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Abstract: Sodium potassium chloride co-transporter (NKCC) belongs to cation-dependent chloride 
co-transporter family, whose activation allows the entry of Na+, K+ and 2Cl- inside the cell. It acts in 
concert with K+ Cl- co-transporter (KCC), which extrudes K+ and Cl- ions from cell. NKCC1 is widely 
distributed throughout the body, while NKCC2 is exclusively present in kidney. Protein kinase A, 
protein kinase C, Ste20-related proline-alanine-rich kinase, oxidative stress responsive kinases, With No 
K=lysine kinase and protein phosphatase type 1 control the phosphorylation/dephosphorylation of key 
threonine residues of in regulatory domain of NKCC1. The selective inhibitors of NKCC1 including 
bumetanide and furosemide are conventionally employed as diuretics. However, recent studies have 
indicated that NKCC1 may be involved in the pathophysiology of anxiety, cerebral ischemia, epilepsy, neuropathic pain, 
fragile X syndrome, autism and schizophrenia. The inhibitors of NKCC1 are shown to produce anxiolytic effects; 
attenuate cerebral ischemia-induced neuronal injury; produce antiepileptic effects and attenuate neuropathic pain. In the 
early developing brain, GABAA activation primarily produces excitatory actions due to high NKCC1/KCC2 ratio. 
However, as the development progresses, the ratio of NKCC1/KCC2 ratio reverses and there is switch in the polarity of 
GABAA actions and latter acquires the inhibitory actions. The recapitulation of developmental-like state during 
pathological state may be associated with increase in the expression and functioning of NKCC1, which decreases the 
strength of inhibitory GABAergic neurotransmission. The present review describes the expanding role and mechanism of 
NKCC1 in the pathophysiology of different diseases. 
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INTRODUCTION 

 Na+ K+ 2Cl- co-transporter (NKCC) belongs to cation-
dependent chloride co-transporter family and mediates 
transport of Na+, K+ and Cl- ions into the cell [1, 2]. 
Activation of NKCC allows the entry of Na+, K+ and 2Cl- 
ions inside the cell. Other types of cation-dependent chloride 
co-transporters include K+ Cl- co-transporter (KCC) and Na+ 
Cl- co-transporter [3-5]. NKCC1 and NKCC2 are two 
members of NKCC family and NKCC2 is exclusively 
present on the thick ascending limb of Henle in the kidneys 
[6, 7]. However, NKCC1 is widely distributed in various 
types of tissues including stomach, heart, skeletal muscle, 
lungs, brain and also in kidney [8]. NKCC1 usually acts in 
concert with other cation-dependent chloride co-transporter 
such as KCC, which extrudes K+ and Cl- ions from the cell 
[9, 10]. 

 The activation or inactivation of NKCC1 is primarily 
controlled by phosphorylation or dephosphorylation of key 
threonine residues of its structure. In shark rectal gland, three 
phosphoacceptor sites at Thr184, Thr189 and Thr202 constitute 
the regulatory domain in the N-terminal of NKCC1. These 
phosphoacceptor sites are highly conserved between NKCC1  
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and NKCC2, thus, both NKCC1 and NKCC2 are activated 
by phosphorylation in a similar manner. The phosphorylation 
of Thr189 is essential for the NKCC1 activation, on the other 
hand, Thr184 and Thr202 has modulatory action [11]. The shark 
Thr175/Thr179/Thr184/Thr189 residues are homologous to human 
Thr203/Thr207/Thr212/Thr217residues and phosphorylation of 
these cause activation of human NKCC1 [12, 13]. On the 
other hand, dephosphorylation of threonine residues of KCC 
causes its activation [14]. The role of different enzymes 
controlling phosphorylation and dephosphorylation of key 
residues in regulatory domain of NKCC1 including protein 
kinase A, protein kinase C, Ste20-related proline-alanine-
rich kinase (SPAK), oxidative stress responsive kinases 
(OSR1), With No K=lysine kinase (WNK) and protein 
phosphatase type 1 has been documented in various studies 
[15-19]. The neuronal actions of NKCC1 activation are 
primarily related to reversal of inhibitory actions of GABA 
neurotransmitter in the brain regions. Although, activation of 
GABAA primarily produces inhibitory actions due to inward 
movement of Cl- ions (hyperpolarization), yet, increase in 
NKCC1/KCC2 ratio on neurons may lead to intracellular 
accumulation of chloride ions to alter the Cl- gradient. It is 
followed by net outward movement of Cl- ions 
(depolarization) due to opening of GABAA-regulated Cl- 
channels and there is weakening of inhibitory signals of 
GABA [20, 21, 22, 23]. The shift in polarity of GABAA in 
pathological states may be responsible for deleterious effects 
in number of CNS diseases (Fig. 1). 
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 The pathophysiological role of NKCC1 has been 
illustrated in different studies using selective inhibitors of 
NKCC1. Furthermore, the use of NKCC1 null rodents has 
also contributed immensely in identifying the role of NKCC1 
in normal physiology and pathophysiology of different 
diseases. Initially, Flagella et al. developed homozygous 
mutant NKCC1-deficient mouse which exhibited growth 
retardation, difficulties in maintaining balance, reduced 
blood pressure and collapsed membranous labyrinth leading 
to deafness [24]. Yang et al. developed SPAK-null mice 
with an impaired NKCC1 functioning and these mice 
exhibited hypotension due to impaired vasoconstriction and 
recapitulated Gitelman syndrome with hypokalemia, 
hypomagnesemia, and hypocalciuria [25]. These studies in 
NKCC1 null mice suggest the important contribution of 
NKCC1 in maintaining the blood pressure. The selective 
inhibitors of NKCC1 including bumetanide and furosemide 
are conventionally employed as diuretics. However, more 
recent studies have indicated that NKCC1 also plays an 
important role in various other pathological states including 
anxiety, cerebral ischemia, epilepsy, neuropathic pain, 
schizophrenia, fragile X syndrome and glioma and the 
inhibitors of NKCC1 are shown to produce beneficial effects 
in different disease models (Table 1). During cerebral 
ischemia, there is an up-regulation of NKCC1 expression in 
different brain regions, which is secondary to elevation of 
glutamate and activation of p38 and JNK MAP kinases [26, 
27]. An increased expression of NKCC1 causes intracellular 

accumulation of chloride ion to shift GABA-mediated 
hyperpolarisation to depolarization, which may be 
responsible for inducing seizures [28]. GABAA-mediated 
depolarization leads to the up-regulation of p75NTR, which 
may be involved in neuronal cell death and application of 
NKCC inhibitor prevents p75NTR up-regulation and 
neuronal death in the injured areas [29]. Nerve injury may 
up-regulate the expression of NKCC1 in the dorsal horn due 
to activation of Ca2+/CaM kinases through stimulation of 
transient receptor potential vanilloid type 1 to induce 
allodynia [30]. The present review describes the role of 
NKCC1 in the pathophysiology of these different diseases. 

TYPES, STRUCTURE AND DISTRIBUTION 

 NKCC is a unique family of transporters, and its two 
members NKCC1 and NKCC2 have been identified so far 
[4]. NKCC1 is widely distributed throughout the body and is 
present on variety of secretory epithelial and non-epithelial 
cells, while NKCC2 is specifically located on kidney [1]. 
Structurally, these co-transporters have ~1,200 amino acids 
that are arranged into 12 α-helical transmembrane-spanning 
domains [31]. It is reported that the central ~500-amino acid 
residue region is arranged into 12 transmembrane domains 
with connecting loops and has N-linked glycosylation 
between 7 and 8 transmembrane segments [8]. The second 
trans-membrane region is highly conserved for NKCC and  
is an important site that determines the binding of cations 
(Na+ and K+) as well as antagonist (including bumetanide). 

 
Fig. (1). The reversal of NKCC/KCC ratio decreases the inhibitory strength of GABAA signaling, which in turn leads to different 
pathological states. 
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Furthermore, bumetanide binding determinants are also 
present on transmembrane 7, -11, and -12. On the other 
hand, the chloride binding determinants are present on 
transmembrane 4 and transmembrane 7. Studies have shown 
that the binding of different ions and bumetanide to NKCC, 

and ion transport depends on the central ~500 amino acids 
residue. NKCC1 has mainly three regions, hydrophobic 
region, the amino-terminal-region with at least one 
phosphorylation site and the carboxy-terminal region with 
several phosphorylation sites [7] (Fig. 2). 

Table 1. Pharmacological actions of NKCC1 inhibitors, bumetanide and furosemide along with their doses in different disease 
models. 

Sr. No. Intervention Effect Reference 

Anxiety 

  

1. 

Furosemide 

(100 mg/kg)/ 

Bumetanide 

(70 mg/kg) 

• Inhibits NKCC1 and produces anxiolytic effects in the conditioned models 
of anxiety 

Krystal et al., 2012 

Cerebral ischemia 

2.  Bumetanide 

(100 µmol/L) 
 

10 µM 

7.6 -30.4 mg/kg 
 
 

SB-239063 
 

SP-600125 

• inhibits the NKCC1 activity in the brain and decreases ischemic infarct 
volume and brain edema 

• Reduces cerebral edema and neuronal damage during cerebral ischemia 

• Reduces intracellular Cl- accumulation and neuronal damage inthe 
hippocampal neurons 

• abolishes glutamate-mediated neurotoxicity, oxygen glucose deprivation-
induced neuronal death 

• inhibits ischemia-induced cerebral edema in rats subjected to middle 
cerebral artery occlusion  

• inhibits p38 and JNK/MAP kinases and decreases the ischemic stimulation 
of NKCC and reduces the brain damage 

Yan et al., 2001 
 

Yan et al., 2003 

Pond et al., 2006 
 

Beck et al., 2003 
 

O'Donnell et al., 2004 
 

Wallance et al., 2012 

Epilepsy 

3. Furosemide 
(50 mg/kg) 

Bumetanide 
(10 µM) 

 

Bumetanide  

Or 

 genetic knockdown of 
NKCC1 

• inhibits the NKCC1 activity and normalizes the extracellular volume 
fraction to produce antiepileptic effect 

• inhibits chloride accumulation in neurons and consequently reduces the 
facilitation of recurrent seizures  

• Blocks the spontaneous focus seizures 

• reduces glioma cell migration and useful in glioma treatment 

Hochman, 2012 
Ostby et al., 2009 

Nardou et al., 2009 
 

Dzhala et al., 2010 

Haas and Sontheimer 2012 

Neuropathic pain 

4. Furosemide 
(32.0±6.9 µg) 

Bumetanide 
(105.6±99.1 µg/paw) 

 

(10-500µM) 
 
 

(30 mg/kg) 

Antisense 
oligodeoxynucleotides 

Tyrosine receptor 
kinase B blocker 

(K252a 2µg) 

• Intrathecal injection inhibits both phases of pain,but more potently inhibits 
phase 2 of formalin-induce pain 

• intradermal injection more potently inhibits phase 1 suggesting that 
inhibition of intraspinal and peripheral NKCC1 may prevent formalin-
induced neuropathic pain  

• intrathecal administration reduces dorsal root reflexes, vasodilation, plasma 
extravasation, allodynia and hyperalgesia in a dose-dependent manner, in 
response to capsaicin injection in the plantar region of hind paw 

• i.p administration reduces the pain behavior 

• decreases the expression of KCC2 and produce hyperalgesia 

 

• produces anti-nociceptive behavior in lipopolysaccharide treated mice 

Granados-Soto et al., 2005; 
Prescott et al., 2006 

Lin et al., 1999 
 
 

Ita et al., 2006; Pitcher and 
Cervero, 2010 

 

Cramer et al., 2008 

Zhang et al., 2008 

Yong et al., 2010 
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 The trans-membrane regions of both members are highly 
conserved, with 75–90% similarity between the NKCC1 and 
NKCC2 [8]. Both have N-linked glycosylation sites on their 
extracellular loop [32]. These two members are encoded by 
two different set of genes. Genes encoding mouse NKCC1 
are localized on chromosome 18 [3], whereas the genes 
encoding NKCC2 are located on chromosome 2 [33]. The 
genes encoding human NKCC1 are localized on 
chromosome 5 and genes for NKCC1 are localized on 
chromosome 15 [34]. In the kidneys, NKCC1 is present on 
the luminal surface of the macula densa, apical membrane of 
thick ascending limbs, juxtaglomerular granular cells, in the 
outer and inner medullary collecting duct, loop of Henle, 
afferent arteriole and extraglomerular mesangium [35]. The 
localization of NKCC1 in the central nervous system has 
also been demonstrated by northern blotting and in situ 
hybridization studies [36, 37]. Immunocytochemical studies 
have shown the NKCC1 protein expression on the plasma 
membranes of the neurons throughout the brain, especially 
on pyramidal cells of the cerebral cortex, striatum, 
hippocampus [38] and also on the dorsal root ganglia of the 

spinal cord [39]. Furthermore, the localization of NKCC1 
has been reported on the glial cells [40]. Within the 
cardiovascular system, extensive distribution of NKCC1 in 
cardiomyocytes, fibroblasts, vascular endothelial cells, 
smooth muscle cells and red blood cells has been described 
[1, 41]. NKCC1 is also localized throughout the outer 
plexiform layer of the distal retina, a synaptic lamina that is 
comprised of the axon terminals of photoreceptors and the 
dendrites of horizontal and bipolar cells [42]. The NKCC2 
isoform has been identified only in the medullary regions of 
the kidney, the loop of Henle and the juxtaglomerular 
apparatus [5, 43]. 

ACTIVATION AND INHIBITION OF NKCC1 

 The wide varieties of protein-mediated biological 
activities are regulated by protein phosphorylation and 
dephosphorylation, and it is shown that NKCC1 protein must 
be phosphorylated to mediate cotransport of ions. It is 
reported that NKCC1 protein present in the shark rectal 
gland is regulated by direct and reversible phosphorylation at 

 

Fig. (2). Structure of NKCC1 with important binding sites for chloride ions and bumetanide along with important phosphorylation sites at the 
N terminal end of channel. NKCC1 is secondarily active transporter and is activated depending on sodium gradient created by Na+ K+ 

ATPase. The decrease in intracellular sodium activates NKCC1 which mediates transport of Na+, K+ and Cl- ions into the cell. 
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serine and threonine residues in response to cAMP and 
calyculin-A [44]. Studies have demonstrated a direct 
relationship between degree of ATP phosphorylation and 
NKCC1 activation. ATP is required to generate cAMP in 
response to the agonist for cAMP-mediated response and an 
increase in cellular levels of cAMP stimulate NKCC1 
transporter [45]. ATP also provides the necessary phosphate 
groups for cAMP-activated protein kinases, such as protein 
kinase A and protein kinase C, which mediate protein 
phosphorylation of NKCC1 and NKCC2 [3, 18]. It is also 
proposed that cAMP may also stimulate NKCC1 indirectly 
by increasing the permeability of the chloride channels 
present on apical membrane leading to Cl- secretory efflux 
and reducing intracellular Cl- ion concentration [46]. 

 However, cAMP-mediated NKCC1 activation is 
primarily mediated through activation of protein kinase A 
and protein kinase C. Khurihara et al. demonstrated that 
protein kinase A is involved in NKCC1 phosphorylation in 
rat acinar basolateral membranes by activation of endogenous 
membrane-associated kinases or inhibition of phosphatases 
present in acinar basolateral membranes [15]. Protein 
phosphatase type 1 is an important regulatory enzyme which 
binds to the NKCC1 via RVXFXD sequence present in  
N-terminus sites of regulatory subunit to promote 
dephosphorylation and inactivation of NKCC1 [47]. Protein 
kinase C may activate Ste20-related proline-alanine-rich 
kinase (SPAK), which subsequently binds to the N-terminal 
of NKCC1 and causes its phosphorylation during 
hyperosmotic stress in human airway epithelial cells [18, 
48]. Various studies also have investigated the involvement 
of With No K=lysine kinases (WNK) in phosphorylation  
and activation of Ste20-related proline/alanine-rich kinase/ 
Oxidative stress responsive kinases (SPAK/OSR1) that 
subsequently regulate phosphorylation and activation of 
NKCC1 [19, 49]. Hypertonic stress (cell shrinkage), and 
decreased intracellular Cl- ion levels trigger the 
phosphorylation and activation of WNKs to promote NKCC 
activation and KCC inhibition via phosphorylation of critical 
amino acids. Furthermore, silencing of WNK kinase activity 
promotes NKCC inhibition and KCC activation via 
dephosphorylation [50,51]. In fact, the three isoforms of 
WNK including WNK1, WNK2 and WNK3 (but not 
WNK4) are activated by auto-phosphorylation of their 
Thr243, Ser382, Ser383, Ser1261 residues in response to stress. In 
turn, activated SPAK/OSR1 regulates the phosphorylation of 
Thr203, Thr207 and Thr212 residues of NKCC [52]. However, it 
is proposed that WNK4 in association with calcium binding 
protein 39 (cbp39) may also activate NKCC1 in a SPAK/ 
OSR1-independent manner (Table 2) [17, 53]. Among the 
different isoforms, WNK1 and WNK3 are highly expressed 
in the brain and their modulation may control the activation 
and deactivation of cation cotransporters to produce the 
beneficial effects in diseases involving altered ratio and 
functioning of NKCC1 and KCC2 [50]. 

 Darman and Forbush demonstrated that the activation of 
NKCC isolated from shark rectal gland is directly controlled 
by phosphorylation of three phosphoacceptor sites at Thr184, 
Thr189 and Thr202 which constitute the regulatory domain 
present in the N-terminal of NKCC1. These phosphoacceptor 
sites are highly conserved between NKCC1 and NKCC2, thus 

both NKCC1 and NKCC2 are activated by phosphorylation 
in a similar manner. The phosphorylation of Thr189 is 
essential for the NKCC1 activation, on the other hand, Thr184 
and Thr202 has modulatory action [11]. Similarly, it was 
reported that shark Thr175/Thr179/Thr184/Thr189 residues are 
homologous to human Thr203/Thr207/Thr212/Thr217residues 
and phosphorylation of these cause activation of human 
NKCC [12, 13]. Gimenez and Forbush investigated the 
activation of NKCC2 expressed in Xenopus laevis oocytes 
through the phosphorylation of three N-terminal threonines 
such as Thr99, Thr104 and Thr117 [54]. 

 Besides ATP and cAMP, increased levels of excitatory 
neurotransmitters such as glutamate, N methyl-D-aspartate 
and glutamate receptor agonist trans-ACPD (1-amino-1,3 
dicarboxycyclopentane) may also contribute significantly in 
activating the cotransporter activity in the neurons [55]. The 
activation of NKCC1 is also regulated by sodium potassium 
ATPase pump (Na+ K+ ATPase), which tends to decrease the 
intracellular sodium levels. Indeed, NKCC1 is secondarily 
active transporter and is activated depending on sodium 
gradient created by Na+ K+ ATPase. The decrease in 
intracellular sodium activates NKCC1 which mediates 
transport of Na+, K+ and Cl- ions into the cell. Bumetanide is 
a member of sulfamoylbenzoic acid loop diuretic family and 
exerts its diuretic action by blocking the NKCC in the thick 
ascending limb of loop of Henle [1]. It blocks both NKCC1 
and KCC2 cation-chloride co-transporters with about 500-
fold greater affinity for NKCC1 than for KCC2 [56]. Studies 
have shown that bumetanide is heavily bound to plasma 
proteins (~98%) and is highly ionized at physiological pH, 
so that it poorly penetrates into the brain [57]. Furthermore, 
it is rapidly eliminated in rodents because of extensive 
oxidation of its N-butyl side chain. The elimination half-life 
of bumetanide in mice is 47 min and in rats is 13 min. In 
humans, the half-life is between 1 and 1½ hours. 
Accordingly, scientists have employed piperonyl butoxide 
inhibitors to inhibit the oxidation and increase the activity of 
bumetanide in rodents [58]. Furthermore, scientists have 
developed the lipophilic and uncharged prodrugs of 
bumetanide that penetrate the blood-brain barrier more easily 
than the parent drug [57]. Furosemide is a loop diuretic and 
is involved in blockade of both NKCC1 and the KCC2, but it 
produces more potent action against the KCC2 [8, 50]. 
Torasemide [1-isopropyl-3-{[4-(3-methyl-phenylamino) 
pyridine]-3-sulfonyl} urea] is a loop diuretic of the class 
pyridine sulfonylurea, which blocks the action of NKCC 
[59]. Piretanide is also an inhibitor of NKCC [60]. 

NKCC1 AND GABAA RECEPTOR-MEDIATED 
NEUROTRANSMISSION 

 GABA is the primary inhibitory neurotransmitter present 
throughout the mammalian central nervous system. 
However, activation of GABAA receptors may also produce 
excitatory actions depending upon the Cl- gradient [61, 62]. 
Generally, low intracellular Cl- ions concentration is 
maintained in the neurons and activation of GABAA 
receptors causes hyperpolarization due to inward flow of Cl- 
ions. However, maintenance of high intracellular Cl- ion 
levels (due to activation of NKCC1) imparts excitatory 
actions to GABAA due to outward movement of Cl- ions [22, 
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63]. Indeed in the early developing brain, activation of 
GABAA primarily produces excitatory actions. However, 
there is developmental switch in GABA polarity in which 
the excitatory actions of GABAA are switched to inhibitory 
actions with the progression of development [64]. During an 
early development (early after birth), the excitatory GABA 
acts a trophic factor in the cortex [65] and it activates a 
number of signaling cascades to promote the dendritic 
development, and synaptogenesis [66]. The early excitatory 
depolarizing actions of GABAA activation are due to high 
neuronal expression of NKCC1, which tends to increase the 
intracellular Cl- ions levels. However, during the later stages 
of development, there is switch in polarity of GABA i.e., 
there is change from excitatory to inhibitory functions of 
GABAA with the progression of development. The shift in 
polarity of GABAA responses occurs in rodent hippocampus 
during the first 2 postnatal weeks [67]. This developmental 
switch of polarity is attributed to the increase in KCC2 
(which extrudes Cl- from cells) and decrease in NKCC1 
expression [68]. Accordingly, the relative ratio of these 
transporters determines the intracellular Cl- concentration 

and polarity of GABAA actions [64, 68]. In pathological 
conditions, there may be the recapitulation of developmental-
like state, i.e., increase in the ratio of NKCC1/KCC2 leading 
to shift in the polarity of GABA actions and decreasing  
the strength of inhibitory GABAergic neurotransmission 
(Fig. 3). 

NKCC1 AND GLUTAMATE 

 There have been studies suggesting that activation of 
NKCC1 may participate in glutamate-mediated excitotoxicity. 
A study by Schomberg et al. described that the activation of 
NMDA receptors stimulates the NKCC1 activity in neurons 
[69]. Beck et al. described that pretreatment of cortical 
neurons with bumetanide prevents glutamate-induced 
neuronal cell death. Furthermore, bumetanide significantly 
attenuated glutamate-induced rise in intracellular Na and Cl- 
ions in a significant manner suggesting that activation of 
NMDA receptors is followed by activation of NKCC1, 
which contributes in increasing Na and Cl- ions inside the 
cells. However, inhibition of NKCC1 after glutamate 

Table 2. Different enzymes involved in phosphorylation and dephosphorylation of NKCC1 

Sr. No. Kinases/ 
Phosphatase Enzyme 

Phosphorylation/ 
Dephosphorylation Site 

Comment Reference 

1. Ca2+/Camodulin-
kinase-II 

NKCC1 phosphorylation • Capsaicin induces NKCC1 phosphorylation due to 
stimulation of Ca2+/Camodulin-kinase-II in the mouse 
spinal cord 

Galena and Cervero, 
2005 

2. Protein kinase A NKCC1 phosphorylation • protein kinase A is involved in NKCC1 
phosphorylation in rat acinar basolateral membranes 
by activation of endogenous membrane-associated 
kinases or inhibition of phosphatases present in acinar 
basolateral membranes 

Khurihara et al., 2002 

3. Protein phosphatase 
type 1 

NKCC1 
dephosphorylation 

• Protein phosphatase type 1 enzyme binds to the 
NKCC1 via RVXFXD sequence present in N-terminus 
sites of regulatory subunit to promote 
dephosphorylation and inactivation of NKCC1 

Darman et al.,2001; 
Matskevich et al., 

2005 

4. Protein kinase C NKCC1 phosphorylation • Protein kinase C may activate Ste20-related proline-
alanine-rich kinase (SPAK), which subsequently binds 
to the N-terminal of NKCC1 and causes its 
phosphorylation during hyperosmotic stress in human 
airway epithelial cells  

Dowd and Forbush, 
2003; Smith et al., 

2008 

5. With No K=lysine 
kinases (WNK) 

WNK1, WNK2 and 
WNK3 

WNK4 

NKCC1 phosphorylation 
 
 
 
 

NKCC1 phosphorylation 
 
 
 
 

NKCC1 phosphorylation 

• With No K=lysine kinases (WNK) phosphorylates and 
activates Ste20-related proline/alanine-rich 
kinase/Oxidative stress responsive kinases 
(SPAK/OSR1) that subsequently regulate 
phosphorylation and activation of NKCC  

• WNK1, WNK2 and WNK3 auto-phosphorylates 
their Thr243, Ser382, Ser383, Ser1261 residues in response 
to stress and activated SPAK/OSR1 regulates the 
phosphorylation of Thr203, Thr207 and Thr212 residues of 
NKCC 

• WNK4 in association withcalcium binding protein 39 
(cbp39) may alsoactivate NKCC1 in a SPAK/OSR1-
independent manner  

Susa et al., 2012; 
Zeniya et al., 2013 

 
 
 

Thastrup et al., 2012 
 
 
 
 

Gagnon et al., 2011;  
Ponce-Coria et al., 

2014 
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treatment had no effect on neuronal death suggesting that 
NKCC1 plays an important role during the initial stages of 
glutamate-mediated neurotoxicity [26]. 

KCC2 AS NEUROPROTECTIVE AND ITS COMPLEX 
REGULATION BY BRAIN DERIVED NEURO- 
TROPHIC FACTOR (BDNF) 

 KCC2 gene generates two isoforms, KCC2a and KCC2b 
and during the development, there is a significant increase in 
the expression of KCC2 in the brain. Among its two 
isoforms, the expression levels of KCC2a mRNA in 
hippocampus are relatively constant; whereas KCC2b 
mRNA increases significantly suggesting that the 
developmental increase in the expression of KCC2 is mainly 
due to the KCC2b isoform [70, 71]. The role of KCC2 is 
implicated in the regulation of neuronal migration, dendritic 
outgrowth and formation of the excitatory and inhibitory 
synaptic connections. Its function or expression is 
suppressed under several pathological conditions including 
neuronal trauma, epilepsies, axotomy of motoneurons, 

neuronal inflammations and cerebral ischemia. Pellegrino et 
al. demonstrated the neuroprotective role of KCC2 as knock 
out of the KCC2 gene in rat hippocampal neurons was 
shown to increase the intracellular chloride concentration 
and compromise neuronal survival. The rescue of the KCC2 
activity through its over-expression effectively restored 
chloride concentration and enhanced neuronal resistance to 
oxidative stress and glutamate-induced excitotoxicity 
suggesting the novel neuroprotective role of endogenous 
KCC2 [72]. Khalilov et al. demonstrated the enhanced 
synaptic activity and epileptiform events in the embryonic 
KCC2 deficient hippocampus [73]. Lee et al. reported that 
the enhanced glutamatergic activity may possibly down-
regulate the KCC2 to enhance the depolarizing and 
excitotoxicity actions of GABAA receptors [74] suggesting 
that glutamate-mediated neuronal toxicity may be partially 
attributed to decreased expression of neuroprotective KCC2. 

 The expression of KCC2 is regulated by BDNF through a 
complex signaling cascade during normal development and 
under pathological conditions. It has been shown that the 

 

Fig. (3). In the early developing brain, GABA primarily produces excitatory actions due to high NKCC1/KCC2 ratio. As a consequence, 
there is an increased intracellular Cl-ions, which leads to depolarizing actions of GABA due to outward movement of Cl- ions. However, as 
the development progresses, the ratio of NKCC1/KCC2 ratio reverses and there is switch in the polarity of GABA actions due to decreased 
intracellular Cl- ions and GABA acquires inhibitory actions due to inward movement of Cl- ions. The recapitulation of developmental-like 
state during pathological state may be associated with increase in the expression and functioning of NKCC1, which decreases the strength of 
inhibitory GABAergic neurotransmission. 
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levels of KCC2 mRNA are increased in BDNF 
overexpressing embryos [75]. Furthermore, the expression of 
KCC2 is decreased in TrkB (tyrosine receptor kinase B) 
receptor knock-out mice [76]. Ludwig et al. demonstrated 
that BDNF robustly increases the expression of dependent 
KCC2 gene via the ERK1/2 pathway in immature neurons 
[71]. In contrast to immature condition, into more mature 
conditions the expression of BDNF decreases the KCC2 
expression. In contrast to physiological role of BDNF in 
increasing the expression of KCC2, an increase in BDNF 
during neuronal injury tends to decrease the expression of 
KCC2 [29, 77] suggesting the dual role of BDNF in 
regulating the KCC2 expression in normal and pathological 
states. 

ROLE OF NKCC1 IN DIFFERENT DISEASES: 

NKCC1 in Anxiety 

 Krystal et al. studied the anti-anxiety role of the NKCC1 
blockers in rat model of anxiety. Administration of 
furosemide (100 mg/kg I.V.) and bumetanide (70 mg/kg 
I.V.) was shown to exert significant anxiolytic effects in the 
conditioned models of anxiety (contextual fear-conditioning 
and fear-potentiated startle), but not in the unconditioned 
models of anxiety (elevated plus maze and open- field test). 
The exact reason for their selective anxiety attenuating 
actions in conditioned models of anxiety (but not in 
unconditioned models) was not explained in the study. Since 
in that study only a single dose of each drug was employed, 
it may not be completely ruled out that these drugs may 
produce anxiolytic effects in the unconditioned models of 
anxiety at higher doses [40]. Studies have demonstrated that 
furosemide and bumetanide antagonize the NKCC1 (present 
on both neurons and glial cells), and KCC2 cotransporter 
(present on neurons) [63, 78, 79, 80]. However, as compared 
to furosemide, bumetanide is more specific inhibitor of 
NKCC1 than KCC2 [60]. Based on this, it was proposed that 
antagonism of NKCC1 rather than KCC2 is responsible for 
the documented anxiolytic effects of furosemide and 
bumetanide. Had the KCC2 antagonism be responsible for 
antianxiety effects, then bumetanide would have been 
ineffective in anxiety models. The authors linked the anxiety 
relieving actions of NKCC1 antagonists to enhanced 
GABAA signaling in the central nervous system. As a 
consequence of inhibition of Cl- cotransporter, these 
medications increase the transmembrane chloride gradients 
in the neurons and thus, increase GABA-induced 
hyperpolarizing inhibitory postsynaptic potentials [67, 78]. 
The possible changes in the GABAergic neurotransmission 
may be associated with the changes in connectivity triggered 
by dendritic spines loss and sprouting. Furthermore, due to 
close inter-relationship between GABA and glutamate, the 
changes in glutamatergic action may also be altered. 
However, experimental studies are needed to explore these 
changes associated with anti-anxiety effects of bumetanide 
and furosemide. 

NKCC1 in Cerebral Ischemia 

 Loss of blood supply to the brain (cerebral ischemia) 
initiates a cascade of cellular events, which significantly 

disturb the neuronal ionic homeostasis and produce neuronal 
death in the hippocampus and other brain regions. However, 
the molecular events and the consequences are not same in 
all ischemic conditions and depend upon the severity of 
ischemic insult. Studies have documented that intracellular 
Cl- concentrations rises in the rat hippocampal neurons in 
response to oxygen glucose deprivation, an in vitro model of 
ischemia [81, 82] and the maintenance of extracellular Cl- at 
10 mM during reoxygenation and glucose supplementation 
has been shown to reduce the neuronal damage [38]. During 
ischemia, increased NKCC1 activity may be responsible for 
ischemia-induced intracellular Cl- and Na+ ions 
accumulation, which in turn causes neuronal injury due to 
hyperexcitability of neurons [83]. Yan et al. demonstrated 
the increased expression of NKCC1 in the brain cortex in 
cerebral ischemia model of 2 h left middle cerebral artery 
occlusion (focal cerebral ischemia) and 24 h reperfusion in 
male spontaneously hypertensive rats. Microdialysis of 100 
µmol/L of bumetanide transiently inhibited the NKCC1 
activity in the brain and inhibition of co-transporter with 
bumetanide decreased ischemic infarct volume and brain 
edema. It was proposed that bumetanide inhibits the co-
transporter mediated Cl- influx in neurons and consequently, 
reduces ischemic neuronal damage [84]. Pond and co-
workers demonstrated that bumetanide reduces intracellular 
Cl- accumulation and neuronal damage in the hippocampal 
neurons of adult transgenic mice subjected to 8 min of 
oxygen-glucose deprivation and reoxygenation in the 
presence of glucose [38]. 

 Beck et al. reported the neuroprotective role of 
bumetanide in two in vitro models of ischemic cell death i.e., 
glutamate (100 µM)-induced excitotoxicity (in incubated 
cortical neurons for 24 hr) and oxygen glucose deprivation 
(3 hrs)-reoxygenation (21 hrs) (an in vitro model for 
ischemia and reperfusion). It was demonstrated that 
inhibition of NKCC1 with 10 µM bumetanide abolishes 
glutamate-mediated neurotoxicity as well as oxygen glucose 
deprivation-induced neuronal death. However, 
neuroprotective effects of bumetanide due to NKCC1 
inhibition were observed only with its 30 min pretreatment 
before glutamate and oxygen glucose deprivation suggesting 
the involvement of NKCC1 in initial stages of cell damage 
during excitotoxicity [26]. Yan et al. demonstrated the role 
of NKCC1 in cerebral edema and neuronal damage during 
cerebral ischemia in male spontaneously hypertensive rats. 
In cerebral cortex and striatum of rat brain, the expression of 
NKCC1 was increased during 2 h of cerebral ischemia and 
was persistent during 24 h of reperfusion. Furthermore 
inhibition of NKCC1 by bumetanide 100 µM was shown to 
reduce cerebral edema and neuronal damage during cerebral 
ischemia [84]. 

 O'Donnell and co-workers demonstrated that intravenous 
administration of bumetanide (7.6 mg/kg) inhibits ischemia-
induced cerebral edema in rats subjected to middle cerebral 
artery occlusion [85]. Brillault et al. demonstrated that 
hypoxia-induced increase in cells swelling is associated with 
late increase in Na+ content of the cells (after 3-5 h of 
hypoxia, but not after 1 h). Furthermore, administration of 
bumetanide was shown to reduce hypoxia-induced cell 
swelling along with rise in Na+ content. Based on this, it was 
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hypothesized that during early stages of cerebral ischemia, 
various ischemic factors cause stimulation of NKCC 
localized on luminal side of blood brain barrier to transport 
Na+ and water from the blood to the brain to produce 
cerebral edema [86]. Liu et al. demonstrated the role of 
NKCC in edema formation in young (10-12 weeks) and aged 
(15-16 months) mice in middle cerebral artery occlusion 
model of ischemic stroke. Using western blot analysis, it was 
demonstrated that NKCC1 expression is increased in 
ischemic penumbra of young mice as compared to aged 
mice. Intravenous administration of bumetanide (30.4 
mg/kg) was shown to decrease ischemia-induced edema 
formation in young mice more effectively as compared to 
aged mice. It was concluded that young mice had more 
edema formation probably due to increased NKCC1 
expression during an ischemic stroke than aging animals, 
and accordingly bumetanide was more effective in blocking 
edema in young ones [87]. 

 Yang et al. linked the neuroprotective effects of biphalin 
(a non-selective opioid receptor agonist) in in vitro and in 
vivo models of stroke to decreased expression of NKCC1 in 
the brain [88]. During cerebral ischemia, various 
mechanisms may be responsible for increased expression or 
activity of NKCC1 in the brain region. Lee et al. described 
the increase in NKCC1 mRNA and protein expression in the 
cortex region in middle cerebral artery model of neuronal 
injury in rats. This study suggested that during cerebral 
ischemia the epigenetic mechanisms such as methylation and 
demethylaton regulate the expression of NKCC1. The 
promoter sites of NKCC are formed by cytosine guanine 
dineucleotide in the form of cytosine-phosphodiester-
guanine and the process of methylation of the promoter sites 
of NKCC decreases the expression of NKCC. During 
methylation of the promoter site of NKCC, methyl group is 
transferred to cytosine in cytosine-phosphodiester-guanine 
dineucleotide (catalysed by DNA methyltransferases) and 
expression of NKCC1 is decreased. During cerebral 
ischemia, down-regulation of DNA methyltransferases leads 
to demethylation of promoter region and subsequently, 
increases the expression of NKCC1 [89]. Recently, Wallace 
and co-workers demonstrated that activation of p38 and JNK 
MAP kinases may be involved in NKCC activation in 
cerebral microvascular endothelial cells during ischemia. 
This study reported that selective inhibition of these kinases 
by SB-239063 and SP-600125 decreases the ischemic 
stimulation of NKCC and reduces the brain damage [27]. 

 Furthermore, an increase in NKCC1 expression or 
activation during ischemia may be ascribed indirectly  
to ischemia-induced rise in glutamate and calcium levels  
[2, 55, 69]. Schomberg and co-workers described that 
administration of glutamate receptor agonists i.e. trans-(6)-1-
aminocyclopentanetrans-1,3-dicarboxylic acid and 3,5-
dihydroxyphenylglycine causes stimulation of NKCC1 in the 
cortical neurons. It was suggested that activation of 
glutamate receptors by trans-(6)-1-aminocyclopentanetrans-
1,3-dicarboxylic acid and 3,5-dihydroxyphenylglycine 
increases the intracellular Ca2+ levels and activation of 
Ca2+/CaM kinases stimulates NKCC1 [69]. Similarly, Sun 
and Murali described that glutamate ionotropic receptor 
(NMDA) and the metabotropic receptor agonists (trans-(6)-

1-aminocyclopentanetrans-1,3-dicarboxylic acid) stimulate 
NKCC by increasing intracellular Ca2+ ion concentration in 
the human neuroblastoma (SH-SY5Y) cells [55]. Su and co-
workers demonstrated an upregulation in NKCC1 protein 
expression in the cortical astrocytes cultures of rats due to 
high extracellular K+ ion and stimulation of NKCC1 in 
astrocytes in a Ca2+-dependent manner [2]. However, an 
increase in NKCC1 expression may not be solely responsible 
for the deleterious effects observed during cerebral ischemia. 
It has been shown that the activation of NMDA receptors is 
also associated with the down-regulation of KCC2 [74], 
therefore, it may be possible that glutamate-induced neuronal 
toxicity may be secondary to increased expression of 
NKCC1 and decreased expression of neuroprotective KCC2. 
Furthermore, it is shown that bumetanide prevents the up-
regulation of pan-neurotrophin receptor (p75(NTR)) and 
reduces the levels of endogenous BDNF in the injured areas 
to rescue injured neurons [29]. Along with it is also shown 
that BDNF reduces the expression of KCC2 in injured 
neurons [77]. Therefore, it is also possible to suggest that 
NKCC1 blockers may additionally produce the beneficial 
effect by decreasing the dependency of injured neurons on 
BDNF and increasing the expression of neuroprotective 
KCC2 (Fig. 4). 

NKCC1 in Epilepsy 

 Epilepsy is one of the common neurological disorders 
characterized by seizures resulting from abnormal, excessive 
or hyper-synchronous neuronal activity in the brain [90]. 
Research evidences suggest that neuronal hyper-excitability 
and hyper-synchronization is the result of disruption of 
delicate balance between the excitatory and inhibitory 
synaptic activity. Dzhala et al. described that the NKCC1 
blocker (bumetanide) decreases the Cl- accumulation in the 
immature neurons, suppresses epileptiform activity in the 
hippocampal slices and attenuates electrographic seizures in 
neonatal rats. However, bumetanide had no effect in the 
presence of the bicuculline (GABAA receptor antagonist) and 
in brain slices from NKCC1-knockout mice suggesting that 
NKCC1 facilitates seizures in the developing brain [91, 92]. 
The same group described the role of NKCC1 in neonatal 
seizures in intact hippocampal slices prepared from neonatal 
rats and transgenic mice expressing clomeleon, a fusion 
protein consist of the Cl--sensitive yellow fluorescent protein 
and the Cl--insensitive cyan fluorescent protein. By using 
clomeleon imaging, the study suggested that NKCC1 
gradually increases the intracellular chloride concentration of 
neurons, which shifts GABA-mediated hyperpolarization to 
depolarization to facilitate the seizures. It was shown that 
bumetanide inhibits the chloride accumulation in neurons 
and consequently reduces recurrent seizures [93]. Sen et al. 
demonstrated the increased expression of NKCC1 in 
pharmacotherapy resistant refractory human epilepsy 
including hippocampal sclerosis and focal cortical dysplasia. 
An increased expression was found in surgically resected 
adult human hippocampal sclerosis and in dysplastic 
neurons, whereas the immunoreactivity for NKCC1 was 
uniform in normal nonepileptic cortex. The hippocampus 
with granule cells dispersion had higher concentrations of 
GABAA on their dendrites along with high expression of 
NKCC1 within the granule cell layer as compared to cells 
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without granule cell dispersion suggesting that in former 
cases GABA is rendered less capable of hyperpolarisation 
due to abundant NKCC1. It was proposed that in refractory 
human epilepsy (hippocampal sclerosis and focal cortical 
dysplasia), the over-expression of NKCC1 may lead to 
higher intracellular chloride concentrations within the 
neurons. Therefore, it becomes difficult for GABA to 
generate inhibitory hyperpolarizing potentials or even causes 
GABA to become excitatory leading to development of 
seizures [94]. 

 Conti and co-workers demonstrated that alterations in the 
balance of NKCC1 and KCC2 activity may decrease the 
hyperpolarizing effects of GABA and therefore, contribute to 
epileptogenesis in human brain tumors. By injecting 
surgically resected peritumoral cortical tissues of epileptic 
patients afflicted by gliomas and cortical tissues of non-
epileptic patients into Xenopus oocytes, an increased 
immunoreactivity of NKCC1 in oocytes leading to GABA-
evoked depolarizing potential was demonstrated as 
compared to those from nonepileptic healthy cortex. The 
blockade of NKCC1 using bumetanide or activation of 
KCC2 using TPEN [N,N,N¢,N¢-tetrakis-(2-pyridylmethyl)-
ethylenediamine] (Zn2+ chelator), reverted the depolarization 
shift in oocytes injected with epileptic peritumoral tissue 
similar to that observed in oocytes injected with nonepileptic 
cortex. It was proposed that increased expression of these co-
transporters might cause a decrease of GABAergic inhibition 
leading to increased excitotoxicity [95]. Oriaifo and co-

workers described the antiepileptic effects of furosemide (50 
mg/kg) in leptazol-induced seizures in mice [96]. Studies 
have suggested that the non-synaptic mechanisms are also 
very important in producing antiepileptic effects of these 
NKCC blockers. It was described that the non-synaptic 
mechanisms change the ionic concentrations by transporting 
extracellular potassium and chloride ions into glial cells 
through NKCC1. It leads to generation of osmotic gradients 
between extracellular and intracellular compartments, which 
cause the movement of water from extracellular to 
intracellular compartments and thereafter, to glial cells. 
These changes are associated with reduction in extracellular 
volume fraction (defined as proportion of a volume of brain 
tissue that is composed of extracellular space) [97, 98]. The 
treatment with bumetanide and furosemide blocks the 
changes in osmolarity of extracellular spaces to produce 
antiepileptic effect. The normalization of extracellular 
volume fraction (non-synaptic mechanism) in the presence 
of NKCC1 blocker to produce antiepileptic effects was 
demonstrated with the help of optical imaging of 
hippocampal slices [99]. 

 Nardou and collaborators demonstrated that inhibition of 
NKCC1 by bumetanide blocks the expression of seizures, 
but does not efficiently prevent the long-lasting episodes of 
recurrent seizures. Using preparation of two intact 
interconnected hippocampal formations of neonatal Wistar 
rats, this study described that administration of bumetanide 
(10 µM) does not prevent generation of epileptogenic focus, 

 

Fig. (4). Ischemicinjury causes stimulation of glutamate receptors which increases the release of Ca2+/CaM kinases and cAMP that enhances 
the expression of NKCC. Similarly p38 and MAP kinases activated due to ischemia that causes upregulation of NKCC. Ischemic injury also 
leads to down-regulation of DNA methyltransferases which causes increased expression of NKCC. 
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but blocks the spontaneous focus seizures. It was proposed 
that during recurrent seizures, GABA mediates the massive 
influx of Cl- to produce permanent accumulation of 
intracellular chloride ions that overcome the inhibitory effect 
of bumetanide on NKCC1 [22]. Using immunocytochemistry, 
Munoz et al. demonstrated the changes in the relative 
expression of NKCC1 and KCC2 in the neurons of the 
subicular region adjacent to sclerotic areas of the 
hippocampus. In the transition between the subiculum with 
sclerotic regions of CA1, the double immunolabeling of 
NKCC1 and KCC2 revealed that 20% of the NKCC1-
immunoreactive neurons do not express KCC2 [100]. Earlier 
Huberfeld et al. showed that nearly all dentate granule cells 
express both mRNA and proteins of KCC2. However, KCC2 
was absent from approximately 30% of CaMKIIalpha 
(calcium/calmodulin-dependent protein kinase IIalpha)-
positive subicular pyramidal cells. Furthermore, it was 
reported that all cells that were hyperpolarized during 
interictal events were immunopositive for KCC2, whereas 
the majority of depolarized cells were KCC2 immunonegative 
[101]. A preclinical study by de Guzman et al. reported that 
the excitability of subiculum network is increased in the 

rodent model of temporal lobe epilepsy, which was 
attributed to reduction in mRNA of KCC2 in the subiculum 
of pilocarpine-treated rats [102] (Fig. 5). 

 Rangroo Thrane et al. demonstrated that ammonia 
induces seizures by compromising the potassium buffering 
capacity of astrocytes and over-activating NKCC1 in 
neurons. Furthermore, genetic deletion of NKCC1 or 
pharmacological inhibition with bumetanide potently 
suppressed ammonia-induced neurological dysfunction 
[103]. Töpfer et al. investigated the effects of inhibition of 
bumetanide metabolism on the anticonvulsant effects in 
chronic model of epilepsy. The authors reported that 
inhibition of bumetanide metabolism by inhibiting the 
piperonyl butoxide (PBO) increases the brain levels of 
bumetanide. In the rat kindling model, bumetanide (with or 
without PBO) did not exert anticonvulsant effects on fully 
kindled seizures, but dose-dependently altered the kindling 
development [58]. Töllner et al. demonstrated that the 
administration of 2 ester prodrugs of bumetanide, the 
pivaloyloxymethyl and N,N-dimethylaminoethylester results 
in significantly higher brain levels of bumetanide. Furthermore, 
these prodrugs were more effective than bumetanide in 

 

Fig. (5). Epileptogenic stimuli enhance the expression of NKCC that causes intracellular accumulation of chloride ions which shift GABA 
mediated hyperpolarization to depolarization. Thus, depolarization lead to development of seizures. Also epileptogenic stimuli decreases the 
expression of KCC that causes intracellular accumulation of chloride ions lead to generation of osmotic gradient between intracellular and 
extracellular components. This gradient causes movement of fluid to intracellular components that decreases extracellular fluid fraction lead 
to seizure generation. 
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potentiating the anticonvulsant effect of phenobarbital in the 
kindling model in rats [57]. 

 Gliomas are frequently associated with the development 
of seizures, termed as peritumoral epilepsy. Campbell et al. 
demonstrated the reduced numbers of peritumoral 
parvalbumin-positive GABAergic inhibitory interneurons 
and the elevated intracellular Cl- concentration in the 
remaining peritumoral neurons in mouse glioma model. The 
increase in intracellular Cl- concentration in neurons was 
attributed to decreased plasmalemmal expression of KCC2, 
which subsequently induced the depolarizing actions of 
GABAA. The depolarizing actions of due to activation of 
GABAA receptors render the peritumoral neuronal networks 
hyper-excitable and susceptible to seizures triggered by 
excitatory stimuli [104]. Pallud et al. demonstrated that 
important contribution of cortical GABAergic excitation to 
epileptic activities in the neocortical slices from the 
peritumoral surgical margin resected around human brain 
gliomas. In glioma cells, chloride homeostasis is perturbed 
due to reduction in KCC2 and increase in NKCC1 
expression in neurons surrounding the glioma. The increase 
in Cl- ions is in turn associated with depolarizing 
GABAergic signaling leading to epileptic discharges in 
glioma patients [105]. 

 In contrast to well documented preclinical as well as 
clinical reports suggesting the clear role of NKCC1 and its 
blockers in epilepsy, Brandt et al. did not report the 
beneficial effects of bumetanide in epilepsy model. The 
authors investigated the effect of GABA-mimetic antiepileptic 
drug, phenobarbital (25 mg/kg) alone or in combination with 
bumetanide i.v infusion (0.8 mg/kg/h) in the pilocarpine 
model of temporal lobe of epilepsy in adult female rats. 
Bumetanide infusion did not produce adequate antiepileptic 
effect. Moreover, antiepileptic effect of phenobarbital was 
not potentiated during co-administration of bumetanide for  
5 days after development of status epilepticus. It was 
suggested that NKCC1 expression is up-regulated shortly 
after status epilepticus in rats, but this alteration in expression 
is not adequate for two weeks after pilocarpine-induced 
status epilepticus. Therefore, neither inhibition of NKCC1 
with bumetanide prevented spontaneous recurrent seizure 
during status epilepticus nor the effect of phenobarbital was 
potentiated by concomitant administration of bumetanide [28]. 

NKCC1 in Neuropathic Pain 

 The complex pathophysiology of neuropathic pain 
involves neuronal hyperexcitability in damaged areas of the 
peripheral or central nervous system characterized by 
allodynia (pain response to non-noxious stimuli), hyperalgesia 
(exaggerated pain sensation) and dysthesia [106, 107]. 
KCC2 strongly modulates the excitability of spinal cord 
networks and these spinal neuronal networks are more 
excitable in KCC2 mutant mice [108, 109]. Boulenguez et 
al. described the role of KCC2 in hyper-excitability of spinal 
reflexes, decreased synaptic inhibition and spasticity in 
spinal cord injury (SCI) model. The authors described the 
down-regulation of KCC2 in the motor-neuron membranes 
after SCI in rats. The spinal excitability was also increased in 
KCC2-deficient mice and in intact rats after intrathecal 
injection of BDNF, which down-regulates KCC2. Furthermore, 

the sequestration of BDNF at the time of SCI prevented the 
decrease in KCC2 after SCI and restored the spinal 
excitability [110]. Morales-Aza and collaborators reported 
the alteration in mRNA and protein expression of NKCC1 
and KCC2 in the dorsal root ganglia and spinal sensory 
neurons in Mycobacterium tuberculosis-induced arthritis 
model of neuropathic pain. After 4 days of injection of 
Mycobacterium tuberculosis suspension (acute arthritis), an 
increased mRNA and proteins expression of NKCC1 and 
KCC2 in the superficial layers, but not in deep dorsal horn, 
was documented. During chronic arthritis (at 10th day), the 
mRNA expression of NKCC1 remained elevated, but 
expression of KCC returned to the basal levels. This study 
suggested that alterations in expression of cation chloride co-
transporter (NKCC1 and KCC2) result in GABA-mediated 
depolarization, which causes increase in neuronal excitability 
and produce inflammatory pain [111]. Granados-Soto and 
co-workers demonstrated the role of NKCC1 located on 
intraspinal and peripheral sites of sensory neurons in 
formalin- induced neuropathic pain in female rats. This study 
reported that intrathecal injection of furosemide (32.0±6.9 
µg) inhibits both phases, but more potently inhibits phase 2 
of formalin-induced pain than bumetanide (194.6±97.9 µg) 
and piretanide (254.4±104.9 µg). Peripheral (intradermal) 
injection of bumetanide (105.6±99.1 µg/paw) more potently 
inhibited phase 1 suggesting that inhibition of intraspinal and 
peripheral NKCC1 may prevent formalin-induced 
neuropathic pain [112]. Galena and Cervero demonstrated 
that mechanical hyperalgesia due to the intracolonic 
administration of capsaicin is associated with transient 
induction of NKCC1 phosphorylation due to stimulation of 
Ca2+/Camodulin-kinase-II in the mouse spinal cord. There 
was no change observed in the mRNA or protein expression 
of NKCC1, however, NKCC1 translocation was shown to be 
increased by 50% in plasma membrane than cytosol. It was 
proposed that in the lumbosacral portion of the spinal cord, 
rapid phosphorylation and recruitment of NKCC1 may play 
a role in development and maintenance of hyperalgesia in 
response to painful visceral stimulus [113]. Intrathecal 
administration of bumetanide (10-100µM) reduces dorsal 
root reflexes, vasodilation, plasma extravasation, allodynia 
and hyperalgesia in a dose-dependent manner, in response to 
capsaicin injection in the plantar region of hind paw. It was 
suggested that bumetanide decreases capsaicin-induced 
dorsal root reflexes and neurogenic inflammation due to 
inhibition of NKCC1 in the spinal afferent neurons. NKCC1 
activation may enhance primary depolarizations due to the 
opening of GABAA receptors to generate dorsal root reflexes 
in the spinal cord [114, 115]. 

 Cramer and collaborators also described the role of 
NKCC1 and KCC2 in development of neuropathic pain after 
spinal cord injury in adult male rats using MASCIS 
impactor. In this study, an increased expression of NKCC1 
and reduced expression of KCC2 was reported in the spinal 
cord tissue on day 14 after spinal cord injury. Furthermore, 
administration of bumetanide (30 mg/kg i.p.) resulted in 
reduction of pain behavior in animals. It was suggested that 
disruption of balance between NKCC1 and KCC2 causes 
elevation of intracellular chloride, which stimulates 
interneuronal GABA release and enhances primary afferent 
depolarizations to produce neuropathic pain [116]. Research 
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study has reported that reduction in expression of KCC2 in 
rat dorsal horn is involved in development of peripheral 
inflammatory hyperalgesia in response to complete Freund’s 
adjuvant injection. Intrathecal injection of antisense 
oligodeoxynucleotides against KCC2 into naive rats and 
pharmacological inhibition of KCC2 with furosemide (in 
dose 3.3µg) was associated with development of hyperalgesia. 
It was proposed that decreased expression of KCC2 leading 
to reduction in efflux of chloride ions shifts GABA mediated 
hyperpolarisation to depolarization, which is responsible for 
development of hyperalgesia [23, 117]. Earlier research 
study has also described the reduction in KCC2 expression 
in phase 1 of flinching behavior in formalin induced pain 
model [118]. 

 The role of NKCC1 and KCC2 in trigeminal caudalis of 
mice in lipopolysaccharide-induced dental pain due to 
inflammation of tooth pulp has also been described. Real-
time reverse transcriptase-polymerase chain reaction 
revealed the decrease in mRNA expression of KCC2 and 
increase in expression of NKCC1 in dental tissue. 
Furthermore, blockade of brain-derived neurotrophic factor-
tyrosine receptor kinase B pathway by intracisternal 
injection of tyrosine receptor kinase B blocker (K252a 2µg) 
produced anti-nociceptive behavior in lipopolysaccharide 
treated mice [119]. It is proposed that lipopolysaccharide 
increases the release of endogenous BDNF which may 
activate tyrosine receptor kinase B to down-regulate the 
expression of KCC2. The latter changes are responsible for 
hyperexcitability and pain due to loss of GABA-mediated 
inhibition in lipopolysaccharide treated mice [23, 77, 119, 
120]. Various other studies have reported that increased 
release of endogenous brain-derived neurotrophic factor 
leads to reduction of KCC2 expression via activation of 
tyrosine receptor kinase B in the spinal cord neurons [77, 
118, 121]. Intrathecal administration of bumetanide has been 
shown to reduce rapid eye movement sleep deprivation 
(48hr)-induced mechanical pain hypersensitivity in adult 
male rats [122]. Pitcher and Cervero demonstrated that local 
application of bumetanide (500 µM) reduces capsaicin-
induced sensitization of wide dynamic range and nociceptor 
specific neurons in dorsal root ganglia in male rats. It 
suggests that enhanced activity of NKCC1 may increase 
primary afferent depolarization leading to touch-evoked pain 
(allodynia) and hyperalgesia [123]. 

 Austin and Delpire employed intrathecal injection of 
selective inhibitor of KCC2 (D4), an inactive structural 
variant (D4.14) and bumetanide in mice to demonstrate the 
role of NKCC1 and KCC in hypersensitivity and neuropathic 
pain model. Bumetanide was used in concentration of 20 
µM, as it selectively inhibits NKCC1 without any significant 
effect on KCC2 at this particular dose. An inactive structural 
variant (D4.14) produced no effect, but inhibition of NKCC1 
by bumetanide produced anti-nociceptive effect in terms of 
increase withdrawal latency. In contrast, inhibition of KCC2 
was shown to decrease the latency period in heat stimulation 
test suggesting the development of hypersensitization [124]. 
Pitcher and co-workers described the key role of spinal 
transient receptor potential vanilloid type 1 and NKCC1 
activation in intracolonic capsaicin injection induced visceral 
allodynia in mice [30]. Intrathecal injection of bumetanide, 

either before or 4 hrs after establishment of referred 
allodynia, was shown to attenuate allodynia suggesting that 
capsaicin-induced allodynia was secondary to NKCC1 
activation and was transient receptor potential vanilloid type 1 
dependent. The endogenous transient receptor potential 
vanilloid type 1 agonists released in response to painful 
stimulus stimulates transient receptor potential vanilloid type 1 
receptors present on the dorsal horn to activate extracellular 
regulated kinase 1 and 2 [125] and Ca2+/Calmodulin-
dependent kinase II α [126]. Activation of these kinases 
increases the phosphorylation of NKCC1, which in turn 
increases the levels of intracellular chloride ions to induce 
depolarizing action of GABAA. These changes persistently 
stimulate Aβ fibers to produce allodynia in neuropathic pain 
conditions [30, 115, 127] (Fig. 6). 

NKCC1 and Schizophrenia 

 There have been a large number of studies showing the 
important role of NKCC1 in the pathogenesis of 
schizophrenia [128]. In a meta-analysis, the NKCC1 locus 
has been linked to schizophrenia [129] and NKCC1 has been 
described as a potential susceptibility gene for schizophrenia 
[130]. Aron and Lewis described the potential involvement 
of NKCC1 and KCC2 in the pathogenesis of schizophrenia. 
Although the authors reported no alteration in the mRNA 
expression of chloride cotransporters, yet the mRNA levels 
of their regulators such as oxidative stress response kinases 
(OxSRL) and WNK3 were increased in the dorsolateral 
prefrontal cortex of schizophrenia patients [131]. WNK 3 is 
a potent activator of NKCC1 and inhibitor of KCC2 [132, 
133]. It also possesses an OXSR1 binding motif [132]. 
Accordingly, the authors proposed that an increase in WNK3 
expression in schizophrenia patients may lead to increased 
NKCC1 and decreased KCC2 activity through OXSR1 
[131]. The resulting alterations in chloride cotransporters in 
turn alter the GABA signaling and there have been abundant 
studies showing the alteration in GABA functioning in 
schizophrenia [134, 135]. There have been other studies also 
showing the decreased levels of KCC2 mRNA in the 
hippocampus region of schizophrenia [136,137]. It is 
described that the ratio of NKCC1/KCC2 determines the 
maturity of brain development and nature of actions of 
GABA. The change in NKCC1/KCC2 expression ratio 
parallels the change of GABA from an excitatory to an 
inhibitory neurotransmitter. The transition of GABA from 
excitatory to inhibitory is important for brain development 
[78, 138]. Hyde et al. described the increased ratio of 
NKCC1/KCC2 and decreased KCC2 levels in the 
hippocampus of schizophrenic patients suggesting the 
immature state of the GABA system. The authors described 
the abnormalities in GABA signaling due to altered ratio of 
NKCC1/KCC2 are critical in the development of 
schizophrenia [139]. A study of Kim et al. describes the 
critical role of depolarizing GABA, involving NKCC1 and 
KCC2, in DISC1 (Disrupted-in-Schizophrenia) dependent 
regulation of neuronal development [140].  

NKCC1, Fragile X Syndrome and Autism 

 Fragile X syndrome is the most common heritable form 
of mental retardation and is caused by silencing of the Fmr1 
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gene (fragile X mental retardation 1) and absence of fragile 
X mental retardation protein. Adusei et al. described the 
early developmental alterations in GABAergic protein 
expression in fragile X knockout mice without any 
significant effect on the levels of NKCC1 and KCC2 [141]. 
Other studies have also reported the down-regulation of tonic 
GABAergic inhibition in a mouse model of fragile X 
syndrome [142, 143]. The decreased GABAergic functioning 
in fragile X syndrome suggests the possible involvement of 
NKCC in this mental retardation. He et al. described that the 
timing of the switch from depolarizing to hyperpolarizing 
actions of GABA is delayed in the fragile X mice, which 
may possibly due to concurrent alteration in the expression 
of the neuronal chloride co-transporter NKCC1 that 
promotes the accumulation of intracellular chloride [64]. 

 A clinical study has documented that daily administration 
of bumetanide (1 mg) during a 3-month period decreases the 
autistic behavior without any side effects suggesting the 
potential usefulness of NKCC inhibitors in infantile autistic 
syndrome. It was proposed that reduction in intracellular Cl- 
ion levels in the presence of butamanide may have prevented 
the excitatory actions of GABA in the neurological disorder 

[144]. The same group of workers demonstrated the efficacy 
of chloride-importer antagonist bumetanide (1 mg daily) in 
autism in 60 children in double-blind clinical trial for 3 
months [145]. Very recently, Tyzio et al. described the 
elevated intracellular chloride levels and increased excitatory 
GABA in fragile X rodent models of autism. However, 
maternal pretreatment with bumetanide was shown to 
produce long lasting effects and restore the electro- 
physiological and behavioral alteration in adult offsprings of 
these models suggesting that over-activation of NKCC may 
be critical in elevating intracellular chloride levels in autism 
[146, 147]. 

NKCC1 in Glioma 

 Gliomas are the primary brain tumors derived from glial 
cells with their unusual propensity to diffusely invade the 
surrounding brain areas. Studies have shown that Cl− ions 
accumulate intracellularly in immature neurons and glioma. 
The intracellular Cl− may be maintained at ∼100 mmol/L in 
glioma cells and electrochemical gradient for Cl− provides 
the energetic driving force for cell shrinkage during cell 
invasion. Haas and Sontheimer proposed that the high 

 

Fig. (6). Nerve injury or inflammation causes activation of TRPV1 which causes activation of extracellular receptor kinases and Ca2+/CaM 
kinasesthat lead to the phosphorylation and activation of NKCC. On the other hand nerve injury or inflammation also causes stimulation of 
BDNF that activate tyrosine receptor B which decreases the expression of KCC. The increased expression of NKCC and reduced expression 
of KCC increases intracellular accumulation of chloride ions produces depolarization effect of GABA. Thus, GABA mediated depolarization 
causes stimulation of fiber Aβ that lead to generation of allodynia. 
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intracellular Cl- in gliomas may be probably achieved 
through the action of the NKCC1. It was described that the 
invading glioma cells preferentially localize NKCC1 at the 
leading edge and Cl- transport induces local cell volume 
changes without affecting overall cell volume. By employing 
pharmacological inhibitor of NKCC1 (bumetanide) or 
genetic knockdown of NKCC1, using short hairpin RNA 
(shRNA) constructs, the authors documented the reduced 
glioma cell migration and described the potential usefulness 
of NKCC1 inhibitors in treating glioma [148]. 

DISCUSSION AND FUTURE DIRECTIONS 

Summarized role of NKCC1 in Different Diseases 

 NKCC1 and KCC2 are cation-dependent chloride co-
transporters and their activation or inactivation is primarily 
controlled by phosphorylation or dephosphorylation via 
enzymes including WNK 1 and 3 [50, 51]. The neuronal 
actions of NKCC1 activation are primarily related to reversal 
of inhibitory actions of GABA neurotransmitter. The 
recapitulation of developmental (immature brain)-like state 
during pathological state is associated with increase in the 
ratio of NKCC1/KCC2, which decreases the strength of 
inhibitory GABAergic neurotransmission [64]. Furthermore, 
activation of NMDA receptors stimulates NKCC1 [69] and 
down-regulates KCC2 [74]. Along with it, bumetanide 
prevents glutamate-induced neuronal cell death [26] 
suggesting that glutamate-mediated excitotoxicity may be 
secondary to increased expression of NKCC1 and decreased 
expression of neuroprotective KCC2. Studies have reported 
the beneficial effects of NKCC1 blockers in different 
diseases including anxiety, cerebral ischemia, epilepsy, 
schizophrenia, glioma etc. Furosemide and bumetanide 
selectively produce anxiolytic effects in the conditioned 
models of anxiety without any significant effect in 
unconditioned models of anxiety [40]. The expression of 
NKCC1 in the brain regions is increased during cerebral 
ischemia and NKCC1 blockers attenuate cerebral ischemic 
injury in vivo models [84; 86] and in in vitro models of 
ischemia [26]. NKCC1 blocker (bumetanide) suppresses 
epileptiform activity in the hippocampal slices and attenuates 
electrographic seizures in neonatal rats [91] and in vivo 
models of epilepsy [96]. The expression of NKCC1 is 
increased in pharmacotherapy resistant refractory human 
epilepsy including hippocampal sclerosis and focal cortical 
dysplasia [94]. Indeed, the relative increase in expression of 
NKCC1 with respect to KCC2 in the neurons of the 
subicular region adjacent to sclerotic areas of the 
hippocampus may contribute to higher excitability in 
temporal lobe epilepsy [100, 102]. The down-regulation of 
KCC2 and increased expression of NKCC1 in response to 
nerve injury may contribute increase the excitability of 
spinal cord networks and produce spasticity [108, 109, 116]. 
The down-regulation of KCC2 during nerve injury and 
cerebral ischemia has been attributed to increase in BDNF, 
which tends to decrease KCC2 through activation of TRkB 
pathway [29, 77]. This is in contrast to physiological 
signaling during which increase in BDNF tends to increase 
the expression of KCC2 [75, 76]. In the similar lines, the 
relative changes in cation chloride cotransporters may 

contribute in the pathogenesis of schizophrenia, fragile X 
syndrome, Autism and glioma. 

NKCC1 and Cell Volume Regulation 

 Cation chloride cotransporters help to regulate the cell 
volume as cell shrinkage activates the kinases, including 
WNK 1 and 3, which phosphorylate the NKCCs and KCCs 
to promote their activation and inactivation, respectively. On 
the contrary, cell swelling or increase in intracellular 
chloride inhibits kinase activity to promote net 
dephosphorylation of both cotransporters, thereby resulting 
in the inhibition of NKCC and activation of KCC. The 
maintenance of cell volume is critical for proper cell function 
and survival and alterations of cell volume can jeopardize the 
structural integrity and intracellular milieu of cells. In 
pathological conditions including cerebral ischemia, the 
changes in cellular volume in the form of cellular edema is 
an important factor in inducing neuronal injury. Accordingly, 
scientists have shown the effectiveness of NKCC1 blockers 
including bumetanide in reducing cerebral edema and 
neuronal damage during cerebral ischemia [84, 86, 87]. 
Furthermore, treatment with bumetanide and furosemide is 
shown to block the changes in osmolarity of extracellular 
spaces and the normalization of extracellular volume fraction 
is assumed to contribute in producing antiepileptic effect 
[99]. 

Future Directions 

a. In anxiety, the possible changes in the GABAergic 
neurotransmission may be associated with the 
changes in connectivity triggered by loss and 
sprouting of dendritic spines. However, experimental 
studies are needed to explore these changes 
associated with anti-anxiety effects of bumetanide 
and furosemide. Furthermore, the changes in 
dendritic spines as well as changes in dendritic 
axonal arborization may change the strength of 
neurotransmission in ischemia and temporal lobe 
epilepsy. However, the role of NKCC1 in such 
changes has not been ben explored yet. 

b. Although there have been some studies suggesting 
the inter-relationship between glutamate and 
NKCC1, yet most of the studies have implicated the 
role of shift in polarity of GABA as the possible 
mechanism in the pathophysiology of diseases in 
association with NKCC1 and KCC2. Nevertheless, 
experimental studies are required to elucidate the 
role of glutamate in NKCC1-induced deleterious 
effects in different diseases. 

c. The role of cell volume regulation is mainly 
explored in cerebral ischemia and to some extent in 
epilepsy. However, due to important role of 
NKCC1 in the pathophysiology of other diseases 
also, the important role of cell volume regulation 
cannot be ruled out in that group of diseases. 
Accordingly, studies are required to understand the 
contribution of cell volume regulation in producing 
beneficial effects of NKCC1 blockers in anxiety, 
schizophrenia, neuropathic pain etc. 
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CONCLUSION 

 The development of immature brain like state during 
pathological conditions with relative increase in the ratio of 
NKCC1/KCC2 on neurons may shift the polarity of GABA 
and there is decrease in the strength of inhibitory 
GABAergic neurotransmission. The depolarizing actions of 
GABA produce neuronal excitability to produce deleterious 
effects in number of CNS diseases. Accordingly, apart from 
the diuretic action, NKCC1 blockers have been shown to 
produce beneficial in attenuating the development of 
diseases including anxiety, cerebral ischemia, epilepsy, 
neuropathic pain, schizophrenia, fragile X syndrome, autism 
and glioma. The development of new pharmacological 
agents with more selective NKCC1 inhibitors may expand 
their therapeutic spectrum. 
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