., 

2014; Rogalski and Rogalski, 2015). These anti-epileptic drugs (AEDs) enhance GABA-

mediated neuronal inhibition by acting as GABAAR positive allosteric modulators. 

Benzodiazepines bind between the α/γ subunits and induce a conformational change in the 

receptor leading to enhanced affinity for the natural ligand, GABA (Sigel and Steinmann, 

2012). This increases the channel's opening frequency thereby enhancing Cl– entry and 

attenuating neuronal depolarization (Twyman et al., 1989).
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Barbiturates, another class of AEDs, are also allosteric GABAAR modulators that increase 

the mean open time of the channel (MacDonald et al., 1989). At sufficiently high 

concentrations, barbiturates, such as phenobarbital, can activate GABAAR by themselves 

(Rho et al., 1996). However, they do not specifically bind GABARs and have several other 

targets in the brain and periphery. Their ability to induce more dramatic Cl– currents than 

benzodiazapines and to increase propensity for side effects makes the barbiturates a second-

line choice for epilepsy treatment (Loscher and Rogawski, 2012). Of note, the closely 

related GABAA-ρ receptor, formerly known as GABAc receptor, is insensitive to both 

barbiturates and benzodiazepines and has a less clear role in epilepsy (Johnston, 1996; 

Watanabe et al., 2010).

The second line of effective anticonvulsants depends on increasing the amount of 

synaptically available GABA. One way to achieve this is by inhibiting the degradation of 

GABA. GABA-transaminase (GABA-T) is the enzyme which is responsible for the 

catabolism of GABA (Jung et al., 1977). The AED viagabatrin is an inhibitor of GABA-T 

that works by irreversibly binding to the active site of the enzyme. It blocks the degradation 

of GABA leading to an increased concentration of synaptic GABA and brain-wide 

inhibitory tone, thereby reducing seizure activity (Schechter et al., 1977; Treiman, 2001).

Another approach to increasing the availability of GABA is to block its removal from the 

synaptic cleft. The AED tiagabine is a prototypic GABA uptake blocker. Tiagabine 

specifically blocks GAT-1, which is expressed in both synaptic terminals and perisynaptic 

astrocyte processes, primarily in the cerebral cortex and hippocampus (Madsen et al., 2010; 

Meldrum and Chapman, 1999). Tiagabine can temporarily prolong the existence of GABA 

in the synaptic cleft as well as influence the enhance of synaptic GABA concentration 

(Kwan et al., 2001). This drug also has a demonstrated effect on the intracellular pH of CA3 

neurons. Udo Bonnet et al. demonstrate that 10 or 50 μM tiagabine can reversibly decrease 

the steady-state pHi to similar degrees, indicating even low concentrations of this drug can 

elicit pH regulation (Bonnet et al., 2010). This slight drop in pHi is likely a contributing 

mechanism to tiagabine's anti-epileptic properties (Bonnet et al., 2000).

A third widely used AED, valproate, also increases the concentration of GABA in the brain. 

However, the exact mechanism(s) of action remain to be conclusively determined, but may 

involve the inhibition of GABA-T, blocking GABA reuptake, or increasing GABA release 

(Bonnet et al., 2002; Leach et al., 1996; Rowley et al., 1995). Several other enzymes and 

signaling pathways have been suggested targets of valproate, which may explain its efficacy 

in treating a broad range of conditions, including cancer and neurodegenerative diseases 

(Terbach and Williams, 2009). An additional therapeutic pathway for valproate may be its 

ability to influence pHi. Hippocampal CA3 neurons treated with valproate undergo rapid 

intracellular acidification, which has been suggested to reduce membrane excitability and 

limit seizure induction (Bonnet et al., 2002). This effect was independent of valproate's 

influence on GABAergic transmission, highlighting valproate's broad range of therapeutic 

means and the importance of pHi in controlling neuronal activity. It is of note that 

intracellular acidification has also been seen with other anti-epileptics, including 

acetazolamide and sulthiamine, indicating that exceptions exist to the general schema 

presented in Fig. 1 (Leniger et al., 2002).
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10.2. CA inhibitors

It is well known that CAs play a crucial role in the transport of CO2 in a variety of tissues 

and regulate pH in many organs (for more details see Section 4.3). CA inhibitors have 

multiple actions that underlie their efficacy in the prevention of illnesses, like epilepsy. CA 

inhibitors have been widely explored as antiglaucoma, anticancer, anticonvulsant, 

antiobesity, antifungal, and antibacterial agents (Supuran, 2013).

Widely used CAs for the management of seizures include acetazolamide, zonisamide, and 

topiramate (Thiry et al., 2008). The newest generation of anticonvulsants garner positive 

results either as monotherapies or adjunctive therapy in adult and pediatric patients 

(Treiman, 2001). For each of these drugs, CA inhibition is only one of several purported 

paths whereby they can reduce seizures. Acetazoloamide has been reported to be one of the 

more potent CA inhibitors (Dodgson et al., 2000). Acetazolamide's anti-seizure properties 

are correlated with its brain-level inhibition of CA and depend upon the drug's free SO2NH2 

group (Millichap et al., 1955). Administration of acetazolamide induces increased 

extracellular CO2 levels which, like holding one's breath, acidify the extracellular space and 

reduce seizure induction (Heuser et al., 1975). In addition to CA inhibition, acetazolamide 

also increases GABA levels, offering another route for seizure control.

Topiramate is able to modulate neuronal pH through CA activity, but also by modulating the 

efficacy of the Na-HCO3
– anion exchanger (Leniger et al., 2004). Additional therapeutic 

effects of topiramate come from its ability to block voltage- gated Ca+ and Na+ channels, 

allosterically modulate kainate/AMPA receptors, or enhancement of GABAergic 

transmission (Angehagen et al., 2004; DeLorenzo et al., 2000; Zhang et al., 2000). However, 

not all CA inhibitors exert demonstrable effects on pH. Zonisamide alters CA activity, 

although its application did not impact neuronal pH (Bonnet et al., 2010). These varied 

modes of action make the range of available CA inhibiters more efficacious in the treatment 

of different subtypes of epilepsy with different features.

10.3. NHE inhibitors

NHE isoforms are highly abundant in various brain regions and subcellular compartments. 

NHEs regulate brain pH changes which consequentially modulate neuronal activity and the 

function of cell machinery, therefore NHEs are extremely important for epileptic activity 

(for more details see Section 4). Pharmacological inhibition of NHEs has a demonstrated 

ability to reduce excitatory synaptic transmission and exert anticonvulsant actions. The 

diuretic drug amiloride and its analogs were the first NHE inhibitors to be developed 

(Masereel et al., 2003; Orlowski and Grinstein, 2004). NHE1 and NHE2 are the most 

sensitive to amiloride-mediated inhibition while NHE3, NHE4, and NHE7 are amiloride-

resistant isoforms (Ali et al., 2008; Masereel et al., 2003). Additionally, amiloride inhibits 

voltage-gated Na+ channels and the Na+/Ca2+ exchangers (Schellenberg et al., 1983; Velly et 

al., 1988). Amiloride analogs, EIPA (ethylisopropyl), DMA (dimethyl amiloride), MIBA 

(methylisobutyl amiloride) and HMA (5-(N,N-hexamethylene amiloride)), have been 

synthesized and are more effective than amiloride with less inhibitory potency on Na+ 

channels and the Na+/Ca2+ exchanger (Masereel et al., 2003).
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In vivo data have demonstrated the anticonvulsant efficacy of amiloride in the different 

animal models of seizure and epilepsy (Ali et al., 2008). Amiloride-treated mice show 

increased resistance to both electrical and chemical induced seizures (Ali et al., 2004). 

Additionally, amiloride improved short term memory function as assessed by spontaneous 

alternation as well as normalizing affective behavior in the forced swim test, all without 

compromising motor function (Ali et al., 2004). Although the exact mechanisms of these 

benefits were not clarified, they likely involve the role of NHE1 in pH regulation. Traditional 

AEDs, like benzodiazepines, have side effects including drowsiness, impaired motor 

function, and decreased cognitive abilities (Stewart, 2005). The improved neurological 

function and stable motor control on animals treated with amiloride suggests that NHE 

inhibitors may be a better tolerated treatment option than those currently available. Thus, 

NHE inhibitors, in addition to their function as anticonvulsants, have additional behavior 

stabilizing benefits with limited motor side effects, making them a promising class of novel 

AEDs.

11. Conclusions

The CNS is a tightly regulated milieu that can be perturbed by alteration in peripheral 

conditions, such as pH altering systemic acid–base disorders. Moreover, neuronal activity is 

associated with localized fluctuations between acidic and alkaline pHo, which act as 

feedback mechanisms to regulate firing activity by modulating neuronal excitability. 

Therefore, it is conceivable that dysregulation of pH homeostasis alters neuronal excitability 

and leads to seizure development. pH regulatory mechanisms, including sodium-bicarbonate 

transporters, chloride-bicarbonate exchangers, carbonic anhydrases, and sodium-proton 

exchangers, are important to regulate neuronal excitability. The picture of how pH regulation 

alters excitability becomes more complex when we consider the role of pH on inhibitory 

neurons and the pathological bursting activity seen during seizures.

This review summarizes newly emerging research findings of dysfunctions of NHE1, NHE6 

and NHE9 in the development of epilepsy. In summary, the most abundant plasma 

membrane isoform in the CNS, NHE1, is highly sensitive to changes of pHi and regulates 

intracellular H+ homeostasis through H+ extrusion and Na+ influx across the cell membrane. 

Lack of NHE1 function fails to regulate pHi and produces an alkaline pHo which may 

reduce the threshold for the initiation or propagation of synchronous epileptic discharges 

(Fig. 3). On the other hand, intracellular organelle NHE members NHE6 and NHE9 are 

located in early and late endosomes, respectively, and mediate H+ leakage from the 

organelles to maintain the optimal pH homeostasis between the cytosol and components of 

the endocytic pathway. Therefore, NHE6 and NHE9 are important for regulating protein 

trafficking, enzyme activity, endosome degradation and recycling, and uptake of molecules 

like the neurotransmitter glutamate (Fig. 3). NHE6 and/or NHE9 mutations result in 

abnormal glutamate accumulation, which may lead to epilepsy. Meanwhile, dysfunction of 

NHE6 in patients with SLC9A6 mutations is also related to the X-linked Angelman-like 

condition and manifests with epilepsy, autistic behavior, intellectual disability, and ataxia 

(Fig. 3). Taken together, these new findings illustrate the significance of NHE family 

members in regulating H+ homeostasis in the CNS and the causative relationship between 

their dysfunctions and development of the epilepsy and related brain disorders. A better 
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understanding of the mechanisms underlying NHE1, 6, 9 dysfunctions in epilepsy formation 

has the potential to identify new strategies for epilepsy therapy development.
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Abbreviations

CNS central nervous system

NHE Na+/H+ exchanger

ADHD attention deficit hyperactivity disorder

CA carbonic anhydrase

pHi intracellular pH

pHo extracellular pH

BBB blood–brain barrier

pCO2 partial pressure of carbon dioxide

V-ATPase vacuolar-type H+ ATPase

Swe slow-wave epilepsy

ECoG electrocorticographic

XLID X-chromosome linked intellectual disability

ID intellectual disability

CS Christianson syndrome

CaM calmodulin

CHP calcineurin homologous protein

ASD autism spectrum disorder

GABA γ-aminobutyric acid

GABAR γ-aminobutyric acid receptor

GABAT GABA transaminase

GAT GABA transporter

AED antiepileptic drug

NBC sodium-coupled bicarbonate transporter

AE anion exchanger

KO knockout

PMCAs Ca2+/H+ ATPases

DIA depolarization-induced alkalization
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PTZ pentylenetetrazole

MCT monocarboxylate transporter

RACK1 receptor for activated C-kinase

XLMR X-linked mental retardation
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Fig. 1. 
The influence of pH on neuronal excitability. When extracellular pH (pHo) is acidic and 

intracellular pH (pHi) is alkaline, neuronal excitability is decreased. Upon neuronal 

stimulation, vesicular release of neurotransmitters, such as glutamate (Glu, blue), is 

accompanied by the release of co-packaged H+. Transient incorporation of the V-ATPase 

into the plasma membrane induces further expulsion of H+ from the cytosol into the synaptic 

cleft and causes acidic pHo. The extracellular H+ blocks the voltage-gated Ca2+ channel 

(VGCC) and reduces presynaptic Ca2+ accumulation, thus inhibiting additional 

neurotransmitter release and neuronal excitability. Furthermore, acidic pHo also reduces the 

opening frequency of postsynaptic NMDA receptors (NMDAR), thus decreasing 

postsynaptic excitability. Extracellular ATP (purple) is broken down into adenosine (pink) 

driven by ecto-ATPase which is stimulated by low pHo. Adenosine can bind and activate 

adenosine receptors (AR) and further decrease neuronal excitability. Neuronal excitability is 

increased when pHi is acidic and pHo is alkaline. The V-ATPase is retrieved from the 

membrane into early recycling endosomes after neuronal firing, reducing H+ extrusion and 

elevating pHo. In response to accumulated intracellular Ca2+, the pre- and postsynapse 

plasma membrane Ca2+/H+ ATPases (PMCA) expel Ca2+ and import H+, further elevating 

pHo. The alkaline pHo enhances NMDAR activity, facilitating postsynaptic depolarization. 

Furthermore, alkaline pHo inhibits ecto-ATPases and prevents ATP degradation. The 

increased availability of ATP activates P2X and P2Y receptors, initiating cascades that could 

enhance neuronal excitability. Many other pH regulatory players discussed in Section 4 

(NHEs, AEs, NBCs) may also contribute to neuronal excitability.
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Fig. 2. 
NHE super family. The plasma membrane and intracellular organelle clusters of NHE 

isoforms are illustrated: NHE members 1–5 are located in the plasma membrane (yellow) 

and the NHE members 6–9 are located in the intracellular organelles (blue). Red font 

denotes the isoforms which have been discussed in detail in this review. Canonical sequence 

alignment was performed using ClustalX and the tree was constructed using FigTree 

(Thompson et al., 1997).

Zhao et al. Page 36

Prog Neurobiol. Author manuscript; available in PMC 2017 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Schematic view of impaired functions of NHE1, NHE6, and NHE9 in brain disorders. A 

cell's pH is regulated by the balance of acid extruders, NHE1 and the sodium coupled 

bicarbonate transporter (NBC), and the primary acid loader the chloride-bicarbonate 

exchanger AE3. The sodium-potassium ATPase removes excess Na+ in order to balance ion 

concentrations. Proper function of all these components is crucial for pHi regulation and 

normal brain activity.

Mutations that cause NHE1 loss of function result in an acidified intracellular compartment. 

NHE1 deletion also results in increased expression of voltage sensitive Na+ channels 
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(VGNC), which increases intracellular Na+ concentration and lowers the action potential 

firing threshold. Together, these ionic changes increase neuronal excitability and facilitate 

epileptic activity. Intracellular organellar NHE6 and NHE9 are located in early and late 

endosomes, respectively. Vesicular ATPases (V-ATP)-mediated H+ influx and the NHEs-

mediated H+ leakage from the organelles maintain the optimal pH homeostasis between the 

cytosol, endosome, and lysosome. Glutamate receptors (GluR) and glutamate are 

endocytosed in endosomes and are either degraded or returned to the membrane. Glutamate 

transporters, such as GLAST, are also recycled using NHE9 dependent mechanisms. Thus, 

appropriate pHi regulates protein trafficking, glutamate uptake, and normal brain function. 

When NHE6 or NHE9 are nonfunctional, the hyperacidified endosomes inhibit appropriate 

protein processing mechanisms, meaning receptors that are reinserted into the membrane 

may be misfolded or mislocalized. NHE9 mutations decrease surface expression of GLAST, 

resulting from hyperacidified endosomes and degradation of the transporter before it can be 

recycled to the membrane. Decreased GLAST expression will increase extracellular 

glutamate concentrations, exacerbating the glutamate receptor over stimulation which may 

lead to epilepsy. Disruption of membrane trafficking and glutamate signaling during 

development likely contributes to the epilepsy, and other brain disorders including autistic 

behavior, intellectual disability, ataxia, and attention-deficit/hyperactivity disorder seen in 

patients with NHE family mutations.
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Table 1

Na+/H+ family members.

Protein name Gene name Localization Tissue distribution Mutation associated 
neurological disease 
phenotype

References

NHE1 SLC9A1 Plasma membrane Ubiquitous Epilepsy, ataxia, growth 
retardation

Bell et al. (1999)

NHE2 SLC9A2 Plasma membrane Brain, gut, skeletal muscle, 
kidney, uterus, testis, heart, 
lung and stomach

No neurological 
phenotype reported

Fuster and Alexander 
(2014)

NHE3 SLC9A3 Plasma membrane Gut, kidney, lung, heart, 
brain, stomach, gall bladder 
and epididymis
Ventrolateral brainstem

No neurological 
phenotype reported

Fuster and Alexander 
(2014), Orlowski and 
Grinstein (2004), Studer et 
al. (2014)

NHE4 SLC9A4 Plasma membrane Gut, kidney, brain, 
stomach, skeletal muscle 
and uterus Hippocampus

No neurological 
phenotype reported

Bookstein et al. (1996), 
Pizzonia et al. (1998)

NHE5 SLC9A5 Plasma membrane Brain, spleen, testis, and 
skeletal muscle

No neurological 
phenotype reported

Attaphitaya et al. (1999), 
Baird et al. (1999), Klanke 
et al. (1995)

NHE6 SLC9A6 Intracellular organelle Ubiquitous X-linked Angelman-
like condition, 
Christianson syndrome, 
corticobasal 
degeneration with tau 
deposition, epilepsy, 
autistic behavior 
intellectual disability, 
ataxia

Christianson et al. (1999), 
Garbern et al. (2010), 
Gilfillan et al. (2008)

NHE7 SLC9A7 Intracellular organelle Ubiquitous No neurological 
phenotype reported

Fuster and Alexander 
(2014)

NHE8 SLC9A8 Intracellular organelle Ubiquitous No neurological 
phenotype reported

Fuster and Alexander 
(2014)

NHE9 SLC9A9 Intracellular organelle Ubiquitous Autism, epilepsy, 
addiction, and 
attention-deficit/
hyperactivity disorder 
(ADHD)

Fisher et al. (2002), 
Morrow et al. (2008), 
Pescosolido et al. (2014), 
Schwede et al. (2014), 
Vink et al. (2009)
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