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CHAPTER I 

 

CATION CHLORIDE COTRANSPORTERS 

 
 

Rare Disease-Causing Mutations in Genes Affecting Chloride Cotransport 

According to the World Health Organization, and the NIH Genetic and Rare Diseases 

information center, a rare disease is classified as a condition that affects less than 1 in 2000 

individuals (Henrard & Arickx, 2016; NIH genetic and rare disease information center, 2017). 

Approximately 7000 rare diseases have been reported, including well known rare diseases such 

as cystic fibrosis, Angelmann syndrome, and muscular dystrophy. However, unlike cystic fibrosis, 

which occurs in about 1 in 3400 people, there are diseases that are only found in single individuals 

(Humphreys, 2012), which this dissertation body of work is based on. Rare diseases affect 

approximately 25-30 million Americans, and even more individuals are thought to have a rare 

disease that is unreported. Rare diseases are caused by several factors, but mainly are caused by 

genetic changes such as inherited and non-inherited genetic mutations, in the form of 

heterozygous de novo mutations (which is the genetic mutation discussed in this dissertation). 

Genetic mutations in individuals with rare diseases are identified via whole-exome sequencing. 

While these unique patients are being treated for their symptoms, the identification of mutations 

in specific genes does not necessarily provide a clear path to disease understanding and 

treatment. In our studies, we will aim at establishing causality between unique genetic mutations 

and the clinical features that these patients present. This will be helped by the generation of 

mouse models that reproduce one single mutation in a gene of interest. 
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This dissertation is based on two single cases or two individuals with rare diseases. They 

each carry deleterious heterozygous de novo mutations in genes of interest to this laboratory. 

One individual carries a heterozygous de novo mutation in the gene encoding for protein kinase 

D1 (PKD1), suffering from central and peripheral nervous system deficits (discussed in chapter 2). 

This patient is being treated by a current collaborator at Yale University. The second individual 

carries a heterozygous de novo mutation in the gene encoding for the Na+-K+-2Cl- cotransporter 

1 (NKCC1), with multi-organ failure and metabolic deficits (Discussed in Chapter 3). This patient 

was admitted into the NIH Undiagnosed Diseases Program (UDP). The purpose of the UDP is to 

bring together clinical and research experts from across the United States to identify the 

mysterious symptoms of patients, and establish causality between genetic mutations and 

diseases. The original NIH-based UDP became UDN, a network that now branches into 12 

research sites, where Vanderbilt University serves as one hub of the network. Typically, whole 

exome sequencing is conducted on individuals admitted into the UDN to identify pathogenic DNA 

variants. Researchers will then generate model organisms carrying the mutation of interest, to 

understand how specific genetic changes contribute to disease. A common factor between our 

two single cases with rare diseases, is that the genetic mutations they carry affect chloride 

cotransport.  

 

The tight regulation of intracellular Cl- concentrations ([Cl-]i) is critical for many cellular 

physiological processes including: cell volume regulation, the modulation of inhibitory synaptic 

neurotransmission, muscle contraction, and epithelial transport in the direction of absorption or 
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secretion (Gamba, 2005; Gagnon & Delpire, 2016). The solute carrier 12 (SLC12) gene family, 

which encodes several electroneutral cation-coupled chloride transporters (CCCs), is primarily 

responsible for the regulation of intracellular Cl-, in addition to regulating intracellular Na+ and 

K+. The SLC12 gene family comprises nine members and is divided into two main functional 

branches based on their ability to transport Na+ (Figure1-1). The members are differentially 

sensitive to pharmacological inhibitors, and they show various stoichiometry, amino acid 

topology, and phylogeny. The first branch of the SLC12 gene family consists of four Na+ 

independent and K+ coupled Cl- cotransporters (KCCs) (Gillen et al., 1996; Race et al., 1999; Hiki 

et al., 1999; Mount et al., 1999; Payne et al., 1996), encoded by the SLC12A4-A7 genes (Table1-

1).  The second branch consists of the Na+ coupled and dependent Cl- cotransporters (one NCC 

and two NKCCs) (Gamba et al., 1993; Gamba et al., 1994; Payne et al., 1995; Payne & Forbush 

1994; Xu et al., 1994; Delpire et al., 1994). They are encoded by the SLC12A1-A3 genes. Two 

additional orphan members of the SLC12 family encodes for SLC12A8 (or CCC8) and SLC12A9 (or 

CIP, CCC9), but they have unknown function. 

 

From their cloning from 1993-1996, and hydropathy plot of their primary amino acid 

sequence, it was clear that the CCCs consist of a core of 12 transmembrane domains (TMDs), 

flanked by intracellular amino- and carboxyl-terminal domains (Gagnon & Delpire, 2013). The 

NKCCs contain a larger extracellular loop between TMD7 and TMD8, whereas the KCCs contain a 

large extracellular loop between TMD5 and TMD6. Several studies have identified domains that 

participate in the dimerization of the CCCs at the plasma membrane, and the correct dimerization 

of CCCs is necessary for proper function and activity where studies have identified an increase in 
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ion flux in the dimeric state of the cotransporters (Casula et al., 2001; Starremans et al., 2003). 

Once activated by extracellular osmolar conditions, followed by phosphorylation or 

dephosphorylation by kinases or phosphatases, the cotransporters function in membrane or 

transepithelial transport of Cl- ions along with Na+ and/or K+ ions, resulting in cell volume 

regulation by extrusion or influx of the ions. The crystal structures of KCC1, KCC4, and NKCC1 

have been identified in 2019, revealing the confirmation state of the transporters, the 

importance of the extracellular, transmembrane and cytosolic domains for dimerization, and key 

residues in the transmembrane domain that function in ion transport, which will be discussed in 

more detail in the representative cotransporter description (Chew et al., 2019; Liu et al., 2019; 

Reid et al., 2019). 

 

The large transmembrane Na+ and K+ gradients established by the Na+-K+-ATPase 

energetically drive the chloride cotransporters, resulting in secondary active transport of the 

cotransporters since they do not utilize ATP (Geck et al., 1980; Dunham et al., 1980; Lauf & Theg, 

1980). The CCCs function to transport an equivalent number of positive and negative ions across 

the membrane, resulting in electroneutral transport. The large electrochemically-favorable 

inward gradient for Na+ works in the favor of Na+ coupled chloride cotransporters and allows 

them to transport Cl- into the cell, raising [Cl-]i above the Cl- electrochemical equilibrium or 

reversal potential (ECl). Similarly, the K+ coupled chloride cotransporters take advantage of 
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Figure 1-1. SLC12A cation chloride cotransporter homology tree. Homology tree adapted from 
Gagnon et al., illustrating a cluster dendrogram of the SLC12A gene family delineating the 
branching of the Na-dependent (NCC, NKCC1-2) and Na-independent (KCC1-4) CCCs. The 
functionally uncharacterized CCC8 and CCC9 are separated early during evolution from the Na-
independent and Na-dependent cotransporters, respectively (Gagnon & Delpire, 2013).  
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the outward gradient for K+ by transporting Cl- out of the cell, reducing [Cl-]i below ECl (Zhu et al., 

2016; Leefmans et al., 2010). The degree to which each transporter is active in mediating Cl- efflux 

or influx determines the [Cl-]i in various cell types, resulting in the regulation of neuronal 

excitability, cell volume, and transport of Na+, K+ and water across epithelia.  

 

The cation-chloride cotransporters are expressed in a wide range of cell types. NKCC1, 

NKCC2, KCC1, KCC3, and KCC4 are expressed in several tissue types, whereas KCC2 expression is 

confined to the central nervous system (Table 1-1). An imbalance in intracellular Cl- and 

mutations in genes involving the transport of Cl- have been linked to inherited as well as non-

inherited forms of human disease. For example, disease variants of KCC2 result in human epilepsy 

(Kahle et al., 2014; Puskarjov et al., 2014; Stödberg et al., 2015; Saitsu et al., 2016); inactivating 

mutations in KCC3 result in agenesis of the corpus callosum with peripheral neuropathy (ACCPN) 

(Howard et al., 2002; Boettger et al., 2003); various mutations in NCC and NKCC2 are associated 

with the salt wasting disorders such as Gitelman and Bartter syndromes, respectively (Simon et 

al., 1996); and abnormal developmental regulation of NKCC1 in premature neurons result in 

hyperexcitability and neonatal seizures (Dzhala et al., 2005). Recently we identified a nonsense 

mutation in NKCC1 resulting in multi-organ failure (Delpire et al., 2016), where I determined that 

this mutation results in metabolic deficits, which will be discussed in this dissertation. This 

dissertation will also outline studies I performed to characterize a mutation in the gene encoding 

for protein kinase D1 (PKD1) resulting in abnormal KCC3 activity, peripheral neuropathy, and 

central nervous system deficits. 
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Table 1-1. Summary of SLC12 Family of Electroneutral Cation-Coupled Cotransporters 

Gene name Protein Gene 
locus 

Phosphorylation 
sites 

Tissue 
distribution 

Human 
disease 

association 

Mouse KO 
phenotype 

SLC12A1 NKCC2/
BSC1 

15q21.1 

T100, T105, 
S130 

Kidney Type 1 Bartter 
syndrome 

Hypotension, 
Hypokalemia, 
hypocalciuria, 
metabolic alkalosis 

SLC12A2 NKCC1/
BSC2 

5q23.3 T184, T189, 
S202 

Ubiquitous Multiorgan 
failure 

Sensorineural 
deafness, 
decreased 
enolymph 
secretion, 
decreased 
salivation, 
infertility in males, 
reduced intestinal 
secretion, 
abnormal sensory 
perception 

SLC12A3 NCC 16q13 T53, T58, S71 Kidney and 
bone 

Gitelman 
syndrome 

Hypotension, 
hypocalciuria, 
hypomagnesemia, 
hypokalemia  

SLC12A4 KCC1 16q22 T926, T983 Ubiquitous Sickle cell 
anemia 

No phenotype 

SLC12A5 KCC2 20q13 T906, T1007 Central 
nervous 
system (Brain 
and Spinal 
cord) 

Human 
epilepsy 

Premature death 
due to respiratory 
failure, epilepsy 

SLC12A6 KCC3 15q14 T991, T1048 Brain and 
spinal cord, 
peripheral 
nerves, red 
blood cells, 
kidney, 
pancreas, 
lung 

ACCPN 
(Andermann 
Syndrome) 

Peripheral motor 
neuropathy 
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------------------------------------------------------------------------------------------------------------------------------- 

Table 1-1. Chromosomal location, phosphorylation sites, and tissue distribution of the cation-
coupled cotransporters. Several cotransporters have been associated with human disease and 
respective KO mouse models of have been generated.   

SLC12A7 KCC4 5p15 T926, T980 Brain, kidney, 
heart 

Renal 
abnormalities 

Sensorineural 
deafness, renal 
tubular acidosis 

SLC12A8 CCC9 3q21 Unknown Widespread Unknown Unknown 

SLC12A9 CCC8/ 
CIP 

7q22 Unkown Widespread Unkown Unkown 
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Protein Structure of CCCs 

The SLC12 family of transporters have a typical membrane topology with a rather short 

hydrophilic (and therefore outside the membrane) N-terminus, a 12 transmembrane 

hydrophobic core domain, and a large hydrophilic C-terminus (Figure 1-2). The cytoplasmic N-

terminal and carboxyl terminal carry the sites of phospho-regulation and protein binding 

(Flemmer et al., 2002; Rinehart et al., 2009; De Los Heros et al., 2014). The 12 TMD hydrophobic 

core of the protein is where the transporters share the largest degree of homology. In fact, TMD2 

is where differences in ion affinities seem to be encoded (Isenring et al., 1998) and site specific 

mutagenesis in NKCC1 and NKCC2 resulted in reduced Na+ or Rb+ affinity. Similarly, Isenring and 

collaborators have identified through point mutation and chimera studies, that TMD2, 4, and 7 

are important for ion transport affinities in the NKCCs (Isenring et al., 1998a; Isenringet al., 1998; 

Isenring & Forbush, 1997). As discussed above, the solved structures of the zebrafish Na-K-2Cl 

cotransporter and human KCC1 identifies other transmembrane domains as providing residues 

key to ion coordination.  Each member of the SLC12 family contains a large extracellular loop, 

with N-linked glycosylation sites necessary for plasma membrane transport from the ER (Singh et 

al., 2015). The location of the N-glycosylation sites differs between the NCC/NKCCs and the 

KCCs/CIP, due to the large extracellular loop being placed between TMD7 and TMD8 in the 

NKCCs, and TMD5 and TMD6 in the KCCs and CIP (Delpire et al., 1994; Mount et al., 1999). The 

amino- and carboxyl- termini are necessary for the cotransporters to exist as homo-oligomeric or 

heterodimeric structural units at the plasma membrane (Casula et al., 2001; Moore-Hoon & 

Turner, 2000). Using chemical  cross linking studies via the reversible chemical cross-linker DTSSP 

[3,3‘-dithiobis (sulfosuccinimidyl propionate)], NKCC1 was determined to form homo-oligomeric 
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Figure 1-2. Kyte-Doolittle topology of SLC12A cation chloride cotransporters. The cation 
chloride cotransporters share several structural and topological characteristics according to the 
Kyte-Doolittle hydropathy plot analyses adapted from (Gamba, 2005). There are 12 hydrophobic 
transmembrane domains, flanked by a large hydrophilic intracellular carboxyl terminal, and a 
shorter hydrophilic amino terminal. All CCCs contain a large extracellular glycosylated loop 
between: transmembrane domains 7 and 8 in SLC12A1-3 (NKCCs), and transmembrane domains 
5 and 6 in SLC12A4-7 (KCCs) and CIP (CCC8).  
 
 
 
 
 
 



 11 

structural units at the plasma membrane with a molecular size twice the size of the monomeric 

state (Moore-Hoon & Turner, 2000).  Yeast two-hybrid studies also revealed that two domains 

located at the C-terminal tail of NKCC1 are responsible for the homo-oligomeric and self-

interaction of NKCC1 (Simard et al., 2004). Similarly, NKCC2 can also self-interact via the C-

terminal, in addition to forming a homo-oligomeric state at the cell membrane (Brunet et al., 

2005). This suggests that independent of phosphorylation, the C-terminal can act a self-

regulatory mechanism. Additionally, in heterologous expression systems NKCC2 co-

immunoprecipitates with itself, and NCC also co-immunoprecipitates with itself (Starremans et 

al., 2003; De Jong et al., 2003).   

 

Other studies have shown that the KCCs exist in dimeric states, where initially a study 

identified that KCC1 exists in a homo-oligomeric state at the plasma membrane, and truncating 

the amino and carboxyl termini abolished function (Casula et al., 2001). Another immunoblot 

study (Blaesse et al., 2006) discovered that KCC2 exists in multimeric states. However, it was 

unclear whether the oligomer is a homo-oligomeric or hetero-oligomeric structure. Shortly after, 

GST pull-down and yeast two-hybrid assays revealed that the KCCs can exist as homodimers, as 

well as functional heterodimers in some complexes (Simard et al., 2007). For example, KCC2 can 

form complexes with KCC2 and KCC4, and KCC4 can form complexes with KCC4, KCC2, and even 

NKCC1. Furthermore, immunoprecipitation assays by our group demonstrated that KCC3 and 

KCC2 can also exist as heterodimer complexes, although this complex is not properly trafficked 

to the plasma membrane, reducing cotransporter function (Ding et al., 2013). Ultimately, 
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dimerization of the cotransporters is absolutely necessary for transporter function, although it is 

still unclear whether the CCCs can form functional relevant heterooligomers. 

 

Function, Regulation, and Pharmacology of CCCs 

Function 

 The first line evidence of electroneutral coupled transport of Na+, K+, and Cl-  was 

provided by Geck et al., (1980) in mouse Ehrlich cells. The work showed that net fluxes of Na+, K+, 

and Cl- were furosemide sensitive (diuretic used in clinic to inhibit renal absorption of NaCl) 

(Greger & Schlatter, 1981), unaffected by the membrane potential, and that the transport of Na+, 

K+, and Cl-  was with a ratio of 1 Na+:1K+:2Cl-. The transporters responsible for the electroneutral 

transport of Na+, K+, and Cl-  were molecularly identified to be NKCC1 and NKCC2 in 1994 by our 

group and others (Delpire et al., 1994; Gamba et al., 1994; Xu et al., 1994; Igarashi et al., 1995).  

NCC on the other hand was identified a year earlier (1993) by Gerardo Gamba and Steven Hebert. 

It was from the flounder bladder and was the first member of the SLC12A family to be molecularly 

cloned (Gamba et al., 1993). NCC is a thiazide-sensitive sodium chloride cotransporter, in contrast 

to the other cotransporters, it does not carry K+ and is insensitive to loop diuretics, e.g. 

furosemide and bumetanide. It functions as an electroneutral transport of Na+ and Cl-, in a ratio 

of 1Na+:1Cl-. The Na+ independent K-Cl cotransporters (KCCs) have an ion stoichiometry of 

1K+:1Cl-. They have been first described in mammalian red blood cells (Dunham & Ellory, 1980; 

Lauf & Theg, 1980). KCC1 was the first K-Cl cotransporter to be molecularly characterized (Gillen 

et al., 1996), followed by KCC2, KCC3, and KCC4 (Payne et al., 1996; Mount et al., 1999).  The 
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transport properties (if any) of the last two members of the SLC12 family, CCC8 and CCC9, have 

yet to be discovered.  

 

Regulation 

The cation-chloride cotransporters fulfill major physiological roles in the body, including 

ion homeostasis, epithelial transport, and maintenance and regulation of cell volume. 

Consequently, the regulation of the electroneutral ion transport by these cotransporters is 

critical for proper physiological processes and survival. Most cation-chloride cotransporters 

respond to perturbations in extracellular osmolality and participate in regulatory volume increase 

(RVI) following a hypertonic shock and regulatory volume decrease (RVD) following a hypotonic 

shock (Hoffmann & Dunham, 1995; Hoffmann et al., 2009; Adragna & Lauf, 2007; Kregenow, 

1971a, b; Kregenow, 1981) (Figure 1-3). Phosphorylation and dephosphorylation are the key 

mechanisms by which acute modulation of the CCC activity occurs, whereas long-term 

modulation of their activity is mediated by gene transcription, protein trafficking and degradation 

(Table 1-1).  

 

In many cells, a decrease in intracellular [Cl-]i, or a decrease in cell volume (shrinkage) 

triggers the activation of a series of kinases leading to cotransporter phosphorylation. The kinases 

are with no K (lysine) (WNK),  STE20 (sterile 20)/SPS1-related proline/ alanine-rich kinase (SPAK),  

and oxidative stress-responsive kinase-1 (OSR1) (Piechotta et al., 2002; Piechotta et al., 2003; 

Gagnon et al., 2006; Piala et al., 2014). The activation of the WNK-SPAK/OSR signaling cascade 

stimulates the Na-K-2Cl cotransporters and inhibits the K-Cl cotransporters (Figure 1-3). In Cl-sec- 
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Figure 1-3. Schematic of functional regulation of the chloride coupled transporters leading to 
Na+ coupled regulatory volume increase (RVI) and K+ coupled regulatory volume decrease 
(RVD). Figure adapted from Arroyo et al., 2013, illustrating extracellular hypotonicity, cell 
swelling, and dephosphorylation by phosphatases (PPs), activating the K+ coupled and Na+ 
independent KCCs, leads to RVD. Conversely, extracellular hypertonicity, cell shrinkage, and 
phosphorylation by WNK-SPAK/OSR kinases, activates Na+ coupled NKCCs, leads to RVI.  
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reting epithelial cells, like intestinal enterocytes for instance, the activation of Cl- exit by Cl- 

channels (e.g. the cystic fibrosis transmembrane conductance regulator, CFTR) at the apical 

membrane leads to a decrease in intracellular Cl- which stimulates the basolateral Na-K-2Cl 

cotransporter and the replenishment of the anion (Matthews et al., 1998). Thus, sustained trans-

epithelial Cl- secretion requires the combined activities of apical channels and basolateral 

cotransporters. Similarly, in the distal convoluted tubule, a decrease in intracellular Cl- stimulates 

the kinase cascades and the Na-Cl cotransporter, leading to increased Na+ reabsorption (Gamba, 

2009).  Upon cell shrinkage, also depending upon the level of intracellular Cl-, NKCC1 activity is 

increased, leading to the uptake of ions and obligatory water and RVI, helping the cells recover 

their volume (Figure 1-3).  

 

Conversely, when cells swell, protein phosphatase-1 (PP1) is activated leading to K-Cl 

cotransporter dephosphorylation and activation, leading to increased KCC activity, loss of Cl-, and 

regulatory volume decrease (Figure 1-3) (Jennings & Schulz, 1991; Kaji & Tsukitani, 1991; Krarup 

& Dunham, 1996; Krarup et al., 1998). Transporter phosphorylation occurs at very specific 

threonine or serine residues (Table1-1). Depending on the type of tissue and cell type, different 

cation-chloride cotransporters are involved in the maintenance and regulation of cell volume. 

Hence, the SLC12 family are important plasmalemmal facilitators of RVI and RVD.  Interestingly, 

PP1 was the first protein identified as a regulator of CCC function (Jennings & Schulz, 1991; Kaji 

& Tsukitani, 1991; Krarup et al., 1998; Krarup & Dunham, 1996). The identification of the kinases 

(WNK-SPAK/OSR1) was not done until the early 2000s by our group (Piechotta et al., 2002; 

Piechotta et al., 2003). The identification of SPAK and OSR1 as interactors of the cation-chloride 
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cotransporters was made by yeast two-hybrid screens. First, SPAK was identified as an interactor 

of the N-terminus of KCC3, then NKCC1 and other transporters (Piechotta et al., 2002). Second, 

WNK kinases were identified as SPAK interactors through a screen that utilized the regulatory 

domain of SPAK as the bait (Piechotta et al., 2003). A year later (2004), the lab functionally 

demonstrated that WNK4 kinase activated SPAK, which in turn activated the cotransporter. It 

took 2 years for this study to be accepted for publication (Gagnon et al, 2006), as the model of 

successive activation that we proposed was against the prevalent idea at the time that WNK 

kinases were inhibitory to cotransporter function (Wilson et al., 2003). The original functional 

work was then confirmed by two biochemical studies (Morigushi et al., 2005; Vitari et al., 2005) 

and later functional studies (Kahle et al., 2005).  

 

SPAK had been previously cloned and characterized from rat brain by Ushiro (Ushiro et 

al., 1998) and mouse by Johnston (Johnston et al., 2000). Immunohistochemical analyses found 

SPAK to be expressed abundantly in brain and epithelial tissue, coincidentally where most 

transporters are functionally expressed (Ushiro et al., 1998). In addition to identifying that WNK 

is a binding substrate of SPAK and OSR1, Piechotta et al., discovered the binding of SPAK with 

KCC3, NKCC1, and NKCC2, the transporters that are functionally expressed in abundance in brain 

and transport epithelial tissue (Kaplan et al., 1996; Dharmsathaphorn et al., 1985; Pearson et al., 

2001). To confirm interaction of SPAK with the transporters, Piechotta et al., demonstrated with 

immunohistochemistry the expression (co-localization) of SPAK with NKCC1 along the apical 

membrane of the choroid plexus (Piechotta et al., 2003). In contrast, in the absence of the 

cotransporter (NKCC1 knockout mouse), SPAK expression was confined to the cytoplasm of the 
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same choroid plexus epithelial cells. In addition, when NKCC1 was found on the basolateral 

membrane (i.e. in salivary gland), the kinase was also found located on the basolateral 

membrane. 

 

The molecular identity of the WNK kinases was identified in the early 2000s (Xu et al., 

2000; Veríssimo & Jordan, 2001). Simultaneously, it was shown that mutations in human WNK1 

leads to a blood pressure disorder, called Gordon syndrome, by affecting the activity of the 

thiazide-sensitive Na-Cl cotransporter (Wilson et al., 2001). Mutations in WNK4 are also 

responsible for Gordon syndrome cases (Wilson et al., 2003). 

 

Pharmacology 

 One classification method of distinguishing the transporters from one another is based 

on their sensitivity to pharmacological inhibitors and loop diuretics: thiazide, furosemide, and 

bumetanide. Loop diuretics (furosemide and bumetanide) are named based on their mechanism 

of action at the loop of Henle in the kidney, where they function to reduce excess bodily fluid 

(edema) by increasing urine output. Thiazides can also be used to treat hypertension and  

congestive heart failure (Andreasen & Mikkelsen, 1977; Materson, 1983). Thiazides inhibit the 

distal convoluted tubule Na-Cl cotransporter, whereas furosemide and bumetanide inhibit the 

thick ascending loop of Henle Na-K-2Cl cotransporter 2 or NKCC2 (Forbush & Palfrey, 1983; 

Gamba et al., 1993; Payne et al., 1996). Kunau and coworkers were the first to demonstrate 

inhibition of renal Cl- reabsorption by thiazides (Kunau et al., 1975). NCC is inhibited by the 
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thiazide diuretics with IC50 of about 4x10-7 M in mouse, 3x10-7 in rat, and 7x10-6 in winter flounder 

(Vázquez et al., 2002; Sabath et al., 2004; Monroy et al., 2000). 

 

Loop diuretics also inhibit K-Cl cotransporters, but with a much lower affinity than the Na-

K-2Cl cotransporters (Lauf, 1984). There are also slight differences in bumetanide 

pharmacokinetics and ion affinities between NKCC1 and NKCC2 (Isenring et al., 1998). For 

instance, NKCC2 has several fold greater sensitivity to bumetanide, than NKCC1 where the NKCC1 

Km for bumetanide is 0.28 µM, and NKCC2 bumetanide Km is 0.08 µM. The ion affinity of Cl- is 

similar between NKCC1 and NKCC2, however NKCC2 has a higher affinity to Na+, and NKCC1 has 

a larger affinity towards Rb+/K+. In addition, NKCC2 is more sensitive to changes in intracellular 

Cl- levels and responds therein more acutely. Differences in pharmacokinetics can be attributed 

to differences in expression patterns of NKCC1 and NKCC2 and to the fact that the diuretics are 

mostly bound to albumin in the circulation and difficult to reach peripheral tissues, while the 

diuretic can be concentrated in the urine and free to act as the protein content of the urine 

should be low.  

 

In contrast to NKCCs, K-Cl cotransporters have much lower affinity for loop diuretics, and 

some differences between isoforms also exist. KCC4, for instance is much less sensitive to 

furosemide inhibition than KCC1, as the half-maximum inhibition values K(0.5) for KCC4 and KCC1 

were measured to be 900 µM and 180 µM, respectively. The IC50 of furosemide and bumetanide 

for rat KCC2 were determined to 6 x 104M (Delpire et al., 1999). On the other hand, KCC3 K(0.5) 

were measured at  ~200 µM and ~35 µM for KCC3a and KCC3b, respectively (Tanis et al., 2009; 
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Mercado et al., 2005). In an effort to generate better inhibitors of KCC2, our group undertook a 

screen of 300,000 compounds and identified novel inhibitory compounds that were several order 

of magnitudes more potent than the loop diuretics. The original screen identified ML077 with an 

affinity of 560 nM for KCC2 (Delpire et al., 1999).  Additional chemistry around the ML077 scaffold 

identified an inhibitor with an EC50 of 60 nM (Delpire et al., 2012).  

 

Epithelial ion transport 

 The Na-Cl, K-Cl, and Na-K-2Cl cotransporters play important roles in transepithelial 

transport. Expression of NCC and NKCC2 at the apical membrane of epithelial cells is important 

for salt reabsorption in the kidney. In contrast, expression of NKCC1 at the basolateral membrane 

of epithelial cells is important for salt secretion. Expression of KCC3 and KCC4 in the inner ear is 

important for transepithelial movement of K+ and auditory perception, as the loss of either KCC3 

or KCC4 results in deafness (Boettger et al., 2003; Boettger et al., 2002). KCC1 is also thought to 

be involved in transepithelial ion movement, salt reabsorption, and glucose reabsorption in the 

kidney, where it is expressed along with a splice variant of KCC3, and KCC4 (Liapis et al., 1998; 

Melo et al., 2013). KCC2 is the only cotransporter that is not affiliated with epithelial transport, 

as its expression is restricted to central neurons.  

 

Regulation of Cl- in the central nervous system 

In the mammalian nervous system, the primary permeant anion is Cl-. Tight regulation of 

its movement in and out of cells is critical for a variety of neurophysiological processes (Kahle & 

Staley 2012). Intracellular Cl- levels in neurons must be fine-tuned to ensure proper electrical 
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output responses to the amino acid neurotransmitters: γ-aminobutyric acid (GABA) and glycine. 

GABA is the primary inhibitory neurotransmitter in the adult brain, gating electrical activity and 

serving as a balance against glutamatergic excitatory inputs. In neurons, GABA binds ligand-gated 

GABAA receptors (GABAAR), triggering conformational changes that facilitate the passive influx or 

efflux of Cl- depending on the reversal equilibrium potential for Cl- (ECl). The [Cl-]i serves as an 

indicator of how a cell will respond to GABA: when [Cl-]i is low, such that ECl is negative relative 

to the neuron membrane potential (Vm), activation of GABAAR causes an influx of Cl- and 

hyperpolarization of the neuron, but when [Cl-]i is high, and ECl is positive compared to Vm, 

activation of GABAAR results in an efflux of Cl- and depolarization of the neuron.  

 

Stage of development is a key determinant of the [Cl-]i of a neuron in the central nervous 

system. During the postnatal period, as the brain matures in rodents, there is a developmental 

switch that causes GABA to shift from being excitatory to inhibitory, (Rivera et al., 1999; Ganguly 

et al., 2001). Mature neurons in the central nervous system (CNS) maintain a low [Cl-]i. This results 

in ECl being close to the neuron’s resting Vm and for GABA to elicit a hyperpolarizing effect on the 

membrane potential of the neuron. The low levels of intracellular Cl- in the mature CNS is 

primarily the result of higher expression levels of KCC2, which is only expressed in neurons in the 

CNS (Lu et al., 1997; Stein et al., 2004), and low levels of NKCC1 (Plotkin et al., 1997; Wang & 

Kriegstein, 2011). During embryonic development and the perinatal period, KCC2 expression is 

low in the brain; while NKCC1 levels are high, facilitating GABA depolarizing and excitatory 

responses. As a result of this expression pattern, immature CNS neurons have a high [Cl-]i (20-40 

mM higher than mature neurons), with the electrochemical driving force of Cl- out of the cell 
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leading to a depolarizing Cl- equilibrium potential (Sung et al., 2000; Ben-Ari et al., 1989). The 

evolutionary advantage of the switch in NKCC1 expression remains an unanswered question in 

the field. Still, even minute changes in the [Cl-]i of a neuron can drastically alter synaptic strength 

as well as the polarity of GABAergic neurotransmission.  

 

 Intracellular levels of Cl- is also an important factor for cell volume, as is setting the 

direction of GABAAR-mediated currents, since water flows in the same direction as the flux of 

ions (Kahle & Staley 2012). Neurons, glia, and other cells in the brain utilize [Cl-]i as a tool to 

defend against cell volume perturbations such as fluctuations in extracellular osmolality or 

intracellular solute or ion content that can compromise their structural integrity. Chloride 

homeostasis in neurons is thus a balance between cell volume regulation and GABAergic 

signaling; imbalance of this homeostasis has been linked to human diseases where the robust 

activity of NKCC1 is thought to contribute to neonatal seizures (Gamba, 2005). NKCC1 is also 

highly expressed in the mammalian choroid plexus, a specialized epithelium that plays an 

important role in the production and regulation of CSF. The choroid plexus is composed of a single 

layer of epithelial cells that forms a tight barrier resulting from the tight junction of complexes 

between the cells, effectively separating the cerebrospinal fluid (CSF) from the blood (Kim & Jung, 

2012). The choroid plexus thus restricts the passage of molecules and ions into the CSF. 

Additionally, the choroid plexus lines the ventricles of the brain, and by doing so supplies neurons 

and glia with essential nutrients from the periphery, removes toxins from the CNS, and facilitates 

communication between the neuroendocrine system and the brain (Wu et al., 2012). In contrast 

to NKCC1 expression on the basolateral membrane of secretory epithelia, NKCC1 is expressed on 
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the apical membrane of the choroid plexus where it somehow participates in the production of 

the cerebrospinal fluid (Plotkin et al., 1997; Karimy et al., 2016). There is still controversy as to 

which direction the ions flow through the cotransporter: from inside the epithelial cell to the CSF 

or from CSF to epithelial cell (Koumangoye et al., 2019; Wu et al., 2012; Steffensen, 2018; 

Gregoriades et al., 2019). 

 

Regulation of Cl- in the peripheral nervous system 

In addition to regulating Cl- in developing CNS neurons and choroid plexus, cation-chloride 

cotransporters play key roles in maintaining Cl- homeostasis in the peripheral nervous system 

(PNS). For example, NKCC1 is implicated in mammalian cochlear and vestibular function: SLC12A2 

knockout mice are deaf and display head bobbing and circling behavior known as 

“shaker/waltzer” behavior (Abbas & Whitfield, 2009; Delpire et al., 1999). These phenotypes are 

associated with pathologies in the chambers of the inner ear. The inner ear contains a specialized 

extracellular fluid known as the endolymph, which bathes the sensory organs of the inner ear. 

The endolymph contains high K+ and low Na+ levels, an atypical ion composition for an 

extracellular space that instead more closely resembles that of the intracellular milieu. The 

endolymph is generated by marginal cells of the stria vascularis in the cochlea, as well as by dark 

cells in the vestibular system (Zdebik et al., 2009).  

 

Endolymph volume is largely regulated by secretion of K+ ions. Mutations in the genes 

encoding for proteins that regulate K+ endolymphatic homeostasis results in a loss of 

endocochlear potential, a reduction in endolymphatic volume, and sensorineural deafness due 
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to hair cell degeneration (Abbas & Whitfield, 2009). NKCC1 is a key contributor to K+ secretion in 

the endolymph. NKCC1 is expressed on the basolateral membrane of marginal cells (Zdebik et al., 

2009) and transports K+ ions into the marginal cells from the intrastriatal fluid, which is then 

channeled out from the cell into the endolymph by K+ channels. Mice with complete loss of 

NKCC1 function demonstrate reduced endolymph volume and degeneration of hair cells (Delpire 

et al., 1999; Abbas & Whitfield, 2009). Interestingly, over-administration of loop diuretics in 

pediatric subjects can lead to reversible hearing loss (Bourke, 1976; Vargish et al., 1970). This 

ototoxicity is the result of decreased K+ secretion and loss of the endolymphatic potential 

(Marcus et al., 1987).  

 

NKCC1 and its regulation of intracellular Cl- are also important for sensory afferent 

signaling in the PNS. Unlike the CNS where NKCC1 undergoes a developmental downregulation 

from immature neurons to mature neurons, high NKCC1 expression persists in sensory afferent 

neurons throughout development and adulthood ( Alvarez-Leefmans et al., 1988; Sung et al., 

2000). This is the case for cranial ganglia such as the vestibular and spiral ganglia, as well as for 

dorsal root ganglia (DRG) (Mao et al., 2012). DRGs contain the cell soma of primary afferent 

sensory neurons, which modulate, gate, and transduce sensory information from the periphery 

to the spinal cord (Kishi et al., 2002). Several classifications of DRG neurons exist, and they are 

characterized by the size of their cell bodies and function. Type A DRG neurons are large and are 

coupled to touch, vibration, and proprioception (Krames, 2014), whereas type B neurons are 

smaller than their type A counterparts. Although smaller, type B neurons exceed the number of 
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type A neurons with a ratio of 71:29 and are associated with the sensation of pain or nociception 

(Sharpee, 2014).  

Not only do DRG cell bodies function as metabolic stores for peripheral processes, but 

studies have shown that they are also heavily involved in signaling. DRG cells identify specific 

sensory stimuli and respond by producing neurotransmitters in order to modulate the signaling 

processes (Devor, 1999). Humans have 31 pairs of spinal nerves carrying autonomic and 

sensorimotor information located between the spinal cord and the periphery (Gelderd & Chopin 

1977). The spinal nerves are composed of dorsal afferent sensory axons that become dorsal 

roots, as well as ventral efferent motor axons that become ventral roots. The spinal nerves 

emerge from the intervertebral neural foramina located between adjacent vertebrae and 

between the superior and inferior pedicles. The dorsal sensory root fibers travel laterally to 

connect their processes at a T-junction with their cell bodies, making up the DRG. Anatomically, 

the primary sensory nerve arises from the distal axons of the dorsal sensory root. The neuron’s 

peripheral receptive field is the start of the primary sensory neuron (Aldskogius et al., 1986). The 

receptive field is the region in which a stimulus, such as touch, injury, or inflammation, initiates 

neuronal firing, and ends at the CNS. The primary afferent neurons (PANs) are the largest neurons 

in the human body, reaching up to 1.5 m in length (Hogan, 2010).  

 

As stated previously, NKCC1 expression is high in PANs in DRG to maintain a high [Cl−]i 

(Sung et al., 2000; Mao et al., 2012; Rocha-González et al., 2008). This makes it possible for PANs 

to be consistently depolarized by GABA throughout adulthood (Desarmenien et al., 1984). 

GABAergic depolarization in PANs is mediated by Cl- efflux facilitated by GABAAR channels: the 
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electrochemical driving force of Cl- is outward because ECl is positive compared to Vm (Gallagher 

et al., 1978). The outward Cl- gradient is maintained throughout the entire cell surface of the 

PAN, including the cell soma in the DRGs, the central processes, as well as the peripheral 

processes (Alvarez-Leefmans et al., 1988). The exact mechanism of the excitatory depolarizing 

effect of GABAARs remains unknown, as is why excitatory depolarization does not lead to 

shunting inhibition as seen in mature neurons of the CNS. However, the extent of our current 

knowledge on the depolarization effect of GABA is that an increase in NKCC1 activity results in 

an increase in [Cl−]i, thereby increasing GABAA-mediated depolarization above action potential 

threshold (Figure 1-4). 

 

It is also thought that voltage-gated Ca2+ channel activation can lead to GABAergic 

depolarization by depolarizing the membrane enough to reach action potential threshold, 

resulting in a depolarization amplification effect (Aptel et al., 2007). Although Cl--mediated GABA 

depolarization is the main depolarization mechanism in sensory afferents, a subset of DRG 

neurons involved in nociception depolarize via the Ca2+-dependent depolarization mechanism. 

Data demonstrate that NKCC1 mRNAs and protein are expressed in virtually all types of DRG 

neurons (Mao et al., 2012). In addition to confirming that NKCC1 is the key player in maintaining 

[Cl−]i above equilibrium, studies have revealed that there is a downward “drift” in [Cl−]i, at various 

postnatal ages in single DRG neurons, although [Cl−]i, remains higher than ECl (Alvarez-Leefmans 

et al., 1988). However, a rapid transition in [Cl−]i does not occur as observed in neurons of CNS. 

In fact, KCC2 transcripts and protein are absent in DRG neurons, suggesting that Cl- homeostasis 

cannot be attributed to KCC2. These findings suggest that Cl- influx is unopposed by KCC2- media- 
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Figure 1-4. Depolarization effect of GABA in sensory afferents. High expression of NKCC1 in 
dorsal root ganglia maintains a high [Cl−]i. The electrochemical driving force for Cl- causes GABAAR 
mediated Cl- efflux, leading to membrane depolarization. 
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ted outward Cl- transport and support the Cl--mediated GABAergic depolarization model 

underlying PAD in the spinal cord. Nevertheless, the Cl- gradient in PANs plays a significant role 

at the peripheral endings by contributing to the rapid excitation of nociceptors by chemical 

mediators of pain that are released at the time of tissue damage (Alvarez-Leefmans & Delpire, 

2009). Similarly, at the central terminals, the Cl- gradient eventually gives rise to GABA-mediated 

PAD by spinal interneurons. PAD underlies presynaptic inhibition, a pervasive mechanism that is 

crucial in the gating and modulation of somatosensory information (Rudomin & Schmidt, 1999). 

Particularly, PAD decreases the relative intensity of incoming action potentials resulting in 

reduced PAN neurotransmitter release. GABAAR antagonists reduce the effect of PAD suggesting 

that PAD is mediated by spinal interneuron GABA release (Witschi et al., 2011). Supporting this 

hypothesis are data from behavioral tests conducted on NKCC1 knockout mice measuring pain. 

NKCC1 knockout mice exhibited a reduced response to noxious heat and touch-evoked pain 

(Sung et al., 2000; Laird et al., 2004). To further confirm the association of NKCC1 and the pain 

pathway, mice were treated with the NKCC1 specific inhibitor bumetanide via intrathecal delivery 

(Granados-Soto et al., 2005). Bumetanide was found to inhibit nocifensive behavior in formalin 

tests. Furthermore, intracolonic capsaicin injections in mice stimulated a rapid and transient 

increase in spinal phosphorylated NKCC1, which is the activated state of the transporter, and 

persistent trafficking of NKCC1 to the cell surface (Galan & Cervero 2005). In enhanced pain 

states, the enhancements of PAD might be necessary for inducing direct activation of spinal 

nociceptors instead of inhibiting incoming action potentials, a phenomenon known as dorsal root 

reflexes (Willis, 1999). Taken together, these findings indicate that NKCC1 might be a 

fundamental regulator of inflammatory and tissue damage in the sensory afferent pain pathway. 
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KCC3 

Chapter 2 is based on characterizing a human mutation in Protein Kinase D1 (PKD1) 

associated with human epilepsy and peripheral nerve hypermyelination, which causes KCC3 

cotransporter activation. To appreciate the potential effect of this mutation on KCC3, it is 

important to understand the functional relevance of KCC3 at a cell and molecular level, as well 

as the association of KCC3 with disease. KCC3 was identified and cloned by 3 independent groups 

in 1999 (Mount et al., 1999; Hiki et al., 1999; Race et al., 1999) and shares 75% homology with 

KCC1, 67%  homology with KCC2, and 65 % homology with KCC4. Similar to the CCCs, KCC3 

consists of 12 transmembrane domains, flanked by large intracellular -NH2 and -COOH domains, 

and a large extracellular loop between domains 5 and 6 (unique to the KCCs). Although KCC3 is 

well characterized, the quaternary protein structure of KCC3 has not yet been solved.  KCC3 is 

encoded by the SLC12A6 gene, and has been identified to have several N-terminally spliced 

variants (Pearson et al., 2001; Shekarabi et al., 2011a; Mercado et al., 2005) with two main 

isoforms: KCC3a, primarily expressed in the nervous system, and KCC3b, mainly expressed in the 

kidney. KCC3 is widely expressed in various tissue, such as brain, heart, muscle, kidney, placenta 

and red blood cells (Hiki et al., 1999; Mount et al., 1999; Race et al., 1999). Like all of the CCC 

family of transporters, KCC3 is subject to regulation by extracellular conditions and 

phosphorylation. Extracellular hypotonicity triggering cell swelling, high [Cl-]i, and protein 

phosphatases (PPs) involved in cotransporter dephosphorylation at sites Thr991 and Thr1048 

activates KCC3 (Table 1-1), thereby decreasing [Cl-]i, and resulting in regulatory volume decrease 

(RVD) of the cell. KCC3 is subsequently inactivated by phosphorylation via WNK/SPAK and OSR at 
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active sites Thr991 and Thr1048. KCC3 was recently identified as an interacting partner of  PKD1 

in a functional kinomic screen (Zhang et al., 2016). In this screen, a decrease in PKD1 resulted in 

increased P-KCC3 levels at its important phosphoregulatory sites Thr991 and Thr1048, consistent 

with the inhibitor effect of kinases on K-Cl cotransport. 

 
KCC3 is expressed in the peripheral and central nervous system. During development, 

expression of KCC3 is low at birth and in immature central neurons, subsequently increasing 

during postnatal development resulting in high expression in mature neurons (Pearson et al., 

2001). In the peripheral nervous system, KCC3 is expressed at relatively low amounts, particularly 

in dorsal root ganglia (DRG) neurons, sciatic nerves, and parvalbumin positive (PV+) sensory 

interneurons (Pearson et al., 2001; Ding & Delpire 2014). KCC3 is detected at high levels in the 

central nervous system, specifically in the brain and spinal cord. Tissue and cellular localization 

of KCC3 is predominantly found in the choroid plexus, amygdala, and interneurons of the 

hypothalamus (Pearson et al., 2001; Byun & Delpire 2007b; Shekarabi et al., 2011b). More 

importantly KCC3 is known to be confined to the myelinated  tracts of neurons, where disrupting 

KCC3 in mice results in abrogation of nerve signal propagation, denoting KCC3’s important role 

in saltatory conduction (Sun et al., 2010). Saltatory conduction of an action potential is the speed 

at which an action potential is propagated through a nerve axon (Nave & Werner 2014). This 

mechanism is regulated by the movement of ions by ion channels at the nodes of Ranvier, so it 

is not surprising that affecting the transport of ions via KCC3 interferes with saltatory conduction.  

 

KCC3 has been mapped to human chromosome 15q14 (Howard et al., 2002; Casaubon et 

al., 1996) and disruption of KCC3 in humans, results in a disorder, called ACCPN. ACCPN or 
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HSMN/ACC is an inherited genetic disorder due to a mutation in SLC12A6 resulting in loss of KCC3 

function. The disorder is prevalent in Quebec, Canada but also found sporadically in families 

throughout the world. Individuals with this disorder have different degrees of agenesis of the 

corpus callosum, but all suffer from severe sensorimotor neuropathy. The inherited Quebec 

mutation is 2436delG (Thr813fsX813) and individuals need to be homozygous to be diseased. As 

heterozygous individuals are asymptomatic, they are carriers and in some regions of Quebec, the 

frequency of diseased individuals is 1 in 2000; whereas the frequency of carriers is as high as 1 in 

20 people. The pathogenesis of the disease includes progressive motor and sensory neuropathies 

(Auer et al., 2016) with delays in motor and sensory function, mental disabilities, generalized 

hypotonia, and areflexia, resulting in the loss of the ability to walk and being confined to a 

wheelchair in most individuals.  

 

Severity of the agenesis of the corpus callosum can range between individuals: from 

complete loss of corpus callosum to partial or no loss at all. Damage to myelin or axons can result 

in several forms of neuropathies, so it is not unusual that a post-mortem study (Auer et al., 2016) 

revealed that individuals with ACCPN have a larger brain mass compared to matched control 

individuals, and exhibit axonopathies and tumor-like axon overgrowth. Since KCC3 participates 

in cell volume regulation and RVD in the nervous system, one can conclude that aberrant KCC3 

function affects the homeostatic osmotic set point of peripheral and central nerves resulting in 

cell swelling in ACCPN individuals.  
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Interestingly, a de novo KCC3 gain of function (GOF) mutation was identified and 

characterized by our group, in an individual with a rare form of peripheral neuropathy (Kahle et 

al., 2016), with neither parent displaying peripheral neuropathy nor carrying  mutations in KCC3. 

The missense mutation resulted in Thr991 to Ala substitution, Thr991 being one of the two main 

phospho-regulatory sites of the protein. The mutation leads to a constitutively active 

cotransporter. The other phospho-regulatory site Thr1048, was intact in the patient, and did not 

appear to compensate for the missense mutation at position 991. Unlike individuals with ACCPN, 

this patient did not exhibit any cognitive abnormalities, and only displayed a severe motor 

neuropathy. The motor component was more severe than the sensory component in the 

neuropathy.  

 

To understand the role of this mutation in KCC3 in vivo, and physiology, our group 

generated the first GOF KCC3 mouse model via CRISP/Cas9, expressing the same T991A mutation 

in the patient (Kahle et al., 2016). In this study, Bianca Flores in the laboratory assessed locomotor 

behavior in heterozygous and homozygous T991A mice via the accelerated rotarod and balance 

beam assays. Homozygous T991A performed significantly worse than WT and heterozygous mice 

in both the accelerated rotarod and balance beam assays, indicating poor coordination and 

balance, respectively. To assess the physiological implications of a GOF mutation in KCC3 on 

peripheral nerves on T991A mice, she also carried out nerve conduction experiments to 

characterize motor amplitude in latencies. This method of analyzing the efficiency of nerve 

conduction, teases apart whether the damage to nerves is axonal (by affecting the amplitude of 

signal) or due to myelin (by affecting its latency). This analysis helps with diagnosing the type of 
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neuropathy patients have. It was also established that the latency was increased, and the peak 

amplitude was decreased in both heterozygous and homozygous mice, indicating that the 

peripheral nerves are undergoing both demyelination and axonopathy. This is also illustrated in 

EM images that were taken on sciatic nerves of T991A mice through damage to myelin as well as 

changes in axonal diameters. These studies were in line with the patient’s phenotype, 

highlighting the detriment a point mutation at a regulatory site in KCC3 can make in peripheral 

neve pathology, nerve conduction, and motor coordination.  

 

In addition to the degeneration in nerves that occurs due to an abnormally functioning 

KCC3, it is important to note the osmotic imbalance that resulted from an over-active KCC3. In 

2002, the lab demonstrated that loss of KCC3 function resulted in axonal swelling  (Byun & Delpire 

2007a). In the case of the KCC3 GOF mice, axonal shrinkage was demonstrated (Flores et al., 

2018), clearly establishing that KCC3 is involved in the maintenance and regulation of nerve fiber 

volume. The importance of KCC3 on nerve integrity and excitability, gave rise to the central 

hypothesis of Chapter 2: PKD1 is involved in maintaining nerve integrity and excitability through 

KCC3. Aside from peripheral neuropathy, KCC3 LOF mutations also result in deficits in the central 

nervous system. Many HSMN/ACC patients present some degree of agenesis of the corpus 

callosum. Abnormal swelling and vacuolization is also observed in the brain. KCC3 knockout mice 

also have lower seizure thresholds as shown by field potential recordings in freely moving WT 

and KCC3-/- (Boettger et al., 2003).  

 

 



 33 

NKCC1 

 The body of work outlined in Chapter 3 is based on a single human case: a de novo 

mutation in the gene encoding NKCC1. This study addresses the cellular consequences of 

expressing the mutant NKCC1, shedding light into the metabolic complications experienced by 

the patient. Participation of NKCC1 in cell metabolism has never been reported, and Chapter 3 

explores how a mutation in NKCC1 can result in metabolic deficits. The Na-K-2Cl cotransporter 1, 

NKCC1 (formerly known as BSC2) is encoded by the SLC12A2 gene and is located in human 

chromosome 5q23.3, and similar to NKCC2 transports Na+, K+, and Cl- in a 1:1:2 stoichiometry 

(Delpire et al., 1994a). NKCC1 has a molecular weight of 130 kDa, and is ubiquitously expressed 

and sensitive to the loop-diuretic, bumetanide. Like all CCCs, NKCC1 is regulated by the WNK-

SPAK/OSR kinases, at residues Thr184, Thr189, and Ser202 (Delpire & Austin 2010) (Table 1-1). 

The structure of the zebrafish NKCC1 has recently been solved by cryo-EM. In this study, ion 

binding domains for Na+, K+, and Cl- have been identified, where there are two binding residues 

for Cl-. The Na+, K+ and Cl- binding sites in TM1 and TM6 are strategically in close proximity 

suggesting cooperative binding. The ion binding sites form between the scaffold domain and the 

core. This study also revealed that the C-terminal domain of one transporter interacts with a 

transmembrane domain of another transporter, forming the dimer interface (Chew et al., 2019). 

There are two alternatively spliced isoforms of NKCC1: NKCC1a and NKCC1b (Randall et al., 1997; 

Cutler & Cramb 2002). NKCC1b lacks exon 21, where it was previously thought exon 21 plays a 

role in trafficking to the basolateral membrane in polarized cells (Carmosino et al., 2008). NKCC1 

is expressed on the basolateral membrane of secretory epithelia (lung, salivary gland, sweat 

gland, lacrimal gland, intestine), the apical membrane of the choroid plexus of the blood brain 
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barrier, and in sensory afferents of the peripheral nervous system. Several motifs are thought to 

play important roles in trafficking NKCC1 to the basolateral membrane. Work by Carmosino et 

al., showed a dileucine motif in exon 21 of NKCC1, that is not present in NKCC2, is responsible for 

being targeted to the basolateral membrane (Carmosino et al., 2008). Our group further 

demonstrated the existence and importance of another dileucine motif close to the carboxyl 

terminal end that seemingly regulates NKCC1 trafficking to the basolateral membrane in 3-D 

cultures of MDCK cells (Koumangoye et al., 2018). Therefore, several sites might contribute to 

the differential targeting of NKCC1 in polarized cells.  

 

Mouse models of NKCC1 

NKCC1’s ubiquitous expression leads to the regulation of several physiological processes 

such as vascular smooth muscle cell contraction (VSMC), renal function, and indirect neuronal 

depolarization (Chipperfield & Harper, 2000; Soo et al., 2008; Dzhala et al., 2005). Delpire and 

coworkers were first to demonstrate the importance of NKCC1 function in vivo, by generating a 

NKCC1 knockout mouse model (Delpire et al, 1999). NKCC1 knockout mice exhibited severe 

phenotypes, including deafness due to deficits in K+ and endolymph secretion in the inner ear; 

pain perception, which is not surprising given NKCC1’s role in maintaining intracellular Cl- in 

sensory afferents; impaired intestinal secretion; decrease in salivation due to impaired parotid 

gland; infertility as seen by absence of spermatocyte production; and low blood pressure possibly 

explained by the role of NKCC1 in smooth muscle cells in the  vasculature (Delpire et al., 1999; 

Flagella et al., 1999; Sung et al., 2000; Laird et al., 2004; Pace et al., 2000). In epithelial cells lining 

the intestine, NKCC1 is expressed in the basolateral membrane, and plays a role in intestinal fluid 
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secretion. It is one of the major basolateral Cl- entry pathway and Cl- secretion through apical Cl- 

channels is the main drive for intestinal water secretion. As previously stated, NKCC1 is highly 

expressed in the peripheral nervous system where it is important for maintaining intraneuronal 

Cl- levels, necessary for the depolarizing act of the GABA (Sung et al., 2000). Other studies have 

demonstrated the effect of NKCC1 on sensory afferents in mice, where mice display prolonged 

response times to nociception and allodynia (Sung et al., 2000; Valencia-de Ita et al., 2006).  

 

The importance of NKCC1 function, and the generation of a novel NKCC1 mouse model, 

is highlighted by the first human clinical case with a mutation in the NKCC1 gene. Until recently, 

NKCC1 has not been linked to any inherited or non-inherited forms of human disease, which 

could have been interpreted as either evidence for multiple redundancy pathways to a loss of 

NKCC1 function or to early embryonic lethality in humans. However, this changed when an 8 year 

old patient with multi-organ failure was admitted to the Undiagnosed Diseases Program (UDP) 

at the NIH (Delpire et al., 2016). The patient suffers from orthostatic intolerance, complete 

bladder and gastrointestinal shut down, and endocrine insufficiencies (Delpire et al., 2016). Labs 

conducted on the patient, identified an abnormal increase in glycogen content as well as 

mitochondrial DNA copy number in the patient muscle and liver cells. In addition to identifying 

what seemed to be a metabolic deficit, whole exome sequencing conducted on the patient 

genome revealed that she had several mutations in protein encoding genes, including a de novo 

mutation in SLC12A2, the gene encoding NKCC1. Due to the widespread expression of NKCC1 and 

its importance in many cellular functions, the NKCC1 mutation was given the highest investigative 

priority.  
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This case was presented to our laboratory to further investigate the impact of the specific 

NKCC1 mutation. We confirmed that the patient carries an 11 base pair deletion in the SLC12A2 

gene, leading to a frameshift and to the introduction of a stop codon resulting in premature 

termination of the COOH-terminal end of the protein. The mutant was termed DFX for the last 

“intact” residue, aspartic residue (D), followed by the introduced residue, phenylalanine (F), and 

finally the stop codon (X). Rubidium tracer flux assays in Xenopus laevis oocytes expressing the 

NKCC1-DFX mutation showed that the transporter was non-functional. Concomitantly, 

immunocytochemistry performed in HeLa cells transfected with mutant NKCC1-DFX and WT 

NKCC1 revealed that the cells transfected with mutated NKCC1 had a diffuse expression of GFP 

tagged NKCC1-DFX in the cytoplasm compared to the stronger expression at the plasma 

membranes in cells expressing WT tdTomato tagged NKCC1. Similarly, immunocytochemistry on 

MDCK cells expressing NKCC1-DFX revealed that NKCC1 was targeted to both the apical and 

basolateral membrane, a profound effect since NKCC1 is endogenously expressed at the 

basolateral membrane of epithelial cells for proper function (Koumangoye et al., 2018; 

Koumangoye et al., 2019). Western blot analysis uncovered an increase in dimerization between 

the wild-type and mutant transporter, indicating that the mutant protein might exert a dominant 

negative effect on the wild-type transporter. To understand the effect of NKCC1-DFX in vivo, the 

lab generated a mouse model of the NKCC1-DFX human mutation via CRISPR/Cas9. NKCC1 

expression in secretory epithelia was assessed in salivary glands and intestine, and resulted in 

abnormal NKCC1 expression at the apical membrane. NKCC1-DFX mice also showed impaired 

water and goblet cell mucus secretion (Koumangoye et al., 2020). This phenotype supports the 

impairment of intestinal secretion observed in the  NKCC1 KO mouse (Flagella et al., 1999). I have 
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utilized the NKCC1-DFX mouse to address the deficits in energy homeostasis in the patient. The 

relationship between NKCC1-DFX and cell metabolism will be addressed in chapter 3. 

Interestingly, the publication of this first clinical case resulted in several physicians and 

investigators reaching out to our group with several additional cases of patients carrying 

mutations in NKCC1. Current studies are ongoing to identifying the regions of the protein most 

likely to result in human disorders when mutated.  

 

Dissertation Goals 

 It is quite apparent that the CCCs are vital for main physiological functions, especially in 

the kidney and nervous system. Although the expression of KCC3 in several tissue and its 

involvement in human disease has been established, its true function in the peripheral nervous 

system still remains a mystery. Similarly, the role of KCC3 in chloride regulation in the developed 

nervous system is well understudied, especially since NKCC1 is primarily responsible for the 

maintenance of intracellular Cl-. In particular, mechanistic pathways of interacting partners of the 

CCCs are not well understood, and for the first time, project 1 of this dissertation uncovers a 

possibly novel interacting partner of KCC3, PKD1, which we have several reasons to believe leads 

to peripheral neuropathy and neuronal hyperexcitability. We now know that affecting regulation 

of the transporters, leads to several diseased states in humans, and here we report for the first 

time the disruption of KCC3 function by a heterozygous de novo mutation (E79X) in protein kinase 

D1 (PKD1) resulting in its inactivation. The nonsense mutation in PKD1 (PKD1-E79X) was first 

identified in an individual presented with peripheral neuropathy, abnormal gait, and seizures. A 

previous study identified a novel interaction between PKD1 and KCC3, where inactive PKD1 
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results in decreased P-KCC3 at positions Thr991 and Thr1048, suggesting the increase in KCC3 

activity. This study, along with the association of KCC3 with peripheral neuropathy led to the 

central hypothesis that PKD1 is involved in maintaining the integrity of peripheral and central 

nerves through KCC3. We generated a mouse expressing the mutation PKD1-E77X to test the 

central hypothesis using the following aims, which is discussed in detail in Chapter II:  

 

Project 1: Peripheral nerve deficits and seizures associated with defective protein kinase D1  

• Specific Aim 1: Characterize PKD1 effect on activity and membrane expression of KCC3. 

Hypothesis: Inactive PKD1 results in increased KCC3 activity in Xenopus oocytes injected 

with cRNA of WT and inactive PKD1 and WT KCC3  

• Specific Aim 2: Establish PKD1 effect on peripheral nerve integrity in PKD1-E77X mice. 

Hypothesis: Inactive PKD1 results in nerve tomacula pathology and abnormal myelin 

thickness in peripheral nerves imaged with Electron Microscopy. 

• Specific Aim 3: Determine sensory/locomotor and CNS nerve behavior of PKD1-E77X 

mice. Hypothesis: Inactive PKD1 leads to sensory/locomotor deficits, and seizures in mice 

in battery of neurobehavioral tasks and pharmacological seizure induction.  

 

The second project of my dissertation is a personal feat, as it was the first to identify a novel 

role for NKCC1 in energy homeostasis, described in further detail in Chapter III. This work began 

when an individual with multi-organ failure, and fatigue, was admitted to the undiagnosed 

diseases program (UDP) at the NIH (Delpire et al., 2016). Lab reports revealed abnormally high 
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mitochondrial DNA content and glycogen levels in the liver and muscle cells of the patient. 

Elevated levels of mitochondrial DNA in muscle cells is a hallmark and biomarker of metabolic 

disease, explaining the nature of the patient’s fatigue. Whole-exome sequencing on the 

individual’s genome identified multiple mutations, including a heterozygous de novo mutation in 

the gene encoding for NKCC1 (NKCC1-DFX). Due to the widespread expression of NKCC1 in tissue, 

and its physiological importance, it was given the highest priority of investigation. We generated 

a novel mouse model expressing the NKCC1-DFX mutation using CRISPR/Cas-9 where we 

characterized the effect of the mutation in epithelial tissue, and its consequential impairment of 

intestinal secretion (Koumangoye et al., 2019; Koumangoye et al., 2018). In addition, I led the 

investigation of determining the impact of NKCC1-DFX on metabolism, where the central 

hypothesis is NKCC1 inactivation affects metabolic and energy homeostasis, tested by the 

following aims: 

 

Project 2: A mutation in the Na-K-2Cl cotransporter-1 leads to changes in cellular metabolism  

• Specific Aim 1: Establish mitochondrial DNA content and characterize mitochondrial and 

glycolytic respiration in NKCC1-DFX human fibroblasts, epithelial cells, and NKCC1 +/DFX 

and NKCC1 DFX/DFX mice. Hypothesis: NKCC1-DFX leads to elevated mitochondrial 

respiration and lower glycolysis in human fibroblasts expressing NKCC1-DFX, epithelial 

cells, and mouse fibroblasts expressing NKCC1-DFX 

• Specific Aim 2: Establish ER and oxidative stress in NKCC1-DFX mice. Hypothesis: 

Fibroblasts isolated from NKCC1 + /DFX NKCC1 DFX /DFX elicit mitochondrial oxidative stress, in 

addition to ER stress.   
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CHAPTER II 

 

PERIPHERAL NERVE DEFICITS AND SEIZURES ASSOCIATED WITH DEFECTIVE  
PROTEIN KINASE D 1  

 

Introduction 

Peripheral neuropathy 

As previously mentioned in Chapter I, genes affecting the CCCs result in damage to nerves 

in the PNS and CNS (Howard et al., 2002; Delpire 2007b; Kahle et al., 2016). Damage to nerves 

can be in the form of damage to myelin or axon of nerves leading to neuropathies (Pisciotta & 

Shy 2018; Barrell & Smith 2019). Damage affecting peripheral nerves leads to a disease termed 

peripheral neuropathy. There are different pathological forms of peripheral neuropathy, such as 

demyelinative neuropathy, hypertrophic “onion bulb” neuropathy, and axonal neuropathy 

(Katona & Weis 2018). Any type of peripheral neuropathy consequently affects signal conduction, 

which affects the function of many organs and lead to several disease states in humans (Uncini 

& Kuwabara 2015; Oh et al., 2015). Damage of myelin for instance highlights the importance of 

intact nerves on nerve function and physiology. Once a signal is received by the cell body of a 

neuron, myelin plays a critical role in its propagation throughout the axon via the nodes of 

Ranvier, through a process known as saltatory conduction (Akaishi, 2018; Waxman &Ritchie 

1993; Rosenbluth, 2009; Ulzheimer et al., 2004). At the nodes of Ranvier, the part of the axon 

that is unmyelinated, ions are exchanged across the axon membrane, regenerating the axon 

potential between the regions of the axon that are myelinated. Therefore, the signal is 

propagated along the axon at high speeds, without compromising or degrading the signal. 
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Because the exchange of ions plays a vital role in saltatory conduction, it is expected that a LOF 

in KCC3, which is expressed in neurons, results in abnormal myelin pathologies, thus peripheral 

neuropathies and ACCPN in humans (Kahle et al., 2016). Since peripheral neuropathy can affect 

peripheral nerve function, nerve conduction studies on KCC3 KO and KCC3-T991A (LOF) mice 

displayed slower nerve conduction velocities, with poor performance on locomotor tasks (Byun 

& Delpire 2007b; Kahle et al., 2016).  

 

Epilepsy 

 Abnormal neuronal function as a result of myelin damage, axonal atrophy, metabolic 

alterations, infections, pharmacology, traumatic brain injury, stroke, or brain tumor can result in 

permanent or transient alterations of the brain electrical activity ( Chen et al., 2016; Imad et al., 

2015; Zoons et al., 2008; Ferguson et al., 2010; You et al., 2011). For instance, a seizure is defined 

as a transient increase in electrical activity in the brain. The occurrence of multiple spontaneous 

seizures in individuals, is considered epilepsy (Stafstrom & Carmant, 2015). Epilepsy is thought 

to arise as a result of an imbalance between neuronal excitability and inhibition, leading to a 

hyperexcitable state, where seizures occur. Characterized by recurrent and unprovoked seizures, 

and depending on the type of seizure, epilepsy causes abnormal motor behavior, and/or loss of 

consciousness. According to the World Health Organization, epilepsy is the most common serious 

brain disorder worldwide, affecting ~50 million people worldwide (World Health Organization 

2019). In the year 2015, epilepsy affected about 1.2 percent of the population – 3.4 million 

individuals in the United States (Zack & Kobau, 2017). Epilepsy is currently treated by 

antiepileptic drugs (AEDs), aiming to restore the imbalance of neuronal excitation and inhibition, 
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by altering neuronal inhibition or repressing excitation (Kaeberle, 2018). Although extensive 

medical research has contributed to developing novel AEDs for decades, about a third to 50 

percent of patients continue to have seizures following the use of medication, also known as 

medication refractory epilepsy (Golyala & Kwan, 2017; Shorvon & Luciano, 2007; Kwan & Brodie, 

2000). The absence of a truly affective AED highlights the gap in knowledge, of understanding 

mechanisms by which epileptogenesis occurs. Several studies have identified the CCCs as 

contributors to the hyperexcitability or inhibition of neurons via GABA (Dzhala et al., 2005; Deeb 

et al., 2011). NKCC1 is responsible for maintaining high ECl in immature neurons and sensory 

afferents, leading to the depolarizing affect in GABA. Whereas KCC2 is important for maintaining 

low ECl in mature neurons in the brain and spinal cord, contributing to the hyperpolarizing 

GABAergic currents. Further, genetic variants resulting in LOF mutations in KCC2 have been 

identified in epileptic individuals (Kahle et al., 2014; Puskarjov et al., 2014; Huberfeld et al., 2007). 

Preclinical studies in rodents that were genetically engineered to have KCC2 or KCC3 LOF 

mutation, also displayed reduced Cl- efflux, decreased neuronal excitability, and epileptic seizures 

(Hübner et al., 2001a; Boettger et al., 2003; Tanis et al., 2009). Interestingly, in both cases of 

epilepsy associated with KCC2 and KCC3, K-Cl cotransport is diminished/reduced.  

 

There are many neurological disorders that have some overlap between peripheral nerve 

disease and brain hyperexcitability. For instance, Charcot-Marie-Tooth disease (CMT) and 

Multiple Sclerosis (MS) are prime examples of chronic neurological diseases that are primarily 

caused by damage to the myelin sheath of a neuron and/or nerve axon, abnormal myelination in 

the central nervous system (CNS) and peripheral nervous system (PNS). CMT is classified as a rare 
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hereditary peripheral neuropathy, affecting ~1 in 2500 people in the United States. Peripheral 

neuropathies are categorized into acquired neuropathies, hereditary neuropathies, and 

idiopathic neuropathies. Damage to myelin, demyelinative neuropathy, hypertrophic “onion-

bulb” neuropathy, axonal neuropathy, and hypermyelination are all forms of peripheral 

neuropathy. Peripheral neuropathy can be heterogenous depending on the gene mutation. For 

example, there are many forms of CMT depending on the type of gene that is affected. CMT1 is 

caused by abnormalities in the myelin sheath, and has several types. CMT1A for instance, is a 

result of a duplication event within chromosome 17 that contains the peripheral myelin protein-

22 (PMP22) gene (Thomas et al., 1997). PMP22 is an essential component of peripheral nerve 

myelin. The outcome of the duplication is an overexpression of the PMP22 gene resulting in 

hypermyelination and abnormal peripheral nerve function. Patients with this disease variant 

experience muscle weakness and sensory loss. Whereas patients with hereditary neuropathy 

with predisposition to pressure palsy (HNPP) (van Paassen et al., 2014), have a deleted copy of 

the PMP22 gene resulting in markedly lower levels of PMP22. Abnormal lower levels of PMP22 

leads to demyelinating neuropathy in HNPP patients, where they experience muscle atrophy, 

foot drop, and carpel tunnel syndrome.  

 

Similarly, MS is a heterogenous demyelinating disease in CNS neurons, and is the most 

common form of demyelinating disease (Love, 2006). Caused by both genetic and environmental 

factors, MS occurs due to the attack of the immune system (macrophages and T-cells) on CNS 

myelin (van der Valk and De Groot, 2000). MS affects 309.2 per 100,000 adults in the United 

States (Wallin et al., 2019), and clinical manifestations of the disease can vary from experiencing 
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no symptoms, to muscle weakness, ataxia, autonomic motor dysfunction, and sensory loss. Since 

damage to the myelin sheath results in abnormal neuronal activity, it is not surprising that a 

recent study identified MS patients are three – six times more likely to develop epileptic seizures 

compared to non-MS individuals (Lapato et al., 2017). It was demonstrated that MS mouse 

models have higher EEG activity, hippocampal demyelination, and loss of parvalbumin (PV+) 

interneurons, which are responsible for preventing neuronal hyperexcitability. Although both MS 

and CMT are treatable diseases, they are uncurable to date. 

 

Here, I describe a patient with myoclonic gait dyspraxia, jerky tremors, EEG generalized 

discharges, and peripheral neuropathy that affects primarily sensory neurons with normal brain 

structure. We show that the patient carries a de novo mutation in protein kinase D1 (PKD1). PKD1 

is a member of a family of serine/threonine kinases consisting of: PKD1, PKD2, and PKD3 

(Rozengurt et al., 2005). Phosphorylation of PKD1-3 plays an important role in intracellular 

transduction pathways leading to several cell functions but also leads to the mediation of 

neurogenic inflammation and pain transmission through protease-activated receptor 2 (PAR2) 

(Amadesi et al., 2009). Studies have shown that PKD1 is involved in inflammation and oxidative 

stress (Chiu et al., 2007; Storz et al., 2004), tumor pathogenesis (Guha et al., 2010; LaValle et al., 

2010), and cardiomyopathies (Fielitz et al., 2008; Harrison et al., 2006). Although, PKD1 has been 

shown to regulate protein trafficking and mediate dendritic branch stabilization in neurons 

(Bencsik et al., 2015; Bisbal et al., 2008), its role in the nervous system has been primarily studied 

in vitro and its role in in vivo models of neurodegenerative disease is understudied.  
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In a functional kinomics screen, we previously identified PKD1 as an interacting partner 

of the potassium chloride cotransporter, KCC3 (Zhang et al., 2016). KCC3 is an electroneutral 

cotransporter of K+ and Cl-, expressed in both the central and peripheral nervous system (Pearson 

et al., 2001; Shekarabi et al., 2011). The cotransporter is activated by dephosphorylation, and 

inactivated by phosphorylation at two specific residues: Thr991, and Thr1048 (Rinehart et al., 

2009). Inactivating mutations in human KCC3 are the cause of peripheral neuropathy associated 

with agenesis of the corpus callosum (ACCPN or Anderman syndrome) (Boettger et al., 2003; 

Howard et al., 2002). We and others have also previously shown that KCC3 loss-of-function and 

gain-of-function mutations yield peripheral and central nervous system neurodegeneration, 

locomotor deficits, and decreased seizure threshold in vivo (Boettger et al., 2003; Ding and 

Delpire, 2014; Howard et al., 2002; Kahle et al., 2016; Shekarabi et al., 2012). In this study, we 

generated a mouse model expressing the human mutation in PKD1 and confirmed that PKD1 

affects KCC3 activity in vitro. In addition, we demonstrate that mice expressing the mutant kinase 

exhibit similar nerve pathology to the patient, and are more susceptible to seizures.  

 

Material and Methods 

Kinship analysis 

 Relationship between proband, siblings, and parents in the Family NG1917 was 

estimated using the pairwise identity-by-descent (IBD) calculation in PLINK (Purcell et al., 2007). 

The IBD sharing between the proband, siblings and parents is between 45% and 55%. 
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Principal component analysis 

 To determine the ethnicity of each sample, the EIGENSTRAT (Price et al., 2006) software 

was used to analyze tag SNPs in cases, controls, and HapMap subjects as described before (Jin et 

al., 2017). 

 

Mapping and variant calling 

Whole exome sequencing was performed at the Yale Center for Genome Analysis. 

Genomic DNA was captured using the Nimblegen SeqxCap EZ MedExome Target Enrichment Kit 

(Roche) followed by Illumina DNA sequencing as previously described (Jin et al., 2017). At 

each site sequence reads were independently mapped to the reference genome (GRCh37) with 

BWA-MEM and further processed using GATK Best Practice workflows, which include duplication 

marking, indel realignment, and base quality recalibration, as previously described(Li and Durbin, 

2010; McKenna et al., 2010; Van der Auwera et al., 2013). Single nucleotide variants and small 

indels were called with GATK HaplotypeCaller and annotated using ANNOVAR (Wang et al., 2010) 

and Genome Aggregation Database (gnomAD) (Lek et al., 2016). The MetaSVM algorithm was 

used to predict deleteriousness of missense variants (“D-Mis”, defined as MetaSVM-deleterious 

or CADD ≥ 20)(Dong et al., 2015; Kircher et al., 2014). Inferred LoF variants consist of stop-gain, 

stop-loss, frameshift insertions/deletions, canonical splice site, and start-loss. LoF + D-Mis 

mutations were considered “damaging”. Variant calls were reconciled between Yale and PCH 

prior to downstream statistical analyses. Variants were considered by mode of inheritance, 

including DNMs, RGs, and X-linked variants.  
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CRISPR/Cas9 generation of PKD1-E77X mice 

 A mouse carrying the patient p.Glu79X mutation was generated using CRISPR/cas9 

technology. A 20-bp sequence (CGATGGAACAAGCCATCTCC), located in exon 1 of the mouse 

PRKD1 gene, and followed by CGG as protospacer adjacent motif was selected for guide RNA 

targeting sequence. This sequence flanked by BbsI sites was inserted in pX330, a vector 

expressing the guide RNA under U6 promoter, and cas9 under a hybrid chicken b-actin promoter. 

The vector was injected alongside a 196-bp repair oligonucleotide into 429 0.5 day B6D2 mouse 

embryos. The repair oligo contained 90-bp homology arms, a codon introducing a stop codon, a 

unique Nhe I restriction site, and a few additional third base mutations that prevent re-targeting 

of cas9 to the repaired DNA. Of 429 embryos injected, 301 survived and were transferred to 14 

pseudo-pregnant females, thereby generating 27 pups. At weaning, genotyping was done by 

amplifying a 384-bp fragment followed by sequencing. Two animals out of 24 (as 3 died, 8.7%) 

were identified as having a mutant allele. One male mouse (#19) was shown to have the stop 

codon at amino acid 77, but lacked the designed NheI restriction site (Figure 2-3). The other 

mouse had a frame shift that introduced a stop codon, 6 residues downstream of the cut site. 

We carried line 19 and crossed it to C57BL/6J female mice to demonstrate germline transmission. 

The lines were then further bred to the C57BL/6J mouse strain to dilute any possible off-target 

effects. 

 

Transmission electron microscopy  

Sural nerves were dissected from adult mice, then fixed with 2.5% glutaraldehyde in 0.1 

M sodium cacodylate for 1 hour at room temperature (RT) and then at 4°C overnight. The 
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Vanderbilt Electron Microscopy core further processed the sural nerve samples by washing and 

fixing them in 1% osmium tetroxide solution for 1 hour at RT and then with 0.5% OsO4 for 24 

hours. Then, the tissue samples underwent a series of ethanol dehydration steps (50% for 5 min, 

75% for 15 min, 95% twice for 15 min each, and 100% thrice, 20 min each) before they were 

embedded in Spurr resin at 60°C for 24 to 48 hours. Semi-thin sections (500 nm) were stained 

with toluidine blue and examined for positioning. Ultrathin sections (80 nm) were then cut and 

stained with uranyl acetate and lead citrate and placed on copper grids. Images were observed 

using a Philips/FEI T-12 transmission electron microscope. 

 

PRKD1+/E77X brain water content   

Fresh brains isolated from WT and PRKD1+/E77X mice were immediately weighed following 

extraction. Brains were placed in desiccating vacuum oven (VWR 1400E) at 110 °C for 48 hours. 

Desiccated brains weights were obtained to measure water content (wet brain – dry brain)/ (dry 

brain).  

 

Accelerated rotarod assay  

A neuromotor coordination task was performed using an accelerating rotating cylinder 

(model 47600; Ugo Basile, S.R. Biological Research Apparatus). Both controls (wild-types) 

PRKD1+/+ and heterozygous PRKD1+/E77X mice were tested. The cylinder was 3 cm in diameter and 

was covered with scored plastic. Mice were confined to a 4-cm-long section of the cylinder by 

gray Plexiglass dividers. Two to five mice were placed on the cylinder at once. The rotation rate 

of the cylinder increased over a 4-min period from 4 to 40 rpm. The latency of each mouse to fall 
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off the rotating cylinder was automatically recorded by the device. Mice that remained on the 

rotarod after the 300-s trial period were removed and given a score of 300 s. The test was 

performed as three trials daily for three consecutive days with an inter-trial interval of at least 30 

min.  

 

Balance beam assay  

To assess fine motor coordination and balance, we used a 1m-long steel balance beams 

of either 12 mm or 6 mm thickness. The beams were placed about 50 cm from the ground and 

positioned between two pillars. At the start of the test, mice began on an open, square platform 

and ended in an enclosed black box with bedding as motivation for the mice to cross. Mice were 

trained for 2 days (three trials per day for each beam) beginning with the thicker beam (12 mm) 

and progressing to the thinner beam (6 mm). The mice were tested consecutively on each beam 

with 10-min relief periods between each trial. The third day was used as the test day with three 

trials for each beam. The mice had about 60 s to traverse the beam and were scored on the 

neurological scoring system for beam walking adapted from Feeney and colleagues (Feeney et 

al., 1982). This scoring system is based on the ability of the mouse to cross the beam and accounts 

for the number of paw slips. The mice received a score ranging from 1 to 7, based on their ability 

to complete the task, to place affected limbs on beam, and on the number of paw slips. This 

neurological scoring system considers a high score of 7 to be indicative of a wild-type mouse 

phenotype with no coordination deficits, and a low score of 1 indicative of severe motor defects. 
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Foot-print (Gait) assay  

Gait was measured by coating the hind paws of each mouse with non-toxic black ink 

(Carters Brand Neat-Flo Inker for Felt/Foam Stamp Pads; Hill et al., 2004). Each mouse received 

a single trial in which it was placed at the beginning of a 40 × 10 cm runway paper and permitted 

to run freely to the end. The middle toe print was used for gait measurement, recorded as the 

mean distance (in cm) of three consecutive right hind paw prints. 

 

Open-field  

Exploratory locomotor activity was measured in specially designed chambers measuring 

27 x 27 cm (Med Associates), housed in sound-attenuating cases over a 30 minute period. 

Infrared beams and detectors automatically record movement in the open field. Locomotor 

activity was measured over a period of 30 min.  

 

Porsolt forced swim test  

For this test, mice were placed in a large beaker, filled with 25-27°C water, such that they 

cannot escape from the beaker and cannot touch the bottom. On each of two consecutive days 

each mouse is individually placed in the beaker for 5-15 min. Latency to float, and amount of time 

spent struggling are measured. The mouse is monitored during the task, either by direct 

observation, or with a live video feed. If a mouse is struggling to keep its mouth above water or 

seem in danger of drowning, it is removed from the beaker immediately and excluded from the 

study. At the completion of the test, the animal is removed from the beaker, towel dried, and 

recovered for 10-20 min in a warm cage (~35-37°C) sitting on a heating pad. 
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Hot plate assay  

Hotplate assay was performed by placing the mice individually on a platform maintained 

at 52-55°C (Hotplate Analgesia Meter, Columbus Instruments, Columbus, OH). A plastic cylinder 

15-cm in diameter and 20-cm high confined the mouse to the surface of the hotplate. The time 

necessary for the mouse to respond to the thermal stimulus (hindpaw fluttering, licking, or 

withdrawal) was measured with a stopwatch. After the initial response or the maximum cut-off 

time of 15 sec, the mice were removed from the hotplate and returned to the home cage. A 

minimum recovery period of 1 h was implemented between hotplate assay sessions. 

 

Von-Frey filaments  

Somatosensory responsiveness was assessed using Von Frey filaments. Filaments of 

various diameters were pressed against the plantar surface of the mouse’s foot. The filaments 

bend, producing a constant force of application from 0.01 to 10 mN. The filaments were used in 

ascending order until a foot withdrawal response was observed. The force exerted by the 

filament that elicits a withdrawal response was taken as the threshold. 

 

Kainic acid administration and behavioral scoring of seizures  

Behavioral observations began immediately following intraperitoneal administration of 

20 mg/Kg kainic acid per mouse and continued for up to 1 hour, after which, mice were returned 

to their home cage or sacrificed. Cages were not returned to the vivarium until at least 3 hours 

after drug administration when it was confirmed that no further seizures were observed. Mice 
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were scored live at the time of the treatment and videotaped for additional coding of activity 

levels by a second experimenter, who was fully blinded to experimental conditions. Mice were 

rated for immobility time (Table 2-1) across three continuous 10-min time bins. Kainic acid was 

scored according to a modified Racine scale in which stage 3 head bobs represents myoclonic 

jerks.  

 

Xenopus laevis oocytes  

Oocyte-positive Xenopus laevis female frogs were maintained in static aquaria as 

previously described (Delpire and Gagnon 2011). For surgery, frogs were anesthetized with 

buffered tricaine (1.7 g/L + 3.4 g/L Na-bicarbonate), placed on a wet stack of paper placed on ice, 

and a small 4- to 6-mm incision was made on the lower abdomen by using a disposable sterile 

scalpel (Feather #11; Fisher Scientific). Ovarian lobes were externalized with sterile curved 

forceps, removed with sharp scissors, and placed in a 10-cm plastic culture dish containing Ca2+-

free ND96 (96 mM NaCl, 4 mM KCl, 0.8 mM MgSO4, HEPES 5 mM, pH 7.4—185 mOsM). The 

incision was sutured with three to four stitches by using 4–0 monofilament nylon surgical suture 

(DemeTech; 18-mm needle, three-eighth circle, reverse cutting). After the frogs recovered from 

anesthesia in shallow water, they were returned to their housing and recovered for a minimum 

of 8 wk. Oocytes (stages V–VI) were defolliculated by 4 × 90-min treatments (vigorous shaking at 

4°C) with 5 mL divalent-free ND96 containing 9.5 mg/mL collagenase D with washes between 

treatments. After the final wash, oocytes were placed in modified L15 (250 mL Leibovitz L15 

Ringer [Invitrogen], 200 mL deionized water, 952 mg HEPES [acid form], and 400 µL of 50 mg/mL  
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Table 2-1. Modified Racine Scale  

Stage 1 Immobility/flattening 

Stage 2 Extension of forelimb and/or tail extension, rigid posture 

Stage 3 Tics, repetitive movements, head bobs 

Stage 4 Rearing and falling 

Stage 5 Continuous rearing and falling, barrel rolling 

Stage 6 Severe tonic-clonic seizures 

 
Table 2-1. Modified Racine scale to score stages 1-6 of seizures in mice after kainic induction.  
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gentamycin [Invitrogen]; pH 7.0; 195–200 mOsM), filtered on 0.22 µm cellulose acetate 

membrane and allowed to recover overnight in a 16°C incubator. 

 

cRNA Transcription and Injection 

cDNA clones inserted in pBF were linearized with the restriction enzyme MluI and 

linearized DNA (2.5 µg) was transcribed into cRNA using the mMessage mMachine SP6 

transcription kit (Ambion). cRNA quality was verified by gel electrophoresis (1% agarose, 0.693% 

formaldehyde) and quantitated by measurement of absorbance at 260, 280, and 320 nm. The 

day after isolation, oocytes were injected with 50 nL water or cRNA mixture (15 ng cRNA or as 

indicated) by using a 10-µL digital microdispenser (Drummond Scientific) fitted with sterile pulled 

glass capillary tubes. 

 

K+ Influx Measurements in oocytes  

For 10 min in an isosmotic solution containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 

mM MgSO4, 5 mM Hepes (pH 7.4), and 1 mM glucose. At the end of the preincubation period, 

the medium was aspirated and replaced with identical solution containing 100 µM ouabain, and 

86Rb (5 mCi/ml). After a 1-hr 86Rb uptake, the oocytes were washed three times with ice-cold 

buffer, individually placed in liquid scintillation vials with 200 µl of 0.25 N NaOH for 1 hour, and 

neutralized with 250 µl of acetic acid glacial. Liquid scintillation fluid (5 ml, Biosafe II) was added 

to each vial, and radioactivity was counted using a Packard Tri-Carb b-scintillation counter. K+ flux 

was calculated from 86Rb counts and expressed in nanomoles K+ per oocyte per hour. Calculation 

was based on measuring and averaging the counts (cpm) of 5 ml of aliquots of radioactive 
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extracellular solution and relating these counts to the amount of K+ contained in these aliquots 

(e.g. 1 cpm = 2.5 pmol K+). 

 

Cell culture and surface biotinylation  

HEK293FT cells transfected with GFP-tagged KCC3 and His-6-strep II-tagged PKD1 were 

grown in 10-cm Corning culture dishes at 37oC, air/5% CO2. For biotinylation, cells were washed 

in ice cold CaCl2 and MgCl2 containing HBSS (HBSS2+), then incubated with freshly prepared Sulfo-

NHS-biotin (Thermo Scientific, Waltham, MA, 0.5 mg/mL in cold HBSS2+ for 30 minutes at 4oC. 

After 2 washes with ice cold HBSS2+, 1 mL of lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 

1% Triton X-100 with proteases inhibitors) was added to the plate and cells lysate was collected. 

Biotinylated (cell surface) proteins were isolated by immunoprecipitation with streptavidin 

agarose beads (Thermo Scientific). Streptavidin immuno-precipitated proteins and whole cell 

lysate were used to detect cell surface and total cellular KCC3 by immunoblotting.   

 

Immunoblotting 

Equal volumes (40 µL) of cell lysates in sample buffer was subjected to gradient (4-20%) 

SDS-polyacrylamide gel electrophoresis (PAGE) and proteins were transferred to polyvinylidene 

fluoride (PVDF) membranes (Thermo Fisher Scientific). Membranes were probed with primary 

antibodies overnight at 4°C (KCC3, His-6 [Millipore], and Ezrin [Millipore]), followed by 

horseradish peroxidase (HRP)-conjugated secondary anti-mouse (Jackson ImmunoResearch) or 

anti-rabbit antibodies (Sigma-Aldrich), and revealed using enhanced chemiluminescence 

(PerkinElmer). 
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Immunofluorescence 

HEK293FT cells transfected with GFP-tagged KCC3 and His-6-strep II-tagged were cultured 

on glass coverslips until they reached 100% confluency. Cells were fixed with cold (−20°C) 

methanol, washed with 3 X 5 min with HBSS2+, and followed by incubation in blocking buffer (5% 

BSA, 0.1% Triton X-100, and 0.1% Tween 20 in HBSS2+) for 2 h and incubation with primary 

antibody overnight. Slides were washed 3 × 5 min with HBSS2+, and incubated with fluorophore-

conjugated (Cy3 or FITC) secondary antibodies for 1 h. Chambers were removed from the 

microscope slide and mounted with ProLong Gold antifade reagent with DAPI (Invitrogen). Slides 

were imaged on a Zeiss LSM 880 laser scanning confocal microscope. Samples were scanned 

using a ×63 oil objective. The images were exported as TIFF files using Zeiss ZEN Lite 2012 

software. 

 

qRT-PCR 

Sciatic nerves were isolated from WT or PRKD1+/E77X mice, lysed and processed using 

the RNeasy mini kit (Qiagen). RNA quality and quantity were assessed by measuring absorbance 

at 260, 280, and 320 nm. Reverse-Transcription was performed by incubating 1 µg RNA with 

random hexamers, dNTPs, and SuperScript II (Invitrogen), for 1 hour at 37oC, followed by 

denaturation for 5 min at 95oC. Quantitative PCR reactions contained 12.5 µl SYBRTM Green PCR 

master mix (Applied Biosystems, Foster City, CA), 1 µl each primer (1 µM), 9.5 µl water, and 1 µl 

cDNA. Relative mRNA expression levels were calculated by the DDCt method. Statistical analysis 

was performed using one-way analysis of variance (ANOVA). 
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Primers 
(mouse 
genes): 

Target Forward primer (5'-3') Reverse primer (5'-3') 
Mpz CGGACAGGGAAATCTATGGTGC TGGTAGCGCCAGGTAAAAGAG 
Pmp22 CATCGCGGTGCTAGTGTTG AAGGCGGATGTGGTACAGTTC 
Mbp ACACGAGAACTACCCATTATGGC CCAGCTAAATCTGCTGAGGGA 
Nrg1 type 3 TGCATTGCTGGCCTAAAGTG GTTCTTCCGGGTGGGTACTG 
Erbb11/2 ACCGACATGAAGTTGCGACTC AGGTAAGCTCCAAATTGCCCT 
Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 
 

 

Results 

Clinical presentation of peripheral motor neuropathy and seizures 

The PKD1 mutation was first discovered in a young female patient who developed an 

unusual and progressive seizure disorder. The patient presented at age 7 with a first-time seizure, 

during which she experienced an episode of whole body shaking and intermittent leg weakness. 

She continued to have similar episodes occurring multiple times during sleep, which typically 

occurred 2-3 hours after sleep onset, lasting 30 seconds to 2 minutes. At the time of first 

presentation, her past medical history was negative and family history significant only for a 

diagnosis of epilepsy in her sister (Figure 2-1A). Her exam was normal, and after initial workup, 

she was diagnosed with idiopathic generalized epilepsy syndrome after multifocal myoclonic 

seizures were captured on EEG. After further EEG studies and clinical evaluation, she was 

diagnosed with juvenile myoclonic epilepsy (JME) and her symptoms were partially responsive to 

valproic acid (VPA) and clonazepam. However, over the following couple of years her symptoms 

progressed despite treatment. She began having daytime seizures as well as progressive 

unsteadiness of her feet, gait and fine motor dyspraxia, worsening action/intention tremor of her  



 58 

 

 

Figure 2-1. Patient with normal brain MRI and abnormal myelination of peripheral nerves. (A) 
Magnetic resonance imaging (MRI) of the brain no identifiable pathology. There is a normal 
sulcation pattern, hipoccampi are symmetric, and normal in signal and morphology. The 
brainstem is also normal in signal and morphology, with no evidence of atrophy. (B) Electron 
microscopy of sural nerve biopsy tissue showing highly abnormal degree and pattern of 
myelination, with hyper-myelinating fiber. (C) Pedigree of affected patient with de novo variant 
in PRKD1 with epilepsy (red symbol) and healthy family members (open symbols). (D) Sanger 
sequencing chromatogram confirming E to Xaa PKD1 mutation in the proband. 
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hands and feet with development of a wide based and tremulous gate, and hyperreflexia. Given 

the progressive nature and unclear etiology of her condition, she underwent further diagnostics, 

including an MRI of the brain as well as sural nerve and muscle biopsies.  

 

Identification of the mutation in the clinical case  

Initial workup involved MRI of the brain, which revealed normal morphology, and a follow 

up MRI nine years later continued to show unremarkable findings (Figure 2-1C). The biopsies 

performed, however, suggested unusual abnormalities in myelination. The muscle biopsy tissue 

showed well preserved fascicles and normal staining. The sural nerve biopsy, however, 

demonstrated an abnormal degree and pattern of myelination. Electron microscopy of the nerve 

biopsy was then performed which demonstrated nonspecific nerve sheath degeneration and 

hyper-myelinating Schwann cells (Figure 2-1D). Metabolic and genetic testing performed initially 

did not uncover any known mutations, therefore, whole exome sequencing was performed, 

which uncovered the mutation in PKD1. 

 

Effect of catalytically inactive PKD1 mutation on KCC3 function 

PKD1 was identified as a hit in a kinome-wide RNAi screen carried out in HEK293 cells 

expressing KCC3. The screen was designed to recognize genes required for KCC3 phosphorylation 

at residue Thr991 (Zhang et al., 2016). In addition, this study demonstrated that PKD1 knockdown 

in HEK293 cells resulted in decreased KCC3 phosphorylation at residues Thr991 and Thr1048. Given 

the importance of residue Thr991 phosphorylation in swelling-induced stimulation of  KCC3  

activity (de Los Heros et al., 2014; Rinehart et al., 2009), the swelling-regulated function of KCC3 
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was assessed in Xenopus laevis oocytes co-injected with wild-type or catalytically inactive PKD1 

(Figure 2-2A). Oocytes expressing catalytically inactive PKD1 demonstrated a small but significant 

increase in K+ influx, consistent with decreased phosphorylation of the cotransporter. To assess 

whether the increase was related to increased membrane expression, we co-transfected HEK293 

cells with KCC3 and wild-type or mutant PKD1 kinase. Immunoblot assays (Figure 2-2C) revealed 

no change in the level of KCC3 expression at the plasma membrane, irrespective of PKD1 activity. 

Note that the kinase was shown to co-localize with the cotransporter (Figure 2-2B), indicating 

that the proteins are likely to be part of a multi-protein complex. These results indicate that an 

increasee in KCC3 mediated K+ flux is due to the increase in KCC3 activity and not the expression 

at the plasma membrane. 

 

Generation and characterization of PRKD1-E77X mice 

Using CRISPR/Cas9 gene editing, we created a mouse that reproduces the PKD1-E79X 

mutation found in the human patient. In the mouse, residue E79 is located at position 77 and 

thus, we created a PKD1-E77X mouse line (Figure 2-3). After backcrossing a founder line to 

C57BL/6J mice for 4 generations, we crossed heterozygote mice to produce wild-type, 

heterozygous, and homozygous littermates.  As seen In Figure 2-4, there was a significantly low 

number of homozygous animals generated. Out of 125 pups produced in 16 litters, only 3 

homozygote animals were produced. Thus, in contrast to the sex of the mice which was 

distributed according to a Mendelian distribution (X2 = 3.53, P = 0.060), the mutant PKD1 allele 

was not properly distributed (X2 = 34.186, P < 0.001).    
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Figure 2-2. Catalytically inactive PKD1 results in increase in KCC3 mediated potassium flux and 
no change in expression at the membrane. (A) Xenopus laevis oocytes injected with KCC3, WT 
PKD1, or catalytically inactive PKD1 cRNA. Oocytes injected with mutant PKD1 result in increase 
in K+ flux. One-Way ANOVA was used to measure significance (P < 0.05). (B) Immunofluorescence 
images of HEK293 cells transfected with WT KCC3 (right) and WT PKD1 or catalytically inactive 
PKD1 (left). (C) Western blot analysis of cell surface (biotinylated fraction) versus cell lysate KCC3 
in HEK293 cells transfected with mutant or wild-type PKD1, and wild-type KCC3. SDS-PAGE 
contained 4-20% acrylamide. Membrane was probed with anti-KCC3 antibody. (D) Quantification 
of (C) unpaired t-test (not significant, p=0.1877). 
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Figure 2-3. CRISPR design of PKD1 mutation. (A) Cas9 targeted to the DNA region of interest by 
guide RNA introduces a break site (arrowhead) in DNA where the mutation will be introduced. 
(B) Desired mutation introduced by single stranded repair DNA. (C) Actual mutation introduced 
by single stranded repair DNA. (D) Sanger sequencing chromatogram confirming the PKD1-E77X 
mutation in mice consisting of a nonsense mutation at position 77 of the protein resulting in a 
nonfunctional kinase. 
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Figure 2-4. Deficit in homozygous offspring from PRKD1+/E77X breedings. Sex and genotypes of 
125 pups generated from 18 litters. The number of females slightly exceeds 50% while the 
number of males comes slightly short of 50%. Chi square analysis revealed Mendelian distribution 
(P = 0.06, not statistically different from expected). Only 3 homozygote PRKD1 E77X/E77X mice were 
generated. Chi square analysis revealed non-Mendelian distribution (p < 0.001).  
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To assess nerve pathology in the PKD1 mutant mice, we isolated the sural nerves of WT, 

PRKD1+/E77X, and PRKD1E77X/E77X mice and processed them for electron microscopy (Figure 2-5). 

While the morphology of the nerve fibers was overall normal (Figure 2-5, A-F), several nerve 

tomacula pathologies were identified in sural nerves of PRKD1E77X/E77X mice (Figure 5, H-I) similar 

to the pathology seen in the patient (Figure 1). We then assessed sural nerve fiber thickness, by 

measuring g-ratios on sural nerves isolated from WT, PRKD1+/E77X, and PRKD1E77X/E77X mice. 

PRKD1E77X/E77X mice nerve fiber g-ratios were significantly lower than in wild-types and 

heterozygote mice (P < 0.01) (Figure 2-6A), possibly indicating larger fibers. To determine if the 

decrease in g-ratios was due to myelin thickness and/or axon diameter, we individually measured 

these two parameters on a large number of fibers, and could assign the increase in g-ratio solely 

to an increase in myelin thickness (Figure 2-6B). There was no measurable difference in axon 

diameter (Figure 2-6, C and D). Using qRT-PCR, we assessed sciatic nerve mRNA expression levels 

of protein that are involved in the regulation of myelin (Nrg1 type 3, ErbB1, PMP22, myelin P0, 

and MBP)  but did not observe any differences between WT and PRKD1E77X/E77X (Figure 2-7). 

 

To determine if the nerve pathology affected basal motor function and/or fine motor movement 

in the mice, we performed several neurobehavioral tests on wild-type and heterozygote mice, as 

unfortunately, the breeding did not produce homozygote mice for these experiments. Male and 

female mice of age P60-P70 were subjected to the accelerated rotarod (Figure 2-8A), balance 

beam (Figure 2-8, B and C), open-field (Figure 2-9, A-C), Porsolt forced swim (Figure 2-9D), and 

foot print (Figure 2-10, A-D) tests. There was no observed abnormal locomotor phenotype in the  

mutant PRKD1+/E77X mice, compared to their wild-type counterpart. As the sural nerve has a  
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Figure 2-5. PRKD1E77X/E77X fibers exhibit the myelin tomacula pathology observed in sural nerve 
fibers of the patient. Electron micrographs of transverse sections of sural nerves extracted from 
wild-type (A-C), PRKD1 +/E77X (D-F), and PRKD1 E77X/E77X (G-I) mice. Scale bars = 5 µm (A-G) and 2 
µm (H & I). Tomacula pathology observed in PRKD1 E77X/E77X homozygote mice (H-I). 
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Figure 2-6. Normal axon diameter in PKD1 heterozygous and homozygous sural nerves, but 
lower g-ratio due to thicker myelin. (A) Box-and-whisker plot analysis of axon diameter of WT (n 
= 4 mice, 8100 fibers), PRKD1 +/E77X (n = 4, 8100), and PRKD1 E77X/E77X (n = 3, 6200) sural nerves. 
(B) Histogram analysis of axon diameter in WT, PRKD1 +/E77X and PRKD1 E77X/E77X sural nerves. (C) 
g-ratio analysis of sural nerves of WT, PRKD1 +/E77X, and PRKD1 E77X/E77X axons, where PRKD1 

E77X/E77X axons have lower g-ratio. The g-ratio is calculated as: axon diameter/fiber diameter. (D) 
Myelin thickness measured in WT, PRKD1 +/E77X, and PRKD1 E77X/E77X sural nerves. PRKD1 E77X/E77X 
sural nerves have increased myelin thickness. One-way Analysis of Variance with **p < 0.0001, 
***p <0.00001. 
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Figure 2-7. No change mRNA expression of various myelin protein in sciatic nerves of PRKD1+/+ 
and PRKD1 +/E77X . (A-E) Fold change of mRNA expression levels of Nrg1 type 3, ErbB1/2, MBP, 
PMP22, and MPZ in sciatic nerves of PRKD1+/+ (white, n = 7), PRKD1+/E77X (black, n =7). Student’s 
unpaired t-test, n.s. = non-significant. Fold change is normalized to WT and is calculated by the 
delta Ct method. 
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Figure 2-8. No change in motor coordination and balance as determined through accelerated 
rotarod and balance beam test. (A) Latency to fall on accelerated (4 rpm – 40 rpm) rotarod in 
WT (n = 19) and PRKD1 +/E77X (n = 18) mice. The mice underwent three trials a day for 3 days. 
Assessment of time (in sec) to platform and neurological score of mice placed on 12-mm (B) or 
6-mm (C) beams. The number of mice analyzed was for WT (n = 19) and PRKD1 +/E77X (n = 18). 
Student’s unpaired t-test, n.s. 
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Figure 2-9. No difference in locomotor behavior between WT and PRKD1 +/E77X mice. (A) Open 
field assay assessing distance traveled by WT (n = 25) and PRKD1+/E77X mice (n = 19) over a 30 min 
trial. Laser tracking of WT and PRKD1 +/E77X mice subjected for 30 min to open field test. (B) 
Analysis of distance traveled as a function of time. Data were acquired by 5 min increments. (C) 
Time spent immobile during the Porsolt Forced Swim test in WT and PRKD1 +/E77X mice. Student’s 
unpaired t-test, n.s. 
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Figure 2-10. No abnormal gait identified via gait analysis in WT and PRKD1 +/E77X mice. (A) 
Representative measurement of the different gait parameters. (B) Stride length, (C) Sway length, 
and (D) Stance length measured in WT (n = 24) and PRKD1 +/E77X (n = 25) mice. All distances are 
represented in centimeters. Student’s unpaired t-test, n.s. 
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purely sensory function, we also assessed response to noxious, mechanical and heat stimuli 

through von Frey (Figure 2-11A) and hot plate (Figure 2-11B) assays. The force needed for paw 

withdrawal upon filament pressure on the foot and the time needed for response to heat 

stimulus on a hotplate were similar between the two genotypes. Thus, there was no motor or 

sensory deficit measurable in the PKD1 mutant mice.  

 

Because of the patient history of epileptic seizures and the possible involvement of KCC3 

in seizure susceptibility (Boettger et al., 2002), we utilized a kainate-induced seizure model in 

PKD1 mutant mice compared to wild-type littermates (Figure 2-12). After intra-peritoneal 

injection of 20 mg/Kg kainic acid, mice were observed for 60 min and the latency to stage 3 

myoclonic seizures (see methods) was measured.  PRKD1+/E77X mice had a clear increase in seizure 

susceptibility and severity compared to wild-type mice (Figure 2-12A, C). In addition, PRKD1+/E77X 

mice exhibited a significantly larger number of myoclonic jerks than their wild-type counterparts 

(Figure 2-12B). Since changes in corpus callosum are associated with changes in brain weight 

(Shekarabi et al., 2012) and KCC3 loss of function is linked to ACCPN (Howard et al., 2002) and 

increased seizure susceptibility (Boettger et al., 2003), we were interested in measuring brain 

weight of PRKD1+/E77X mice. There was no observed difference in averaged brain weights among 

WT and PRKD1+/E77X mice (Figure 2-12D), concluding that the effect of PKD1 on seizures might act 

independently of the relationship between KCC3 and brain cell volume.  
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Figure 2-11. Sensory assessment through force and nociception in WT PRKD1 +/E77X mice. (A) 
Von-Frey filaments were used to test paw withdrawal threshold in WT (n = 24) and in PRKD1 +/E77X 
(n = 19) mice. (B) WT (n = 19) and PRKD1+/E77X (n = 18) mice were subjected to the hot plate assay 
at 52oC with a cut-off time of 15 seconds to prevent injury. The latency (in sec) to respond to the 
noxious stimulus was measured using a stopwatch. Student’s t-test, n.s. 
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Figure 2-12. Seizure susceptibility and brain water content in WT and PRKD1+/E77X mice. (A-B) 
Seizure susceptibility measured in WT (n = 7) and in PRKD1+/E77X (n = 7) mice, by measuring the 
latency (in minutes) to exhibit myoclonic jerks (stage 3 of the Racine scale, Table 2-1) following 
kainic acid injection. (B) Seizure severity following kainic acid injection occurring in WT (n = 7) 
and in PRKD1+/E77X (n = 7) mice over a 30 min period. (B) Number of myoclonic jerk events 
following kainic acid injection occurring in WT (n = 7) and in PRKD1 +/E77X (n = 7) mice over a 30 
min period. Student’s unpaired t-test, *p< 0.05, **p< 0.01, ***p< 0.0001.  (D) water content (mg) 
measured in WT (white, n = 10) and in PRKD1+/E77X (black, n = 10) mice.  
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Final Conclusions and Discussion 

The present study was undertaken to assess the role of a de novo loss-of-function 

mutation in PKD1 identified in a young female patient with peripheral neuropathy and seizures. 

Our study provides the first link between PKD1 and neurodegenerative disease in humans, while 

heterozygous missense mutations in the kinase had been identified in 6 individuals with 

congenital heart defects (Sifrim et al., 2016). In 2008, Fielitz and coworkers reported the 

embryonic lethality of the PKD1 global knockout mouse and cardiomyopathies resulting from a 

cardiac-specific deletion of PKD1 in mice (Fielitz et al., 2008). From both the human patients and 

the mouse studies, PKD1 seems to play an important role in heart function. Note that there are 

no known cases of patients with homozygous mutations in PKD1. 

 

Because of the substitution of a glutamic acid residue (coded by GAG) at position 79 with 

a stop codon (coded by TAG), the mutation reported here terminates the translation of the PKD1 

protein prematurely. Thus, the patient carries one wild-type allele and one knockout allele, 

reducing the level of protein expression. To better establish causality with the neurological 

phenotype of the patient and further study the impact of the mutation, we reproduced the 

mutation in mice using CRISPR/Cas9. In addition to observing similar tomacula pathology in 

sections of sural nerves (Figure 5H-I vs. Figure 1D), but we also demonstrated an overall increase 

in myelin thickness, leading to a decrease in g ratio (as the fiber diameter remained constant). 

Note that the tomacula pathology, the decrease in g-ratio, and the increase in myelin thickness 

were only observed in the sural nerves of homozygote mice. It is interesting that from the many 

heterozygous breeding schemes that were initiated, 2-3 viable homozygote mice were produced, 
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indicating that the embryonic lethality was not fully penetrant. The absence of homozygote mice 

hindered our behavioral studies as only large numbers of wild-type and heterozygote mice could 

be produced. All behavioral assays testing locomotion were consistent in observing no phenotype 

between heterozygote PKD1 mutant mice and wild-type mice. These included open field, 

accelerated rotarod, balance beam, and footprint pattern. Similarly, no sensory phenotype could 

be detected in the mutant mouse through the von Frey (testing mechano-sensation) and hotplate 

(testing thermo-sensation) assays. Our data therefore suggest that the mutant mice carrying one 

mutant allele, unlike the patient, do not exhibit any locomotor deficits. This species discrepancy 

is rather frequent in the field of peripheral nerve disorders (Kahle et al., 2016; Howard et al., 

2002; Ding & Delpire, 2014). For instance, we recently reported the case of a patient with 

sensorimotor neuropathy and heterozygous gain-of-function mutation in KCC3. While defects 

could be seen in the peripheral nerves of heterozygote mice, locomotor deficits could only be 

detected in the homozygote mice (Kahle et al., 2016). Another example of a dominant mutation 

causing human disease which can be only recapitulated in the homozygote state in the mouse is 

lamin A, a nuclear envelope protein associated with dilated cardiomyopathy and muscular 

dystrophy (N195K) (Fatkin et al., 1999l; Mounkes et al., 2005). 

 

 One possible mechanism of PKD1 action on peripheral nerve fibers affects the K-Cl 

cotransporter-3, or KCC3 (Figure 2-13). The cotransporter is intimately involved in the health of 

peripheral nerve fibers through hydration and/or cell volume. Indeed loss-of function mutations 

in KCC3 lead to axonal swelling (Byun and Delpire, 2007; Ding and Delpire, 2014) and give rise to 

sensorimotor neuropathy in both humans and mice (Boettger et al., 2003; Howard et al., 2002). 
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Figure 2-13. Schematic model illustrating the effect of catalytically inactive PKD1 on KCC3 
activity, peripheral nerve integrity, and neuronal hyperexcitability. (A) In vitro cell based assays 
assessing the effect of a catalytically inactive PKD1 resulted in increased KCC3 activity. (B) 
Generating a translatable mouse model expressing the PKD1-E77X mutation reproduced the 
patient’s peripheral neuropathy phenotype in mice. Mice expressing the PKD1-E77X mutation, 
displayed neuronal hyperexcitability in the form of increased seizure susceptibility. How and 
whether PKD1-E77X results in the observed phenotypes, directly through KCC3 activity, or 
independent of it, remains to be determined.   
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In addition, a gain-of-function mutation in KCC3 leads to axonal shrinkage (Flores et al., 2019) 

and peripheral neuropathy in both humans and mice (Kahle et al., 2016). The cotransporter is 

regulated by phosphorylation through the WNK-SPAK signaling cascade (Garzón-Muvdi et al., 

2007; Pacheco-Alvarez and Gamba, 2011). Additional kinases such as PKCq (Liedtke et al., 2003; 

Smith et al., 2008) and PKCq (Li et al., 2004) have also been shown to affect the pathway, so the 

idea that PKD1 might also modulate the kinase pathway regulating KCC3 is plausible. In fact, 

Zhang and colleagues (Zhang et al., 2016) identified PKD1 as an interacting partner with KCC3 in 

a kinomic screen. They showed that knocking down PKD1 via RNAi, reduced the levels of PT991-

KCC3 and PT1048-KCC3, suggesting increased KCC3 activity. Our flux data in Xenopus laevis oocytes 

show that expression of a dominant-negative PKD1 kinase yields increased KCC3 flux, consistent 

with inactivation of the terminal kinase which suppresses KCC3 function. In addition, we showed 

that the kinase and the cotransporter co-localize at the membrane of transfected HEK293 cells 

and no indication that cell surface expression was enhanced by expressing the catalytically dead 

kinase.  

 

 It is also possible that the PKD1 mutation results in peripheral nerve disease in a KCC3-

independent manner (Figure 2-13). PKD1 has also been identified as a target of protein-activated 

receptor 2 (PAR(2)) (Amadesi et al., 2009). In response to inflammation and injury, PAR (2) in 

primary sensory neurons is activated leading to a cascade of phosphorylation involving PKCq, 

PKD1, and the transient receptor potential vanilloid (TRPV1) channel. TRPV1 expression is 

increased following nerve injury, indicating that it plays a role in myelin regeneration and 
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inflammatory responses (Zakir et al., 2012). Consequently, inactive PKD1 could lead to improper 

TRPV1 expression resulting in abnormal sensory feedback and peripheral nerve disease. 

 

 Inactivation of one PKD1 allele in mice resulted in increased seizure susceptibility as 

demonstrated by the significant reduction in the latency to seizures following injection of a low 

dose of kainic acid (Fig. 11A, C) and significant increase in the number of observed jerks (Fig. 11B). 

Whether this phenotype can also be attributed to a change in KCC3 function is unknown. There 

are no indications that the KCC3-T991A patient previously reported (Kahle et al 2016), with 

increased KCC3 activity, experiences epileptic seizures. In addition, possible increases in 

chemically-induced seizure susceptibility was not tested in KCC3-T991A mice (Kahle et al., 2016). 

The small increase in KCC3 activity that we measured in Xenopus laevis oocytes might not result 

in long-term changes in volume or ion homeostasis in PKD1 heterozygous mice. Other transport 

mechanisms might be able to counter the increased KCC3 activity in central neurons of PKD1 

heterozygous mice. No difference in water content could be detected in the brain of PKD1 

heterozygous mice, compared to wild-type mice (Fig. 11D). While the seizure phenotype needs 

to be chemically induced in mice, it is spontaneous in the patient which again suggests clear 

differences in species. Our data thus indicate that humans might be more susceptible to the loss 

of one PKD1 allele compared to mice.   
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CHAPTER III 

 

A MUTATION IN THE NA-K-2Cl COTRANSPORTER-1 LEADS TO CHANGES IN CELLULAR 

METABOLISM 

 

Introduction 

The second part of my dissertation work is based on a patient expressing a de novo 

(heterozygous) 11 base pair deletion in SLC12A2, the gene encoding the Na-K-2Cl cotransporter-

1 (NKCC1) (Delpire et al., 2016). The patient was referred to the Undiagnosed Diseases Program 

(UDP) at the NIH with symptoms such as decreased energy and fatigue, obstructive apnea, 

vomiting and dehydration, exercise intolerance, dilated cardiomyopathy in the left ventricle, and 

seizure like episodes. She also experienced multi-organ dysfunction involving the 

gastrointestinal, urinary, and exocrine systems. Thus, as the patient’s organs kept ‘failing’, and 

she showed clear signs of excessive sleeping, hypotonia, and exercise intolerance, clinicians 

postulated that she suffered from some type of mitochondrial or metabolic syndrome. Clinical 

tests at age 7 revealed elevated liver and muscle glycogen levels and an increased mitochondrial 

DNA copy number. On this basis, she was enrolled in the NIH Epi-743 clinical trial at the UDP to 

improve energy production. 

 

Genomic analysis revealed additional mutations in the PCNT (pericentrin) and FMN2 (formin 

2) genes. However, none of the diseases associated with PCNT or FMN2 mutations were observed 

in the patient. The 11 bp deletion in SLC12A2 was found in exon 22, leading to a frameshift and 
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the introduction of a premature stop codon resulting in the truncation of 200 amino acids from 

the carboxyl-terminal tail of the cotransporter. The mutant was called NKCC1-DFX for the last 

“intact” residue, aspartic acid residue (D), followed by a new residue, phenylalanine (F), and a 

stop codon (X) (Delpire et al., 2016). Functional analyses revealed absence of function of the 

mutant transporter and absence of dominant negative effects in Xenopus laevis oocytes and 

fibroblasts (Delpire et al., 2016). In contrast, a dominant negative effect was observed in 

epithelial cells with the mutant transporter mistrafficking to the apical and subapical pole of the 

cells and through dimerization, it carries with it some wild-type transporters to the apical 

membrane (Koumangoye et al., 2018). Improper trafficking is due to the loss of a dileucine motif 

located close to the extreme COOH-terminus of the protein (Koumangoye et al., 2019). In 

addition, improper trafficking was confirmed in a mouse model recapitulating the patient 

mutation. The mutant mouse exhibited signs of gastrointestinal deficits, including decreased fluid 

secretion, abnormal mucus release, and bacterial invasion of the epithelial layer, consistent with 

the patient gastrointestinal issues (Koumangoye et al., 2020). 

 

Detailed analyses of intracellular compartments revealed that the mutant transporter was 

able to clear the endoplasmic reticulum (ER) and was found principally at the apical membrane, 

in Rab5-positive apical early endosomes, and in lysosomes (Koumangoye et al., 2019). Because 

overexpression of truncated transporters often results in their accumulation in the ER (Nezu et 

al., 2009), we postulated that the mutant transporter to clear the ER might require additional 

energy. Increased mitochondrial respiration is an adaptive cellular response to protein misfolding 

in the ER, by reducing ROS accumulation from the ER and promoting cell survival (Knupp et al., 
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2019). Alternatively, NKCC1 activity in cells affects intracellular levels of Na+, K+, and Cl- and the 

Na+ concentration in particular might affect intracellular Ca2+ levels through plasma membrane 

Na+/Ca2+ exchangers. Thus, changes in NKCC1 function might lead to changes in mitochondrial 

function through Na+ and Ca2+ levels. In this paper, we examine the consequences of expressing 

the mutant NKCC1 cotransporter on mitochondrial function. We show that the fibroblasts from 

the patient have increased basal mitochondrial respiration rate, as do MDCK cells overexpressing 

the mutant transporter and mouse fibroblasts natively expressing the defective transporter. In 

addition, fibroblasts lacking NKCC1 function demonstrate increased hydrogen peroxide 

production and peroxidase activity, hallmarks of increased oxidative stress. When combined with 

the observation that proteins involved in the unfolded protein response demonstrate reduced 

expression, our data suggest that cells expressing the mutant transporter behave like they are 

deprived of key nutrients or in a state of starvation.  

 

Materials and Methods 

Cell lines  

Primary human fibroblasts isolated from two healthy individuals and fibroblasts from the 

NKCC1-DFX patient and immortalized by the Undiagnosed Diseases Program were obtained and 

cultured in 10-cm dishes in DMEM:F12 medium containing 10% fetal bovine serum and 200 U 

penicillin + 200 µg/mL streptomycin and kept at 37°C under 95% air, 5% CO2. At the time of 

experiments, the fibroblasts were used at low (up to 3) passages. The wild-type and mutant 

NKCC1 plasmids used to transfect MDCK cells were described previously (Delpire et al., 2016). 

MDCK cells expressing wild-type and mutant cotransporters were grown in selection media 
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(DMEM supplemented with 5% FBS, 1% penicillin and streptomycin, and 500 μg/ml of Geneticin). 

Previous studies had shown that the addition of fluorescent markers to the N-terminus of NKCC1 

did not affect cotransporter expression, trafficking, and function (Gagnon et al., 2006; 

Koumangoye, et al., 2018). Primary mouse fibroblasts were isolated from tails of wild-type (WT) 

mice, mice heterozygous for the NKCC1-DFX mutation (NKCC1WT/DFX), and mice homozygous for 

the NKCC1-DFX mutation (NKCC1DFX/DFX), as described below. The generation of these mice were 

described in a previous paper (Koumangoye et al., 2018). 

 
 
Seahorse assays  

Cells were plated in a 96-well plate at 15 x 103 cells per well in Seahorse Assay Media and 

assessed on the Seahorse XFe 96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, 

CA). The Seahorse assay media was DMEM-based and contained 2 mM of L-glutamine (as L-

alanyl-glutamine or GlutaMAX) and no glucose (Agilent Technologies, catalog #102365-100). For 

the mitochondrial stress test, assay media were supplemented with 10 mM glucose, and cells 

were sequentially treated with 1 mM oligomycin, 1 mM FCCP, and 0.5 mM of antimycin A and 

rotenone (all from Agilent Technologies). Basal respiration was quantified as the difference 

between the last rate measurement before oligomycin injection, and the minimum rate 

measurement after rotenone/antimycin A injection. Maximum respiration is the difference 

between the maximum rate measurement after FCCP injection and the minimum rate 

measurement after rotenone/antimycin A injection. For the glycolysis stress test, cells were 

sequentially treated with 10 mM glucose (Sigma-Aldrich, St. Louis, MO), 1 mM oligomycin, and 

50 mM 2-deoxyglucose (2-DG) (Sigma-Aldrich). Glycolysis was quantified as the difference 
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between the maximum rate measurement before oligomycin injection and the last rate 

measurement before glucose injection. Glycolytic capacity was quantified as the difference 

between the maximum rate measurement after oligomycin injection and the last rate 

measurement before glucose injection. For both mitochondrial and glycolysis stress tests, some 

cells were pretreated with 20 M of bumetanide (Sigma-Aldrich). A Bio Rad TC20™ Automated Cell 

Counter was used to ensure that the same numbers of cells were used in each assay. Statistical 

analyses were performed using Prism (GraphPad Software, Inc.) using one-way analysis of 

variance (ANOVA) to determine any statistical significance of differences between the means of 

two or more independent groups. 

 
 
Mitochondrial density  

Mitochondrial density was measured in primary human fibroblasts isolated from healthy 

individuals and fibroblasts from the NKCC1-DFX patient; and fibroblasts isolated from WT, 

NKCC1WT/DFX and NKCC1DFX/DFX mice using the MITO-ID® Green detection kit (Enzo Life Sciences, 

ENZ-51022-0100). The same numbers of cells were used for each assay by counting cells using a 

Bio Rad TC20™ Automated Cell Counter. Cells were stained with 0.33 ul/ml of MITO-ID® Green 

and 0.25 ul/ml of Hoescht 33342 Nuclear Stain. Cells were incubated in the dark for 30 minutes 

at 37oC in 5% CO2 in phenol-red free DMEM with 4.5 g/L D-Glucose, no glutamine or pyruvate. 

Mean fluorescence intensity of each cell was detected using a 5-laser LSRll flow cytometer. The 

FlowJo software package was utilized to analyze the mean fluorescence intensity of each sample. 

Cell sorting within FlowJo allowed isolation of fibroblasts from cell debris and dead cells. The 

software plots the side scatter of single cells (SSC) based on granularity (Y-axis of Figure 1A) as a 
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function of the level of FITC fluorescence (FITC on X-axis) within each cell. Single cell 

mitochondrial density was obtained from the level of fluorescence intensity from each cell. 

Statistical analysis was performed using one-way analysis of variance (ANOVA). 

 
Generation of the NKCC1-DFX mouse  

Two attempts were made to generate the NKCC1-DFX allele. In the first attempt, a 20 bp 

sequence (AGAATACTATAGATGTCTGG) located in exon 22 of mouse Slc12a2, and followed by 

TGG (coding for the second of two adjacent tryptophan residues) as proto-spacer adjacent motif, 

was selected to create a target-specific guide RNA molecule. The sequence flanked by BbsI sites 

was ligated in pX330, a vector expressing the guide RNA under a strong U6 promoter and cas9 

under a hybrid chicken β-actin (Cbh) promoter. The vector was injected alongside a 195 base 

repair oligonucleotide into 961 mouse embryos. The repair oligo contained 91 base homology 

arms, a codon substituting valine residue 1020 to phenylalanine, a unique ClaI restriction site, 

and a few additional third-base mutations to introduce two stop codons and prevent targeting 

of cas9 to the repair DNA. Out of 961 embryos injected, 687 were transferred to 30 pseudo-

pregnant females to generate 110 pups. At weaning, genotyping was done by amplifying a 421 

bp fragment followed by sequencing. A large number of mutant alleles were produced, but none 

of them carried the designed mutation. In our second and successful attempt, the 20 bp target 

sequence was shifted three residues for the protospacer adjacent motif (PAM) to encode the first 

tryptophan residue (GGAAGAATACTATAGATGTC, boxed in Fig.3-2A), and the 163 repair 

oligonucleotide consisted of different size homology arms, 11 bases deleted as in the patient, 

and a third-base mutation to introduce a unique ClaI restriction site. Twenty pups were 

generated out of 213 embryos injected and 142 embryos transferred to 6 pseudo-pregnant 
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females. Again, a large number of mutant alleles were generated, including the designed DFX 

allele (Figure 3-2C). 

 

Isolation of mouse tail fibroblasts 

The generation of the NKCC1-DFX mouse is stated above. Experiments with mice were 

approved by the Vanderbilt University Medical Center Institutional Animal Care and Use 

Committee. To isolate fibroblasts, the tip of the tail (< 5 mm) of a mouse was minced with a sharp 

razor blade in 35-mm tissue culture dish containing 2 ml DMEM supplemented with 10 mM 

HEPES, penicillin/streptomycin, and 2 mg/ml collagenase D. The 2 ml medium with minced tissue 

was then added to 3 ml identical medium in a 15 ml conical tube, rotated overnight at room 

temperature. The next day, 5 ml of complete medium (DMEM/F12 + 10% fetal bovine serum + 

penicillin/streptomycin) was added to the tube, which was mixed by inversion, and the large 

undigested tissue fragments were allowed to sediment to the bottom of the tube by gravity (20-

30 sec). The majority of the supernatant was then pipetted out, placed in a fresh tube, and spun 

at 900 rpm for 5 min. The supernatant was discarded and the pellet was resuspended into 500 ul 

of complete medium, which was plated in a 24-well plate for expansion. The total number of 

passages did not exceed 3 passages. 

 
Transmission electron microscopy  

Pelleted human fibroblasts and mouse intestinal sections were fixed with 2.5% 

glutaraldehyde in 0.1 M sodium cacodylate buffer, in water for 1 hour at room temperature (RT) 

and then at 4°C overnight. The Vanderbilt Electron Microscopy core further processed the 

fibroblast samples by washing them and fixing in 1% osmium tetroxide solution for 1 hour at RT 
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and then with 0.5% osmium for 24 hours. The tissue samples underwent a series of ethanol 

dehydration steps (50% for 5 min, 75% for 15 min, 95% two times for 15 min, 100% three times 

for 20 min) before they were embedded in Spurr resin at 60°C for 24 to 48 hours. Semi-thin 

sections (500 nm) were stained with toluidine blue and examined for positioning. Ultra-thin 

sections (80 nm) were then stained with uranyl acetate and lead citrate and placed on copper 

grids. Images were observed using a Philips/FEI T-12 transmission electron microscope 

 
 
Horseradish peroxidase assay 

Peroxidase activity in cell lysates was determined using the Amplex® red hydrogen 

peroxide/peroxidase assay kit (Invitrogen, Carlsbad, CA). Briefly, fibroblasts from WT, 

NKCC1WT/DFX and NKCC1DFX/DFX mice were lysed with a hypotonic lysis buffer (10 mM Tris·HCl pH 

7.5) supplemented with protease inhibitors (Roche Applied Science, Indianapolis, IN), and diluted 

in 1x reaction buffer composed of 28 ml of 0.25 M sodium phosphate at pH 7.4, to a final protein 

concentration of 5 g/ l, measured by Biorad protein assay. 50 ul H2O2 mixture (4.45 ml of 1x 

Reaction Buffer + 500 20 mM H2O2 + 50 Amplex® Red reagent) were then added to 50 ul cell 

lysates placed into individual wells of a 96-well plate. The same amount of mixture was added to 

50 l of a standard curve containing 0, 0.25, 0.5, 1, and 2 mU/ml horse radish peroxidase. 

Reactions, protected from light, were incubated at RT for 30 min before reading the fluorescence 

using a microplate reader with excitation at 530–560 nm and emission at 590 nm. Readings were 

corrected for background fluorescence by subtracting the values derived from the no-HRP 

control well from the raw fluorescence values. Statistical analysis was performed using one way 

analysis of variance (ANOVA). 
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Hydrogen Peroxide Assay 

The amount of hydrogen peroxide in cells was determined using the same red hydrogen 

peroxide/peroxidase assay kit (Invitrogen). Supernatant was obtained from fibroblasts of WT, 

NKCC1WT/DFX and NKCC1DFX/DFX mice. 50 ul HRP mixture (4.85 ml of 1x Reaction Buffer + 100 ul HRP 

stock (10 U/ml) + 50 ul Amplex® Red reagent) were then added to 50 ul of sample placed into 

individual wells of a 96-well plate. The same amount of mixture was added to 50 ul of a standard 

curve containing 0, 2, 4, 6, 8, and 10 mM H2O2. Reactions, protected from light, were incubated 

at RT for 30 min before reading the fluorescence using a microplate reader with excitation at 

530–560 nm and emission at 590 nm. Readings were corrected for background fluorescence by 

subtracting the values derived from the no-HRP control wells from the raw fluorescence values. 

Statistical analysis was performed using one way analysis of variance (ANOVA). 

 

Quantitative reverse transcription PCR (RT-qPCR)  

Expression of ER-stress markers BiP, Xbp1 and Dcnajc3 was quantitated by RT-qPCR. 

Fibroblasts were isolated from WT, NKCC1WT/DFX and NKCC1DFX/DFX mice and 20-30 mg tissue was 

lysed and processed using the RNeasy mini kit (Qiagen). RNA quality and quantity were assessed 

by measuring absorbance at 260, 280, and 320 nm. Reverse-Transcription was performed by 

incubating 1 ug RNA with random hexamers, dNTPs, and SuperScript II (Invitrogen), for 1 hour at 

37oC, followed by denaturation for 5 min at 95oC. Quantitative PCR reactions contained SYBRTM 

Green PCR master mix (Applied Biosystems, Foster City, CA), each primer at 40 nM and 1 ul cDNA. 

mRNA expression is represented as the fold change normalized to WT, calculated using the delta 

Ct method. Statistical analysis was performed using one way analysis of variance (ANOVA). 
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Primers 
(mouse 
genes):   

Target Forward primer (5'-3') Reverse primer (5'-3') 
Xbp1 TCAAATGTCCTTCCCCAGAG AAAGGGAGGCTGGTAAGGAA 
Hspa5(BiP) TGCAGCAGGACATCAAGTTC TTTCTTCTGGGGCAAATGTC 
Dnajc3 GACAGCTAGCCGACGCCTTA GTCACCATCAACTGCAGCGT 
Slc12a2 
(NKCC1) AGTGGACACCACCAGCAGTACTA GTGTGCCGGTAGTGGTCGAT 
Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 
 
 

Results 
 
 
Fibroblasts isolated from the NKCC1-DFX patient show increased mitochondrial density 

Laboratory tests conducted on the NKCC1-DFX patient muscle cells identified an increase 

in mitochondrial DNA copy number, compared to normal range (Delpire et al., 2016). Clinical 

cases of patients suffering from mitochondrial diseases also exhibit an increase in mitochondria 

number (Pfeffer & Chinnery, 2013). To confirm that the increase in mitochondrial DNA copy 

number found in the UDP patient was due to the number of mitochondria, we quantified 

mitochondrial density in fibroblasts isolated from the patient, compared to fibroblasts from two 

healthy individuals (Figure 3-1A, B). Fibroblasts from the NKCC1-DFX patient demonstrated an 

increase in mitochondrial density compared to control human fibroblasts, confirming the patient 

lab reports. To assess whether this increase was due to the NKCC1 mutation, we used fibroblasts 

isolated from a mouse model that recapitulates the patient 11 bp deletion in the SLC12A2 

(NKCC1) gene. The mice were backcrossed for several generations to C57BL/6J mice to ensure 

that possible off target events due to CRISPR/cas9 were eliminated through breeding (Figure 3-2 
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Figure 3-1. Human fibroblasts expressing NKCC1-DFX have increased mitochondrial density. (A) 
Flow cytometry analysis of mitochondria in fibroblasts stained with MITO-ID green in control 
fibroblasts (blue) and NKCC1-DFX fibroblasts (red). Y-axis = Side Scatter (SSC) of single cells; X-
axis = level of FITC fluorescence (FITC) from mitochondria. (B) Mean fluorescence intensity of 
mitochondria in control (n = 1440 cells) and NKCC1-DFX (n = 523 cells) fibroblasts, 3 biological 
replicates. Higher mitochondrial density observed in NKCC1-DFX fibroblasts. Unpaired t-test, 
****p < 0.0001. (C) Mean fluorescence intensity of mitochondria from WT (n = 30,000 cells), 
NKCC1WT/DFX (n = 30,000 cells) and NKCC1DFX/DFX (n = 20,000 cells) fibroblasts, one-way ANOVA, P 
> 0.05, ns = non-significant. 
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Figure 3-2. Generation of the CRISPR/cas9 NKCC1-DFX mouse. (A) Targeting design of the 
Slc12a2 allele at exon 22 are shown. Boxed sequence on the forward strands were used to guide 
cas9. Guide sequences are followed by TGG as protospacer adjacent motif (PAM) sequences. 
Location of the DNA break sites is indicated by arrowheads. Design of DNA repair shows arms of 
recombination surrounding 3 bp mutated sequences. A ClaI site is inserted to facilitate 
genotyping. (B) chromatograph showing sequence of wild-type allele. (C) Chromatographs 
showing separation of the two mutant alleles in the progeny of the unique NKCC1-DFX female. 
Mutant allele 1 alongside a wild-type allele reveals exact mutations as designed in (A). Mutant 
allele 2 alongside a wild-type allele reveals DNA repair through unspecific insertion/deletion. 
NKCC1, Na+-K+-2Cl− cotransporter-1; Slc12a2, solute carrier family 12, member 2. 
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). We measured mitochondrial density in fibroblasts isolated from WT, NKCC1WT/DFX, and 

NKCC1DFX/DFX mice and observed no difference between the groups (Figure 3-1C). Thus, mutation 

of NKCC1 or loss of NKCC1 was not enough to explain the patient’s increase in mitochondria 

number.  

 

Fibroblasts isolated from the NKCC1-DFX patient demonstrate deficits in energy homeostasis 

Since an increase in mitochondrial density was observed in the NKCC1-DFX patient 

fibroblasts, we were interested in investigating whether this increase affected mitochondrial 

function and glycolysis. Fibroblasts isolated from the patient as well as from two healthy 

individuals were subjected to seahorse mitochondrial and glycolysis stress tests. The seahorse 

mitochondrial stress & glycolysis stress tests measure mitochondrial function in cells through the 

measurement of key parameters such as oxygen consumption rate (OCR) or extracellular 

acidification rate (ECAR), respectively. The patient fibroblasts demonstrated elevated levels of 

basal and maximal mitochondrial respiration, as quantified by OCR (Figure 3-3A, 3-3B). By 

measuring the rate of extracellular acidification, we show that the patient fibroblasts 

demonstrated a significant decrease in glycolysis when compared to control fibroblasts (Figure 

3-3C, D). These data indicate that the increased respiration is fueled by a substrate other than 

glucose. 

 
MDCK cells expressing the non-functional NKCC1 mutation also exhibit increased 

mitochondrial respiration but no change in glycolysis  

Since the patient fibroblasts carry additional mutations, we needed to explore more 

directly the role of NKCC1 on mitochondrial respiration and glycolysis. In our previous study of  
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Figure 3-3. Human fibroblasts expressing NKCC1-DFX result in elevated mitochondrial respiration and 
decreased glycolytic respiration. (A) Seahorse assay mitochondrial stress test results for oxygen 
consumption rate (OCR) of fibroblasts isolated from healthy individuals (black n = 12, and white n = 12) 
and patient expressing NKCC1-DFX (red n = 12) at 3.5 x 104 cells/well, in real time under basal conditions 
in response to mitochondrial inhibitors as indicated (oligo = oligomycin injected at 20 min, FCCP injected 
at 60 min, AA&R = Antimycin and Rotenone injected at 80 min). (B) Basal respiration is the value just 
before oligomycin injection, and maximal respiration is the highest value after FCCP injection. NKCC1-DFX 
fibroblasts result in elevated basal and maximal respiration. (C) Cellular glycolytic activity as shown by the 
Seahorse assay glycolysis stress test in fibroblasts isolated from healthy individuals (n = 12), and patient 
expressing NKCC1-DFX (n = 12). Extracellular acidification rate (ECAR) was measured in real time under 
basal conditions in response to sequential use of glucose, oligomycin (to block mitochondrial respiration 
and force the cells to rely on glycolysis for ATP production), and 2-deoxyglucose (2-DG), a glucose analog 
and inhibitor of glycolytic ATP production). Glucose is injected at 20 min, oligomycin at 60 min, and 2-DG 
at 80 min. (D) Quantification of glycolysis (the value after glucose injection) and glycolytic capacity of (the 
value after oligomycin injection) (C). Lower glycolysis in NKCC1-DFX fibroblasts. One-way ANOVA *p < 
0.05, ***p < 0.001, ****p < 0.0001. 
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NKCC1 polarity and trafficking in epithelial cells, we created MDCK cell lines overexpressing GFP-

tagged wild-type and GFP-tagged NKCC1-DFX transporters (Koumangoye et al., 2018). The 

presence of the fluorescent tags did not affect expression, trafficking, and function of the 

transporter but was useful in visualizing the location of the transporter within cells. We used 

these cells to conduct mitochondrial stress tests and assess basal respiration and maximal 

respiration. Cells expressing NKCC1-DFX showed increased basal and maximal respiration relative 

to untransfected cells, whereas cells overexpressing wild-type NKCC1 did not exhibit such an 

increase (Figure 3-4A, B). These data indicate that the presence of the mutant transporter 

affected mitochondrial respiration and it was not a result of protein overexpression as this was 

not observed with overexpression of the wild-type cotransporter. There was no change in 

glycolysis, as demonstrated from the similar extracellular acidification rates following an increase 

in the glucose concentration (Figure 3-4C, D). 

 
Bumetanide treatment does not affect basal mitochondrial respiration or glycolysis  

As the patient fibroblasts have reduced NKCC1 activity as well as expression of a mutant 

protein, we assessed whether the increase in mitochondrial respiration could be attributable to 

one or both of these factors. Experiments with transfected MDCK cells indicate that expression 

of the mutant transporter leads to increased mitochondrial respiration. Here, we use a 

pharmacological approach to assess mitochondrial respiration in MDCK cells treated with a 

NKCC1-specific inhibitor. Native untransfected MDCK cells were treated with DMSO (vehicle for 

bumetanide) or DMSO + 20 µM of bumetanide. Upon addition of bumetanide, we observed no 

change in basal respiration, but a significant increase in maximal respiration, similar to the 

mitochondrial respiration of MDCK cells overexpressing NKCC1-DFX protein (Figure 3-5 A, B).  
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Figure 3-4. MDCK cells expressing transfected NKCC1-DFX display increased mitochondrial respiration. 
(A) Seahorse assay mitochondrial stress test shows OCR in untransfected MDCK cells (black, n = 10) and 
MDCK cells transfected with NKCC1-DFX (red, n = 29). (B) Quantification of basal and maximal respiration 
revealed elevated basal and maximal respiration in MDCK cells transfected with NKCC1-DFX. (C) Seahorse 
assay glycolysis stress test in untransfected MDCK cells (white, n = 16), MDCK cells over-expressed with 
WT NKCC1 (black, n = 16), and MDCK cells expressing NKCC1-DFX (n = 14). (D) Quantification of glycolysis 
and glycolytic capacity of (C), demonstrated no significant difference in glycolysis between groups. One-
way ANOVA, ***p < 0.001. 
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Figure 3-5. Bumetanide leads to an increase in mitochondrial respiration capacity in MDCK cells. (A) 
Seahorse assay mitochondrial stress test shows OCR in native untreated MDCK cells (white, n = 14), 
treated with DMSO as vehicle (black, n = 14), and treated with 20 M bumetanide (red n = 15). (B) 
Quantification of basal respiration and maximal respiration demonstrated an increase in basal but not 
maximal respiration of cells treated with bumetanide. (C) Seahorse assay glycolysis stress test results of 
untransfected and untreated MDCK cells (white, n = 4), treated with DMSO as vehicle (black, n = 8), and 
treated with 20 M bumetanide (red, n = 6). (D) Quantification of glycolysis and glycolytic capacity. One-
way ANOVA, ***p < 0.001. 
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Absence of a change in basal respiration indicates that the cells under bumetanide treatment 

have no need for additional ATP. The increase in maximal respiration suggests that substrate 

availability was increased or substrate oxidation upstream of the proton circuit was affected 

upon addition of bumetanide. The mechanism is unknown. Application of bumetanide also did 

not affect the rate of acidification induced by addition of glucose, i.e. glycolytic respiration (Figure 

3-5C, D). 

 

Fibroblasts isolated from NKCC1WT/DFX and NKCC1DFX/DFX also show increased mitochondrial 

respiration   

To further establish the connection between the cotransporter and mitochondrial 

respiration we also utilized fibroblasts isolated from a mouse model that reproduced the unique 

mutation in NKCC1 without carrying the additional mutations of the patient (Delpire et al., 2016). 

Mitochondrial stress tests were performed on fibroblasts isolated from WT, NKCC1WT/DFX, and 

NKCC1DFX/DFX mice. Fibroblasts expressing mutant NKCC1-DFX also showed increased basal 

respiration and maximal respiration compared to fibroblasts isolated from wild-type mice (Figure 

3-6). This demonstrated increase was consistent with the increase in mitochondrial respiration 

that we observed in human fibroblasts. These results therefore suggest that NKCC1-DFX is solely 

responsible for the increase in mitochondrial respiration observed in the NKCC1-DFX patient 

fibroblasts. 

 

Mouse fibroblasts expressing NKCC1DFX/DFX have increased hydrogen peroxide levels and 

peroxidase activity 
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Figure 3-6. NKCC1WT/DFX, and NKCC1DFX/DFX mouse fibroblasts display elevated mitochondrial 
respiration. (A) Seahorse assay mitochondrial stress test shows OCR in fibroblasts isolated from 
WT (white, n = 24), NKCC1WT/DFX (black, n = 26), and NKCC1DFX/DFX (red, n = 19) mice. (B) 
Quantification of basal and maximal respiration display elevated basal and maximal respiration 
in mouse fibroblasts expressing either one or two copies of NKCC1-DFX. One-way ANOVA ***p < 
0.001, n.s. = non-significant. 
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An increase in mitochondrial respiration leads to changes in key cellular functions, 

including release of reactive oxygen species (ROS) (Brown, 1992, 1995; Chance & Williams, 1955; 

Murphy, 2009; Wallace et al., 2010). Reactive oxygen species take several forms, such as hydroxyl 

radicals, superoxide (O2.-), hydrogen peroxide (H2O2) (Cadenas & Davies, 2000). Excess hydrogen 

peroxide in cells can lead to an increase in hydroxyl radicals. In turn, peroxidase catalyzes the 

oxidation of organic compounds using hydrogen peroxide. This chemical reaction can be utilized 

to investigate the level of hydrogen peroxide present in cells. Both hydrogen peroxide levels and 

peroxidase activity were measured in fibroblasts isolated from WT, NKCC1WT/DFX, and 

NKCC1DFX/DFX (Figure 3-7). Fibroblasts expressing NKCC1DFX/DFX showed an increase in hydrogen 

peroxide levels as well as peroxidase activity compared to WT and NKCC1WT/DFX fibroblasts. These 

results indicate that the increase in hydrogen peroxide levels and peroxidase activity cannot be 

attributed to increased mitochondrial respiration as it was not observed in cells expressing one 

copy of the mutant transporter, while these cells demonstrated similar increase in mitochondrial 

respiration. 

 

The NKCC1-DFX mutant allele decreases expression of ER stress proteins  

In a previous study, we showed that the NKCC1-DFX protein is cleared from the ER and 

accumulated in the lysosome (Koumangoye et al., 2019). Although the mutant protein was 

seemingly cleared from the endoplasmic reticulum (ER), we sought to investigate whether its 

transit through the endoplasmic reticulum led to ER stress. Typically, accumulation of misfolded 

proteins in the ER causes ER stress leading to the increased expression of a variety of protein 

involved in the unfolded protein response (UPR) pathway (Bertolotti et al., 2000; Schröder & 
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Figure 3-7. NKCC1DFX/DFX mouse fibroblasts elicit increase in hydrogen peroxide levels and in 
peroxidase activity. (A) Fluorescence intensity of extracellular hydrogen peroxide of fibroblasts 
isolated from WT (white, n = 4 wells), NKCC1WT/DFX (black, n = 4 wells), and NKCC1DFX/DFX (red, n = 
4 wells) mice. (B) Fluorescence intensity of intracellular peroxidase activity in fibroblasts isolated 
from WT (white, n = 4 wells), NKCC1WT/DFX (black, n = 4 wells), and NKCC1DFX/DFX (red, n = 4 wells) 
mice. NKCC1DFX/DFX mouse fibroblasts demonstrated elevated hydrogen peroxide and peroxidase 
activity. One-way ANOVA, **p < 0.01, ***p < 0.001. 
 
 
 
 
 



 100 

Kaufman, 2005; Walter & Ron, 2011; Yoshida et al., 1998). These proteins are tasked with 

relieving ER stress through a variety of means. Some proteins serve as chaperones where they 

assist with proper folding; others clear mis-folded protein aggregates from the ER and send them 

to the proteasome for degradation; while others prevent further protein synthesis to prevent 

additional aggregation in the ER (Hetz & Saxena, 2017). The proteins involved in the UPR can be 

utilized as markers for ER stress, and an elevation of expression in any one or all of these proteins 

is indicative of ER stress (Estébanez et al., 2018). We analyzed the level of mRNA expression of 

BiP, Dnajc3, and Xbp1 in fibroblasts isolated from WT, NKCC1WT/DFX, and NKCC1DFX/DFX mice (Figure 

3-8). Interestingly, we observed a decrease in mRNA expression of BiP, Dnajc3 and Xbp1 in 

NKCC1WT/DFX and NKCC1DFX/DFX mouse fibroblasts, compared to wild-type fibroblasts. 

 

Expression of NKCC1-DFX alters the morphology of mitochondria in intestinal cells  

The effect of NKCC1-DFX on mitochondrial respiration led to the investigation of 

mitochondrial morphology in cells expressing NKCC1-DFX. We utilized transmission electron 

microscopy to analyze the morphology of mitochondria in tissues from wild-type, NKCC1WT/DFX, 

and NKCC1DFX/DFX mice. As indicated in Figure 3-9, we observed the presence of large dense 

inclusion bodies in the colon of both mutant mice, compared to wild-type mice. Only droplets of 

very small sizes were observed in the colon of wild-type mice. Quantitation revealed a significant 

increase in the number of droplets in mitochondria from heterozygote mice (108/382 

mitochondria, 15 fields, 3 mice, P < 0.01) and homozygote mice (125/356, 15, 3, P < 0.001), 

compared to mitochondria from wild-type mice (59/447, 15, 3). Note that these structures were 

not present in the mitochondria of fibroblasts isolated from the NKCC1-DFX patient or healthy 
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Figure 3-8. mRNA expression of ER stress markers and NKCC1 are decreased in NKCC1WT/DFX, 
and NKCC1DFX/DFX fibroblasts. (A-C) Fold change of mRNA expression levels in fibroblasts of WT 
(white, n = 4), NKCC1WT/DFX (black, n = 4), and NKCC1DFX/DFX (red, n = 4). (D) mRNA expression of 
NKCC1 in same genotypes. One-way ANOVA **p < 0.01, ***p < 0.001, n.s. = non-significant. Fold 
change is normalized to WT and is calculated by the delta Ct method. 
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Figure 3-9. Loss of NKCC1 function alters the morphology of mitochondria. Typical transmission 
electron microscopy images of (A) WT, (B, C) NKCC1WT/DFX and (D, E and F) NKCC1DFX/DFX mouse 
colon sections. In this experiment, 3 mice per group and 20-50 micrographs per mouse section 
were analyzed. Dense inclusion bodies could be seen in panels B (NKCC1WT/DFX) and in D-E 
(NKCC1DFX/DFX). Bars = 500 m. Higher magnification of the dense bodies in (C) NKCC1WT/DFX and (F) 
NKCC1DFX/DFX mouse colon sections. Bars = 250 m. Electron microscopy images of (G) human 
fibroblasts from healthy individual, and (H-I) Human patient with NKCC1-DFX mutation. Bars = 
500 m. 
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individuals (Figure 3-9G-I), indicating that this abnormality might be tissue-specific. 

 

Final Conclusions and Discussion 
 

This study was undertaken to establish a possible connection between the Na-K-2Cl 

cotransporter, NKCC1, and cellular energy metabolism. As mentioned above, an undiagnosed 

diseases program patient with a truncation mutation in NKCC1 was first diagnosed with 

mitochondrial disease. Liver and muscle biopsies revealed increased glycogen levels and 

mitochondria DNA copy number (173% of the mean value of age and tissue matched controls). 

The increase in mtDNA content possibly indicated a compensatory amplification due to 

mitochondrial dysfunction. This was substantiated by her co-enzyme Q10 levels in skeletal 

muscle, which were 222% of the normal reference mean, and 7.1 standard deviations above the 

mean. Because the patient carries mutations in additional genes (Delpire et al., 2016), we sought 

to address the role of NKCC1 in metabolism deficits. Our data clearly establish that the mutation 

in NKCC1 affects mitochondrial respiration, as expression of the mutant transporter in MDCK cells 

and mouse fibroblasts resulted in elevated mitochondrial respiration. In contrast, we 

demonstrated that while the patient fibroblasts have lower glycolysis rates than fibroblasts 

isolated from control individuals, this difference was not reproduced in our NKCC1 manipulation 

experiments. The lower glycolysis rate and capacity measured in the patient fibroblasts are 

consistent with the elevated glycogen levels measured in her muscle and liver cells, as glycolysis 

leads to the breakdown of glycogen (Delpire et al., 2016). However, as the fibroblasts are isolated 

and cultured in vitro for several passages, their properties are intrinsic to the cells and therefore 

no longer dependent of events that occur in other tissues in the patient. Thus, the decrease in 
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glycolysis rate and capacity that we measured in Figure 3-3 are intrinsic properties of the 

fibroblasts of the UDP patient. It is unclear why the manipulation of NKCC1 function did not 

reproduce these findings, but this suggests that the decreased glycolysis is possibly due to other 

genetic factors. The fact that glycolysis in the patient cells is reduced while mitochondrial 

respiration is increased suggests that the mitochondria in that case utilize substrates other than 

glucose. Examples could be long chain fatty acids or glutamine oxidation. 

 

Elevated basal mitochondrial respiration was observed in cells expressing the mutant 

transporter but not in cells exposed to bumetanide, the cotransporter inhibitor. This indicates 

that the function of the transporter per se is not linked to mitochondrial respiration. This is 

consistent with the electroneutral transport function of Na+, K+ and Cl- ions at the plasma 

membrane of cells, a process that is unrelated to Ca2+ homeostasis. On the other hand, 

expression of a mutant protein can affect the endoplasmic reticulum of the cell and stimulate the 

unfolded protein response (UPR). Many studies have shown that mitochondrial respiration is 

often increased upon UPR activation, thus promoting survival from endoplasmic reticulum stress 

(Bravo et al., 2011; Knupp et al., 2019; Senft & Ronai, 2015). This enhanced mitochondrial 

respiration is likely due to the release of Ca2+ from the ER and increased influx of the divalent 

cation in mitochondria (Peng & Jou, 2010). 

 

Expression of a mutant protein, particularly a truncated protein, is anticipated to affect 

the endoplasmic reticulum (Ellgaard et al., 1999). In fact, expression of C-terminal truncated 

NKCC1 was previously shown to result in accumulation of the mutant transporter in the ER (Nezu 
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et al., 2009). In this case, however, to assess trafficking, the mutant transporter was expressed 

in HEK-293 cells and co-localization with ER markers could have been due to microscopy 

resolution issues due to HEK293 cells being flat. We recently demonstrated that in polarized 

MDCK cells, the NKCC1-DFX protein readily clears the ER and is trafficked to the apical plasma 

membrane, rab5 early endosomes, and lysosomes (Koumangoye et al., 2019). As one has to 

worry that over-expression of mutant proteins in cells might result in ER stress, we did not only 

measure the effect of expressing the NKCC1-DFX in MDCK cells, but we also measured the effect 

of mutant transporter in mouse fibroblasts where expression of the transporter is driven by the 

native slc12a2 (NKCC1) promoter. In both cases, we measured similar increases in mitochondrial 

respiration (Figures 3-4 & 3-6). The fact that the transporter clears the ER and proceeds to 

downstream compartments, does not exclude the fact that the cells might have needed 

additional energy to process the transporter through the ER. Increased ER stress is typically 

demonstrated through the activation of the unfolded protein response and increased expression 

of a variety of proteins, such as BiP1, Dnac3j, Xbp1 (Gülow et al., 2002; Lee et al2003; Yan et al., 

2002). BiP is one of the most abundant proteins in the ER where it is the major chaperone 

(Bakunts et al., 2017). Several studies have identified its role in its recruitment of misfolded 

proteins in attempts to correct misfolded proteins (Behnke et al., 2015; Hartl et al., 2011; 

Kampinga & Craig, 2010). This recruitment in turn leads to activation of the UPR pathway where 

BiP has been suggested to act as a direct ER stress sensor. However, consistent with the clearance 

of NKCC1-DFX from the ER, we did not observe activation of the unfolded protein response in 

mouse fibroblasts expressing NKCC1-DFX. Instead, we saw a significant decrease in BiP, Xbp1, 

and Dnac3j mRNA levels. A significant decrease in BiP expression has been observed in the liver 
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of calorie restricted mice as well as mouse embryonic fibroblasts deprived of serum (Pfaffenbach 

et al., 2012). Similarly, BiP expression is markedly decreased in the liver of diabetic mice 

(Yamagishi et al., 2012). In a recent paper, Daniela Rotin demonstrated that NKCC1 through an 

interaction with the leucine transporter LAT1 was a negative regulator of the PI3K/AKT/mTOR 

pathway in colonic organoids and colon. She showed that suppression of NKCC1 resulted in the 

activation of Akt, Erk, and mTORC1 (Demian et al., 2019). Thus, there seems to be a relationship 

between the cotransporter and the PI3K/AKT/mTORC1 pathway. This is relevant because BiP 

function was also shown to be regulated by the PI3K/AKT/mTORC1 axis, independently of the 

canonical UPR (Pfaffenbach et al., 2012). Our data showing decreased BiP expression indicate 

that cells expressing the mutant transporter might be in a state of starvation, which could explain 

why the NKCC1-DFX patient is in a constant state of fatigue and explain the belief from the 

physicians treating the patient that her cells behave like starving cells. Additionally, lysosomal 

degradation is activated during states of cell starvation (Yu et al., 2010; Zhou et al., 2013), 

consistent with the increase in NKCC1 lysosomal degradation that we observed in MDCK cells 

(Koumangoye et al., 2019), and the measured increased respiration rate that we observed in this 

study with cells expressing the NKCC1-DFX mutant protein. As glycolysis was not decreased in 

MDCK cells or in mouse fibroblasts expressing the mutant transporter, we hypothesize that 

access to glucose is not affected in the cells. This likely means that cells have the capacity to 

increase their energy production by using energy sources independent of glucose. The fact that 

fibroblasts isolated from NKCC1DFX/DFX mice but not NKCC1WT/DFX mice show increased hydrogen 

peroxide production and peroxidase activity while they both demonstrate increase in 

mitochondrial respiration suggests that the increased ROS measured does not originate in the 
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mitochondria. As we demonstrated previously that NKCC1-DFX accumulates in rab5-positive 

endosomes and lysosomes (Koumangoye et al., 2019), and increased substrate load in lysosomes 

is known to induce oxidative stress (Martínez-Fábregas et al., 2018), one possible explanation for 

the increase in hydrogen peroxide production and peroxidase activity would be lysosomal 

overload in cells expressing NKCC1-DFX from two mutant alleles. In conclusion, one possible 

mechanism explaining the deficits in cell metabolism is explained in Figure 3-10. A suppression 

in the UPR pathway allows NKCC1-DFX to be trafficked to the plasma membrane. However, due 

to a non-functioning NKCC1-DFX at the plasma membrane, the transporter is readily endocytosed 

for lysosomal degradation. This process is energetically demanding, which might explain the 

elevation of mitochondrial respiration. A substrate overload of NKCC1-DFX can also lead to 

elevated ROS, also contributing to the elevation of mitochondrial respiration.  

 

One additional observation that we made by electron microscopy while we were studying 

intestinal epithelial cells from NKCC1-DFX heterozygote and homozygote mice, was the presence 

of large electron-dense particles or vesicles within mitochondria. These structures were only seen 

in very small sizes and lower numbers in the intestine of wild-type animals and not present in 

fibroblasts of the patient. At this point, we have no information on the composition of these 

particles, whether they are surrounded by a membrane, and what their role is in mitochondrial 

function, or whether it is a result of oxidative stress (lipid peroxidation). These particles, however, 

have been previously described in the intestinal cells of NLRP6 knockout mice which like the 

NKCC1-DFX mice (Koumangoye et al., 2020) have a deficit in goblet cell-mediated mucus 

secretion and increased susceptibility to bacterial infection (Wlodarska et al., 2015). These 
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Figure 3-10. Schematic model explaining the effects of NKCC1-DFX on cellular metabolism. A 
suppression in the UPR pathway allows NKCC1-DFX to be trafficked to the plasma membrane. 
However, due to a non-functioning NKCC1-DFX at the plasma membrane, it is readily 
endocytosed for lysosomal degradation. This process is energetically demanding, which explains 
the elevation of mitochondrial respiration. A substrate overload of NKCC1-DFX can also lead to 
elevated ROS, also contributing to the elevation of mitochondrial respiration. 
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structures might thus be related to the inflammatory response of the epithelium to bacterial 

infection.  
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CHAPTER IV 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Summary 

The characterization of human mutations in PKD1 and NKCC1 in vivo by generating two novel 

mouse models, helped us gather compelling evidence as to the importance of these proteins to 

human health (Koumangoye et al., 2018b). Generating both mouse models allowed for the 

successful recapitulation of phenotypes of the respective individuals carrying the mutations. We 

were fortunate to collaborate with groups of clinicians and contribute to their understanding of 

the pathology at the basis of the clinical presentation of their patients. Although generating a 

homozygous mouse model of PKD1-E77X revealed difficult, it corroborated previous findings that 

showed embryonic lethality of the PRKD1 KO mouse (Rozengurt 2011; Ellwanger & Hausser 

2013). Because of the lethality, we were forced to study the effect of an inactive PKD1 on 

sensorimotor neurobehavior in heterozygous mice which are typically resistant to nerve diseases. 

This prompted us to utilize a stressor to reveal a phenotype in the heterozygote mouse. The 

stressor was a seizure induction compound, kainate, resulting in the discovery that PKD1 plays a 

role in on seizure susceptibility in mice. We are now convinced that the PKD1-E77X mutation in 

the heterozygous state is insufficient to produce a locomotor phenotype that can be assessed 

through basal behavioral studies. Prior to generating this in vivo mouse model, the effect of PKD1 

on KCC3 was established in Xenopus laevis oocytes, ex vivo, where we confirmed that inactivating 

PKD1 resulted in an increase in KCC3 activity, without affecting the expression of the 
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cotransporter at the plasma membrane. More importantly, EM studies focusing on peripheral 

nerve integrity in heterozygous and a few homozygous PKD1-E77X mice revealed that nerve fiber 

g-ratios were smaller, due to an increased myelin diameter with increasing copy number of PKD1-

E77X. The most profound finding of the nerve fiber studies in the mutant mouse was the 

observation of the same nerve tomacula pathology reported in sural nerve biopsies of the patient 

carrying the PKD1 mutation. On that note, the patient was also suffering from generalized 

seizures, in addition to gait abnormalities. Although we were not able to recapitulate the 

locomotor aspect in the mice, increased seizure susceptibility was observed in the heterozygous 

PKD1-E77X mice, confirming a CNS deficit. 

 

In addition to creating and studying the PKD1 mouse mutant, I investigated the role of NKCC1 

in metabolism. This work was driven by the demonstration that a patient with an NKCC1 mutation 

was diagnosed with some sort of mitochondrial disease and metabolic disorder (Delpire et al., 

2016), and I assisted with generating the mouse model of this particular disease mutation 

(Koumangoye et al., 2018b). In addition, the role of NKCC1 in metabolism has never been studied. 

This project allowed me to address the problem through multiple approaches, namely the use of 

stable MDCK cell lines expressing wild-type and mutant transporters, the use of a more native 

system by utilizing cells from the mouse model, the use of pharmacological agents, and the use 

of fluorescent-based metabolic assays. After confirming that the patient fibroblasts had elevated 

mitochondrial respiration levels, and reduced glycolysis compared to fibroblasts isolated from 

control individuals, I addressed the metabolic properties of MDCK cells expressing the mutant 

transporter. Once I demonstrated that MDCK cells expressing the NKCC1-DFX mutation displayed 
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elevated mitochondrial respiration (but no decreased in glycolysis), I was interested in assessing 

mitochondrial respiration in isolated fibroblasts from control and mutant NKCC1 mice. As 

expected based on my previous data, fibroblasts from the mutant mice also demonstrated higher 

mitochondrial respiration levels than wild-type fibroblasts. I then showed that this led to higher 

production of reactive oxygen species. These findings have unveiled a previously unknown role 

for a plasma membrane transporter and thus, advanced our understanding of the physiology of 

the Na-K-2Cl cotransporter. Although the two projects discussed in my thesis have contributed 

to our understanding of the cotransporters and the proteins that regulate their activity, 

additional work needs to be done to further understand the biology of the transporters and their 

regulatory kinases. 

 

PKD1 effect on KCC3  

The novel effect of PKD1 on KCC3 that was observed in Xenopus laevis oocytes opens an 

entirely new avenue of investigation into the regulation of the cotransporters. Our knowledge of 

the mechanisms by which the cotransporters are regulated by the kinases and phosphatases is 

still relatively limited and for the first time this work identifies PKD1 as a novel player in the 

regulation of the cotransporter. The identification of SPAK and OSR1, two mammalian Ste20p 

kinases, as terminal kinases binding, phosphorylating, and inactivating the cotransporter has 

significantly advanced the field. The discovery that WNK kinases act upstream of SPAK/OSR1 was 

also a major advance in the field, but the WNK kinases are not the only kinases that modulate 

the activity of SPAK/OSR1. Indeed, kinases such as PKC-theta (Li et al., 2004) and PKC-delta Smith 

et al., 2008) have been shown to interact and modulate SPAK activity. The biology of the WNK 
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kinases is also fascinating. These kinases have a Cl- binding site that makes them sensitive to the 

intracellular Cl- concentration (Piala et al., 2014). In addition, their expression is highly regulated 

by two proteins of the ubiquitin pathway: protein cullin 3 (CUL3) and the substrate adaptor kelch-

like 3 (KLHL3) protein (McCormick et al., 2014). On the other hand, a previous study 

demonstrated that PKD1 knockdown in cells via shRNA led to increased phosphorylation of KCC3 

at positions Thr991 and Thr1048 (Zhang et al., 2016). Our study did not elaborate on the 

mechanism by which PKD1 might affect KCC3 activity. This could be through modulating 

expression and/or function of SPAK/OSR1, modulating expression and/or function of the WNK 

kinases, or through a still unknown mechanism. Whether overall expression, expression at the 

plasma membrane, or just modulation of activity of transporters already existing at the 

membrane is affected is still unknown. Future work should focus on this particular aspect of PKD1 

regulation of KCC3. 

 

Effect of PKD1 in the PNS and CNS  

Our group has extensively studied and demonstrated that mutations in SLC12A6 causing 

deficits or increase in KCC3 function, results in abnormal myelination, axonopathies, and 

sensory/locomotor behavior in mice (Byun & Delpire 2007b; Ding & Delpire 2014b; Howard et 

al., 2002; Kahle et al., 2016). These studies carried out by Dr. Nellie Byun and current PhD 

candidate Bianca Flores in our laboratory highlighted phenotypes in mice that were similar to 

those in humans carrying LOF or GOF mutations in KCC3. Although KCC3 is expressed in both the 

CNS and PNS, only peripheral neuropathy was identified as a phenotype. There is still a rather 

large gap in knowledge in identifying the molecular mechanisms by which a LOF or GOF in KCC3 
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results in peripheral neuropathy. Here, I provide insights into PKD1 as a potential contributor to 

KCC3 related peripheral neuropathies. Through ex vivo electron microscopy analyses of 

homozygous PRKD1E77X/E77X sciatic nerves discussed in chapter 2, it is pretty clear that absence of 

PKD1 affects the structure/histology of peripheral nerves. Considering that not enough 

PRKD1E77X/E77X mice were generated for neurobehavioral analyses, we could not fully address the 

role of PKD1 in sensory and motor phenotypes. It is possible that targeting deletion of PKD1 in 

specific tissues, e.g. sensory neurons, motor neurons, etc. would allow us to go around the 

lethality issue of the global knockout. Further studies are therefore needed. 

 

KCC3 is widely distributed in the brain and many individuals with LOF mutations in KCC3 

demonstrate partial or complete agenesis of the corpus callosum (Howard et al., 2002; Uyanik et 

al., 2006; Shekarabi et al., 2011b). Thus, it is clear that KCC3 plays a role in the development and 

function of central neurons. It is also worth noting that a study conducted in KCC3 knockout mice, 

demonstrated lower seizure thresholds and increase in spontaneous high-voltage spike-wave-

like complexes in electrocorticograms (Boettger et al., 2003). The role of KCC3 in affecting brain 

excitability is still poorly understood, especially since KCC2 is the predominant K-Cl cotransporter 

in central neurons, and its function is to strengthen hyperpolarizing GABA/glycine responses. 

Studies have shown that mutations in KCC2 in humans and in mice affects brain excitability (Chen 

et al., 2017; Kahle et al., 2014). The fact that KCC3 and KCC2 through interaction might be 

molecular partners in neurons provides a possible explanation for the role of KCC3 in neuronal 

hyperexcitability. Interestingly, I also demonstrated that pharmacological induction of seizures 

resulted in increased seizure susceptibility in PRKD1+/E77X mice, with lower thresholds than wild-
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type littermates, recapitulating the patient seizure symptoms. A potential mechanism underlying 

the increased seizure susceptibility in PRKD1+/E77X mice, could be an increased GABA inhibition 

due to over-active KCC3 in interneurons. Our laboratory has identified a role for KCC3 in 

parvalbumin-positive (PV+) cells, some of which are inhibitory interneurons responsible for 

providing the main source of somatic inhibition (Ding & Delpire 2014b). Thus, an increase in KCC3 

activity in interneurons could lead to increased Cl- extrusion resulting in a lower ECl, facilitating 

inhibition. Thus, inhibiting the effect of inhibitory interneurons might lead to increased neuronal 

firing, thereby accounting for the lower seizure threshold observed in PRKD1+/E77X mice. 

 

Whether the seizure effect of PKD1 is in direct or indirect relationship to KCC3 activity 

and/or to interneurons needs to be further addressed. Ideally, immunohistochemistry assays 

would be conducted with hippocampal slices from WT, PRKD1+/E77X, and PRKD1E77X/E77X mice 

stained against phospho-KCC3 and PKD1 antibodies. The role of interneurons could be addressed 

by selective deletion of KCC3 and PKD1 in the interneuronal lineage (e.g. driven by Dlx5-CRE). In 

additional experiments, we could directly determine the activity of KCC3 in cells isolated from 

wild-type, PKD1-E77X heterozygous, and homozygous mice. A limitation of these assays is that it 

does not identify the K-Cl cotransporter isoform that is affected. Indeed, if the experiment is done 

in neurons, KCC2 activity which is prevalent could also be affected. This would need to be sorted 

out. Heterologous expression in Xenopus laevis oocytes or KCC-deficient HEK293 cells could be 

used to sort out the effect, but it is very likely that regulation would be similar in all the K-Cl 

cotransporter tested. In conclusion, our work has generated many questions that remain to be 

answered: whether PKD1 results in peripheral neuropathy and in increased seizure susceptibility 
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by acting directly on KCC activity, or whether this effect is independent of the cotransporter; 

which cell type, i.e. interneurons or other are affected by the deficit in PKD1 expression.  

 

NKCC1 in metabolism  

The expression and function of NKCC1 have been well-studied by our and other groups 

(Delpire et al., 1994a; 1999). Several recent studies from us have highlighted the importance and 

the pathogenetic role of NKCC1 in the inner ear, nervous system, intestine, salivary gland, lung, 

and testis (Delpire et al., 1999; Flagella et al 1999, Dixon et al., 1999, Evans et al., 2000, Pace et 

al., 2000, Grubb et al., 2000, Grubb et al., 2001, Delpire et al., 2016; Koumangoye et al., 2019). 

Other investigators such as Sergei Orlov have studied NKCC1 in smooth muscle cell function, 

where the cotransporter plays an indirect role in the proper maintenance of intracellular Ca2+ 

levels necessary for smooth muscle cell (SMC) contraction (Orlov et al., 2010). The main source 

of Ca2+ for the tonic contractile activity of muscle is thought to come from extracellular stores 

channeled through L-type Ca2+ channels, although Ca2+ is additionally obtained from intracellular 

stores such as the sarcoplasmic reticulum (Kitamura & Yamazaki 2001). L-type Ca2+ channels are 

voltage operated Ca2+ channels expressed at the plasma membrane that open in response to 

membrane depolarization. The activation of Cl- channels leading to membrane depolarization is 

a determining factor for the opening of L-type Ca2+ channels. It is believed that this Cl- channel 

depolarization is helped by the accumulation of Cl- provided by the activity of NKCC1. Indeed, 

high ECl in smooth muscle cells is maintained in part by the cotransporter. Because smooth 

muscle cells are in many different organs, e.g. vasculature, intestine, bladder, etc., it might not 

be surprising that a patient expressing a mutant form of NKCC1 suffers from multi-organ 
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dysfunction. In addition, because of the vital role that nerve afferents play in sensory feedback 

and the important role that NKCC1 plays in modulating the return of sensory information, the 

multi-organ failure could also have some neurological origins. Thus, two major physiological 

processes sustained by NKCC1 function could account for the patient multi-system disorder. 

 

 So far, we have determined that loss of NKCC1 function results in impaired intestinal 

secretion and chronic inflammation in mice (Koumangoye et al., 2020), where electron 

microscopy and immunofluorescence studies were used to analyze mucous release and layer 

formation in the colon and immune cell infiltration. This study is consistent with severe 

gastrointestinal deficits identified in a separate patient who is a functional knockout of NKCC1. 

Although we have some understanding of the mechanisms by which the two NKCC1 patients 

suffer from gastrointestinal deficits, we have yet to tackle the idea that smooth muscle function 

is impaired in NKCC1 mutant mice. In addition, the muscle and liver cells of the NKCC1-DFX 

patient exhibit an abnormal elevation in mitochondrial DNA content, and an increase in glycogen 

content. This property was of particular interest to me since the role of NKCC1 in metabolic and 

energy homeostasis has been poorly investigated. Given the necessity of intracellular Cl- 

maintenance for Ca2+ uptake, and Ca2+ uptake is important for proper mitochondrial, glycolytic, 

and ER function, it was important to study the effect of NKCC1-DFX on mitochondrial activity, 

glycolysis, and ER stress (Finkel et al., 2015; Brox, Petermann & Frunder, 1977). Additionally, the 

patient’s elevated amount in DNA copy number, is a hallmark of metabolic disease, which was 

another factor contributing to my curiosity and desire to investigate the role of NKCC1 in 

metabolism (Malik & Czajka, 2013). I first confirmed that the NKCC1-DFX patient had elevated 
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mitochondrial DNA copy number, and elevated glycogen content by assessing mitochondrial and 

glycolytic respiration in isolated fibroblasts from the patient, compared to fibroblasts isolated 

from healthy individuals. There was a significant increase in the oxygen consumption rate 

(mitochondrial respiration), and a significant decrease in extracellular acidification rate 

(glycolysis) in fibroblasts expressing NKCC1-DFX. Due to the NKCC1-DFX patient expressing 

several other mutations, mitochondrial respiration and glycolysis was analyzed in MDCK 

epithelial cells and mouse fibroblasts expressing NKCC1-DFX. We found that in both cases, cells 

expressing NKCC1-DFX recapitulated the patient fibroblasts of elevated mitochondrial 

respiration. There was no difference in glycolysis. When cells were treated with the NKCC1 

specific inhibitor bumetanide, the cells had higher mitochondrial respiration, further confirming 

that NKCC1 leads to the increase in mitochondrial activity. 

 

Furthermore, due to the patient’s large amount of mitochondrial DNA copy number, I 

confirmed there was a higher mitochondrial density in her fibroblasts, compared to fibroblasts 

from healthy individuals. There was no difference in mitochondrial density when repeated in 

fibroblasts isolated from NKCC1DFX/+ and NKCC1DFX/DFX. Although this is unlike what was observed 

in the NKCC1-DFX patient, it speaks to the participation of NKCC1 in mitochondrial respiration, 

where a disruption in NKCC1 function, affects mitochondrial respiration without increasing the 

mitochondrial content. One outcome of an abnormal increase in mitochondrial respiration can 

be oxidative stress in the form of reactive oxidative species (Tiwari et al., 2002). An abundance in 

reactive oxidative species may lead to a negative cell fate, such as cell death (Maryanovich and 

Gross 2013). It was therefore sensible to test the level of reactive oxidative species in 
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heterozygous and homozygous NKCC1-DFX mouse fibroblasts. Interestingly, there was a 

significant increase in reactive oxidative species in NKCC1DFX/DFX fibroblasts, suggesting that one 

functional copy of NKCC1 is enough to alleviate or prevent from oxidative stress. To understand 

whether a nonfunctional NKCC1 affects the ER, major markers of ER stress were analyzed in 

fibroblasts of NKCC1DFX/+ and NKCC1DFX/DFX mice. There was a significant decrease in ER stress 

markers compared to WT in NKCC1DFX/+ and NKCC1DFX/DFX mouse fibroblasts. These results were 

intriguing since we recently demonstrated that NKCC1-DFX was able to clear the ER, even if 

partially misfolded. The ER is equipped with several chaperones and machinery in the UPR 

pathway, responsible for identifying misfolded protein to either correctly fold or target them for 

proteasomal degradation (Kadowaki & Nishitoh 2013). However, in the case of the NKCC1-DFX 

mutant, we have established in a recent study that it is not until NKCC1-DFX reaches the plasma 

membrane that it is targeted for lysosomal degradation (Koumangoye et al., 2019; 2018b). Here, 

I established that several ER stress markers are in fact suppressed, possibly contributing to the 

NKCC1-DFX mutant being able to avoid the UPR pathway. 

 

 In my studies, I have determined that a genetic and pharmacological abrogation of NKCC1 

function, causes an increase in mitochondrial respiration, elevation in oxidative stress, and 

decreased ER stress response. The next step would be to decipher the mechanism by which 

NKCC1 is linked to mitochondrial respiration, and ER stress. This could be approached in several 

ways. First, mitochondrial respiration in mouse fibroblasts should be assessed under different 

osmotic conditions. NKCC1 is active in hypertonic solutions, and inactive in hypotonic conditions. 

I would expect to see lower mitochondrial respiration in cells exposed to hypertonic solutions, 
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than isotonic, and hypotonic ones. However, since NKCC1 is not necessarily “inhibited” or 

abnormally functioning in isotonic or hypotonic conditions, one might not expect to see any 

difference. To determine whether different concentrations of Na+ and K+ affect mitochondrial 

respiration and glycolysis, cells would be exposed through ionophores to different concentrations 

of Na+ and K+. Additionally, the relationship between intracellular Na+ and intracellular Ca2+ 

(through Na+/Ca2+ exchanger) could also be investigated in respect to changes in mitochondrial 

function. These studies would determine more directly whether NKCC1 contributes to 

mitochondrial respiration through its transport activity (and through which ion(s)), or through its 

expression at the plasma membrane.  

 

Calcium is also involved in proper ER function, and abnormalities in ER Ca2+ levels has 

been linked to contributing to several disease states (Carreras-Sureda et al., 2018; Mekahli et al., 

2011). Since Ca2+ influx in SMCs is affected in part by intracellular Cl- levels, and NKCC1 plays a 

part in the maintenance of intracellular Cl- in SMCs, it would be interesting to assess whether 

NKCC1-DFX affects calcium levels in NKCC1-DFX mouse fibroblasts. Calcium levels would be 

measured by calcium fluorescent assays, using chemical indicators such as fura-2, fluo-4, or fluo-

8. Through understanding calcium levels, mitochondrial respiration and glycolysis in response to 

changes in osmolarity and ion concentrations, a mechanism of NKCC1 action in metabolism might 

unfold.  

Overall, because the individuals with rare diseases described in Chapters 2 and 3 are 

single clinical cases carrying unique mutations, the causality is difficult to make. The power of 

linking diseases with mutations in multiple members of a family and multiple families is not 



 121 

available to us. By generating a mouse model carrying the PKD1-E77X, I was able to 1) reproduce 

the pathology observed in the nerve of the patient, and 2) demonstrate that loss of PKD1 results 

in neuronal hyperexcitability. On the other hand, by generating a mouse model expressing the 

NKCC1-DFX mutation I was able to reproduce and study the metabolic deficits observed in the 

NKCC1-DFX patient. The mutation results in: 1) elevated mitochondrial respiration, 2) suppressed 

UPR pathway, and 3) increase in ROS levels. In conclusion, the studies outlined in this dissertation 

might serve as foundation for future work that could contribute to our understanding of NKCC1 

and PKD1/KCC3 function and lead the development of novel therapeutic drugs to treat clinical 

conditions related to cation-chloride cotransporters.   
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