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Abstract

K*-CI~ cotransporters (KCCs) were originally characterized as regulators of red blood cell (RBC)
volume. Since then, four distinct KCCs have been cloned, and their importance for volume
regulation has been demonstrated in other cell types. Genetic models of certain KCCs, such as
KCC3, and their inhibitory WNK-STE20/SPS1-related proline/alanine-rich kinase (SPAK) serine-
threonine kinases, have demonstrated the evolutionary necessity of these molecules for nervous
system cell volume regulation, structure, and function, and their involvement in neurological
disease. The recent characterization of a swelling-activated dephosphorylation mechanism that
potently stimulates the KCCs has pinpointed a potentially druggable switch of KCC activity. An
improved understanding of WNK/SPAK-mediated KCC cell volume regulation in the nervous
system might reveal novel avenues for the treatment of multiple neurological diseases.

Keywords
KCC2; KCC3; NKCC1; WNK-SPAK/OSR1; cell volume; cerebral edema

Corresponding authors: Kahle, K.T. (kkahle@enders.tch.harvard.edu); Delpire, E. (eric.delpire@vanderbilt.edu).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kahle et al.

Page 2

Cation-Cl- cotransporters in the brain: beyond NKCC1 and KCC2

Cation-chloride cotransporters (CCCs) are among the most medically relevant ion
transporters in the human genome. Multiple members of this family [1], and their upstream
regulators [i.e., the Kelch-like family member 3 (KLHL3)/Cullin 3 (CUL3)-WNK-SPAK/
Oxidative stress response 1 (OSR1) kinase signaling pathway [2]], are mutated in human
Mendelian disorders featuring brain or renal phenotypes resulting from impaired ion
homeostasis. CCCs are also targets of several commonly used drugs utilized in clinical
medicine, including hydrochlorothiazide, furosemide, and bumetanide [3]. CCCs are
evolutionarily ancient, highly regulated secondary-active transporters utilizing cellular Na*
and/or K* gradients to drive the transport of CI~ into, or out of, cells [4]. The N(K)CCs
(including NCC and NKCC1/2) generally mediate net CI~ influx, whereas the four different
K*-CI~ cotransporters (KCC1-4) mediate CI~ efflux in most physiological conditions [5].

Recent attention [6,7] has focused on the role of NKCC1 and KCC2 in the central nervous
system (CNS) [8,9]. A postnatal upregulation of KCC2 activity is essential for establishing
and maintaining the low intracellular concentration of CI~ ([CI7;) required for GABAA
receptor (GABAAR)- and glycine receptor (GlyR)-mediated synaptic inhibition [6]. This so-
called GABA “excitatory-inhibitory developmental sequence’ is dysregulated in multiple
neurodevelopmental (e.g., autism [10]), psychiatric (e.g., schizophrenia [11] and anxiety
[12]), and neurological diseases (e.g., neonatal seizures [13], spasticity [14], ammonia-
induced myoclonic seizures [15], and neuropathic pain [16,17]). Given the role of NKCC1
and KCC2 in modulating inhibition, investigators and pharmaceutical companies are
motivated to discover NKCCL1 inhibitors and KCC2 activators that exhibit greater specificity
and enhanced potency to facilitate neuronal CI~ extrusion for therapeutic benefit in these and
other conditions [7].

In the context of the recent excitement surrounding KCC2 in the nervous system, it is
interesting that K*-CI~ cotransport was first characterized as an A-ethylmaleimide (NEM)-
sensitive, hypotonically activated, Cl™-driven, K* efflux mechanism in human RBCs
responsible for mediating regulatory volume decrease (RVD) to maintain cell volume in
response to experimentally induced hypotonic cell swelling [18]. The so-called classical
‘volume-regulated’ or ‘swelling-activated” KCCs that include KCC1/KCC3/KCC4, in
contrast to KCC2 (which, however, is also activated by cell swelling [19]), are inactive in
isotonic (nonswelling) conditions. Activation of K*-CI~ co-transport by NEM and
hypotonicity-induced cell swelling had long been ascribed to the inhibition of protein
kinase-mediated inhibitory phosphorylation, combined with the brisk activation of protein
phosphatase 1 (PP1)-dependent dephosphorylation [20,21]. This mechanism of KCC swell
activation has now been elucidated on the molecular level, and was shown to be mediated by
inhibition of the Cl™-sensitive WNK kinases and their downstream substrate kinases (the
SPAK/OSR1 kinases), which regulate the inhibitory phosphorylation of the KCCs on their C
terminus [22].

Although swelling-sensitive K*-CI~ cotransport has been most extensively characterized in
studies of RBC physiology and pathophysiology (reviewed in [23,24]), its role in cell

Trends Mol Med. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kahle et al.

Page 3

volume regulation in the nervous system has not been explored in detail. This is surprising,
because KCC3 and KCC4 are abundantly expressed in the nervous system [25-27], and
knockouts of these KCCs and their kinase regulators exhibit striking phenotypes of the CNS
and peripheral nervous system (PNS) due to dysregulated cell volume regulation [28-30].
Moreover, only mutations in KCC3, but not NKCC1 or KCC2, have been shown to cause a
human Mendelian disease [Andermann syndrome, also known as agenesis of the corpus
callosum with peripheral neuropathy (ACCPN); OMIM #218000] [31]. These firm genetic
observations establish the necessity of the volume-regulated KCC pathway for proper
development and function of the nervous system.

Here, we review KCC function in nervous system cell volume homeostasis by focusing on
data derived from genetic models of the KCCs or their kinase regulators, and the
physiological studies performed in these models. This subject is clinically relevant given the
multiple neurological insults (e.g., trauma, tumor, infection, ischemic, and systemic
electrolyte disturbances) that contribute to cerebral edema (i.e., ‘brain swelling”) [32].
Indeed, recent studies have uncovered a druggable kinase ‘switch’ controlling swell-
regulated KCC activity that can activate the KCCs when pharmacologically inhibited [2,22].
Therefore, an improved understanding of the KCCs in nervous system cell volume
regulation might provide novel treatment strategies for cerebral edema and other
neurological disorders.

Cell volume regulation in the nervous system

Defense against significant changes in cell volume is required for cell function and survival
[33]. Cell volume perturbations can result from changes in intracellular osmolarity
(isosmotic volume stress) or extracellular osmotic pressure (anisosmotic volume stress).
Isosmotic cell swelling, as occurs in cellular energetic failures such as ischemic stroke,
results in increases in the intracellular concentration of Na* ([Na*];) and [CI7];. Anisosmotic
cell swelling, as seen in acute hyponatremia from water intoxication or the syndrome of
inappropriate antidiuretic hormone (SIADH), results in net water influx and decreases [Na*];
and [CI7]; [6]. Both isosmotic and anisosmotic cell swelling in neurons, glia, and blood-
brain barrier endothelial cells contribute to cerebral edema [34]. Due to the physical
restriction imposed by the skull on the brain, cell volume regulation in cells of the nervous
system is particularly important [35,36]. Brain swelling can cause increased intracranial
pressure, uncal herniation, and brain death. Conversely, brain shrinkage, as seen in acute
hypernatremia from dehydration or diabetes insipidus, can stretch cortical draining veins and
cause extra-axial brain hemorrhage (i.e., subdural hematoma).

In neurons, transmembrane ionic gradients not only dictate osmotic pressure, but also impact
membrane excitability. Therefore, volume changes in neurons resulting from extrinsic
perturbation or intrinsic activity can affect intra- and extracellular ionic concentrations and
have profound electrophysiological consequences [37,38]. In addition, cell volume changes
in glial cells, such as astrocytes, which constitute the majority of brain mass and face
constantly changing osmotic load stress as “sinks’ for K* and other osmolytes, can
significantly alter the physical and chemical properties of the extracellular space, and
thereby indirectly alter the excitability of neurons. The differential responses of neurons and

Trends Mol Med. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kahle et al. Page 4

glia to isosmotic and anisosmotic perturbations reflect their distinct expression of ion
transporters and aquaporin water channels (Box 1).

Box 1
Differential regulation of cell volume in neurons and glia

Glia and neurons are differentially susceptible to isosmotic and anisosmotic
perturbations, and use distinct mechanisms to maintain volume homeostasis. These
differences are based on two key cellular properties: basal [CI~]; and water permeability.

Cells of the nervous system differ in [CI~]; owing to different expression patterns of
KCCs and other CI™-transporting molecules. Most mature CNS neurons have relatively
low [CI7]; (~4 mM, although with much variation) due to high activity of the CI™-
extruding KCC2 cotransporter, which is active in basal isosmotic conditions [19]. Low
[CI7T; is required for GABAAR- and GlyR-mediated hyper-polarizing synaptic inhibition,
but limits the ability of mature neurons to utilize ClI™-dependent RVD to respond to cell
swelling. Physiologic isosmotic challenges typically result from activity-dependent influx
of ions, including Na* and CI~. This results in a transient increase in [CI7]; that may
enable KCC-mediated (CI™-dependent) RVD in neurons under isosmaotic stress. By
contrast, CNS neurons under hyposmotic volume stress do not utilize KCC-mediated
RVD due to their low [CI7];. Instead, these cells can utilize alternative pathways to
decrease their cell volume, including organic anion efflux and atypical neuro-transmitter
release [92]. Glia and neurons of the PNS have higher [CI7]; due to elevated levels of
NKCC1, absence of KCC2, and high expression of KCC3 (which is inhibited in isotonic
conditions) [93,94]. As a consequence, these cells are more efficient in KCC3-mediated,
Cl™-dependent volume regulation [95,96].

Glia and PNS neurons are highly permeable to water because they express aquaporins
(AQPs) and, therefore, are sensitive to changes in transmembrane osmolyte gradients. By
contrast, CNS neurons do not express AQPs at high levels [97] and, thus, may be
relatively impermeable to water under normal physiologic conditions [98]. However, in
states of oxygen and/or glucose deprivation, or prolonged depolarization associated with
increased extracellular K*, CNS neurons become more permeable to water via a variety
of mechanisms, including the import of hydration shells with influxing ions, cytoskeletal
changes [99], and the opening of unidentified non-AQP water channels [100].
Interestingly, CCCs themselves have been shown to transport water [101], although this
finding is contested. The significance of CCC-mediated water transport is unclear, but is
more likely to have a role in cells that express KCCs at a higher density than AQPs, such
as neurons.

The physiology of cell volume regulation as it applies to eukaryotic cells in general has been
reviewed in detail elsewhere [33], as well as in the nervous system in particular, although not
recently [39,40]. Briefly, to defend against damaging changes to their volume, cells undergo
RVD or regulatory volume increase (RV1), in response to cell swelling and cell shrinkage,
respectively [41] (Figure 1). In response to acute cell swelling, RVD involves the activation
of ion channels (including the recently cloned SWELL1 channel, of which Lrrc8a is a
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component [42,43]) and transporters (e.g., KCC3) that mediate the efflux of K*, CI~,
taurine, and other organic osmolytes [41]. By contrast, RVI utilizes inward Na*-K*-2CI~
cotransport via NKCC1, coupled activation of Na*-H*- and CI"/HCO3~ exchange, and the
shrinkage activation of other Na* and CI~ channels [41]. Crucial to the effective
maintenance of cell volume is a molecular system of sensors that can detect changes in cell
volume and intracellular ion content, transducers that integrate these signals to the plasma
membrane, and the above-mentioned ion transport effectors that ultimately restore
homeostasis.

Swelling-sensitive KCCs in the nervous system

The structure, function, and regulation of the KCCs are highly conserved across evolution,
consistent with their essential role in physiology [24]. Since human KCC1 was first cloned
in 1996, four human genes encoding human KCCs (hKCC1-4) have been identified, which
all have mouse and rat orthologs [19,25,44-48]. hKCCs share a similar membrane topology,
including hydrophilic N- and C-terminal intracellular domains harboring multiple
phosphoresidues important for transporter regulation in response to cell swelling. Notably,
the key phosphorylation sites important for swelling activation of the KCCs are conserved in
each KCC, including KCC2, and these motifs are also present in N(K)CCs, suggesting a
mechanism of volume regulation mediated by the same (or similar) upstream kinase(s)
(Figure 2).

The different KCCs exhibit unique biophysical and physiological properties, but are all
volume sensitive; that is, their activities are regulated by cell swelling. However, the fact that
KCCs are volume sensitive does not necessarily mean that they have a role in cell volume
regulation per sein every cell type in which they are expressed. Indeed, most of what is
known regarding the volume sensitivity of the KCCs is derived from heterologous
expression systems, such as Xenopus oocytes (although the volume-sensitive kinase/
phosphatase signaling molecules that regulate the KCCs in these amphibian cells, namely,
the WNK-SPAK kinases, are also conserved and operative in most mammalian cells [49]).
All KCCs are expressed in the nervous system, but KCC2, KCC3, and KCC4 appear to be
the most physiologically relevant, given their neurological knockout phenotypes in mice [1].

Unlike the other KCCs, KCC2 is active in isotonic conditions [8,19,50], a property
apparently conferred by a 73-residue amino acid sequence in the C-terminal domain of
KCC2 that is absent in the other KCCs, the so-called ‘ISO domain’ [9]. This domain is
present in both KCC2a and KCC2b isoforms. Notably, while exhibiting isotonic activity,
KCC2 is also potently stimulated by hypotonicity in oocytes [19]. KCC3 also has at least
two splice variants, KCC3a and KCC3b, which are encoded by alternate first exons [26] and
differ by some 40 amino acids in their N termini. These splice variants are highly, but
differentially, expressed in the nervous system, and may vary in their responses to
hypotonicity. Human KCC3a is inactive in isotonic media but stimulated by hypotonicity
[51,52]. KCC4 is also inactive in isotonicity, but is perhaps the KCC most strongly
stimulated by hypotonicity, at least in oocytes [25]. Hypotonic stimulation of the KCCs is
inhibited by calyculin A but not by okadaic acid, demonstrating a critical role for
dephosphorylation by PP1, but not PP2A [53].
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KCC3 is essential for nervous system cell volume regulation

Evidence that KCCs are important for cell volume maintenance in the nervous system has
been derived from genetically modified worms and flies [47,54], transgenic or knockout
mouse models [31], and human patients with inherited disease-causing mutations [28,31].
Delpire and colleagues first disrupted the KCC3-encoding S/c12a6 gene using homologous
recombination in mice [31]. S/c12a6~~ but not S/c12a67* mice exhibited weakness and
incoordination of rear limbs by 2 weeks of age, correlating with significant axonal swelling
accompanied by hypomyelination, demyelination, and fiber degeneration in the sciatic
nerves. Serial morphometric analyses of sciatic nerves from various-aged S/c12a6~~ mice
demonstrated that, at post-natal day 3, soon after peripheral myelination begins and KCC3
MRNA becomes detectable in peripheral nerve fibers, Schwann cells correctly segregated
large-caliber axons and demonstrated early myelination indistinguishable from that in wild
type (WT) counterparts [29]. However, the mean diameter of S/c12a67~ axons was
increased, whereas the proportion of completely myelinated, incompletely myelinated, and
segregated but unmyelinated axons remained unchanged, suggesting that the axonal
enlargement reflected cell swelling and not accelerated maturation. By postnatal day 8,
nerve fibers demonstrated discontinuous loci of periaxonal fluid accumulation, suggesting
impaired ion efflux from the periaxonal space. The combination of axonal swelling and
impaired ionic clearance in sciatic nerves of S/c12a6~~ mice predicted a nerve conduction
impairment, which was demonstrated in two independent studies [29,55]. A second KCC3-
knockout mouse model was created by Boettger and colleagues [28], as well as a
spontaneous mutation in the Jackson Laboratory ‘giant axonopathy’ (gaxp) mutant mouse
strain [56]. Both mouse lines essentially phenocopy the neuropathy observed in the
Slc12a6~ mutant mouse.

In addition to the nerve and/or locomotor phenotype, adult S/cZ226™~ mice also exhibit
several other phenotypes: reduced exploratory behavior, progressive deafness due to
degeneration of cells of the inner ear that express KCC3 (Box 2), and impaired pre-pulse
inhibition likely due to deafness [28,31]. Furthermore, in slice preparations of cerebellar
Purkinje cells (which ordinarily express abundant KCC3), while both WT and KCC3-null
cells exhibit swelling when placed in hypo-osmolar medium, after restoration of isotonic
conditions, KCC3-null cells failed to normalize their volume, suggesting KCC3 dependence
of RvD [28]. Additionally, gramicidin-perforated patch-clamp recordings of KCC3-null
cerebellar Purkinje cells exhibited a reduced magnitude of GABA-induced
hyperpolarization, suggesting high [CI7];. These mice also displayed a lower seizure
threshold [28].

Box 2
KCC3 and KCC4 are required for inner ear structure and function

KCC4, encoded by SLCI12A7, is the KCC most potently activated by cell swelling [25]
and is expressed in the kidney, brain, and inner ear [25]. KCC4-knockout mice are deaf,
but otherwise apparently neurologically intact [30]. The inner ear of KCC4-knockout
mice is indistinguishable from WT at P14, but loses almost all outer hair cells between
P14 and P21, corresponding to profound hearing loss during this interval [30]. KCC4 is
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expressed on supporting cells of outer and inner hair cells in the organ of Corti, where it
transports K* released by outer hair cells into Deiters’ cells as part of a K* recycling
pathway that helps maintain the high [K*] of endolymph required for sensory hair cell
function [30,102]. Hair cells likely degenerate in KCC4-knockout mice due to the
disrupted ionic microenvironment caused by failure of supporting cells to properly handle
K*.

Interestingly, similar to some forms of human deafness syndromes [102], KCC4-
knockout mice also exhibit renal tubular acidosis [30]. KCC4 is expressed on the
basolateral membranes of several tubular cell types, including a-intercalated cells. In
KCC4-knockout mice, a-intercalated cells, but not principal or distal convoluted tubular
cells, have significantly higher total [CI7];, suggesting an impairment of basolateral CI~
efflux [30]. Given that a-intercalated cells exchange intracellular CI~ for basolateral
HCOj3™, this may explain the acidosis and alkaline urine of KCC4-knockout mice.

Similar to KCC4, KCC3 is not only expressed in supporting cells of inner and outer hair
cells, but is also found in type I and Il fibrocytes underlying the stria vascularis, where it
is thought to be involved in generating a K* gradient within a fibrocyte gap junction
system that drives K* from type Il fibrocytes (which lack KCC3) into type I and IlI
fibrocytes [28]. Indeed, there is a significant loss of type I and 111 fibrocytes in KCC3-
knockout mice, along with progressive degeneration of the entire organ of Corti, which
causes significant hearing deficit by 1 year of age [28].

Mutations in human genes disrupting physiologic K* (and CI7) flow in the inner ear have
been described that result in hereditary deafness [102]. Given the clear importance of K*
and CI~ homeostasis in the human inner ear, KCC4 may yet prove to represent a yet
undiscovered form of hereditary deafness, or may contribute to age-related hearing loss.
However, this remains speculative, because no disease-causing mutations in KCC4 have
been identified thus far.

The notion that KCC3 may have an important role in regulating [CI7]; (and, consequently,
the response to GABA) is compelling and suggests links between neuronal excitability and
cell volume homeostasis. The finding that KCC3-null neurons harbor elevated [CI7]; and
attenuated GABA-induced hyperpolarization indicates that KCC3 might have a dual role in
the regulation of both cell volume and [CI7];. Swelling in neurons most commonly results
from an activity-dependent influx of ions, particularly Na* and CI~. This activates RVD,
which likely stimulates KCC3 and drives K* and CI~ out of the cell, along with water. As
ClI™ is transported out of the cell, [CI7]; falls and the CI~ reversal potential E¢; becomes more
negative. Consequently, when GABARs are activated, there is a greater electrochemical
drivefor CI™ to flow intothe cell, and the membrane potential hyperpolarizes. In this way,
hyperactivity-induced neuronal swelling maypotentiate the hyperpolarizing action of GABA
through KCC3-mediated CI~ efflux, which is also a component of RVD. The observed shift
in Ecy was smaller in KCC3~/~ Purkinje neurons than in KCC27/~ Purkinje neurons [28],
highlighting the importance of KCC2 in maintaining [CI7]; in this cell type (and, according
to other data [57], in many but not all other CNS neuronal cell types). It is important to point
out that multiple KCC isoforms are often coexpressed in cells, raising the possibility that
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different KCCs interact through heterodimerization, and could possibly affect each other’s
function (such as volume sensitivity). Heterologous expression studies have indeed shown
physical interaction among different CCCs with functional dominant-negative effects [58—
60].

The dual role of KCC3 points to its potential significance in pathophysiological states
characterized by both cell swelling and neuronal hyperexcitability, particularly epilepsy (and
especially status epilepticus). Several studies have indicated that neurons and glia in seizure
foci undergo significant cellular swelling both before and during ictal activity as a result of
ionic influx stimulated by severe persistent excitation [61]. Furthermore, unlike control cells
that rapidly return to baseline volume upon removal of excitatory stimulus, neurons of the
human epileptic hippocampus recover more slowly, exhibiting cell swelling that lasts up to
an hour after hyperexcitation [62]. Thus, activation of RVD appears normal in hyperactive
neurons, but is disrupted in epilepsy. In hyperactivity-induced RvVD, KCC3 stimulation may
serve dual roles of driving volume reduction and depleting [CI7]; to potentiate GABA-
induced inhibition, which may be beneficial in attenuating neuronal activity. Consequently,
dysregulation of RVD, including KCC3, may not only impair cell volume maintenance, but
also disrupt a potentially significant feedback mechanism that amplifies inhibitory signals in
response to periods of hyperactivity. This hypothesis is consistent with the lower seizure
threshold observed in KCC3-knockout mice and epilepsy in humans with loss-of-function
mutations in KCC3 [28].

The peripheral axonal swelling and subsequent fiber degeneration in KCC3-null mice appear
to reflect, at least in part, loss of KCC3-mediated RVD. However, whether these effects are
driven by disrupted RVD in neurons or glia had remained unclear until two recent reports
demonstrated that neuron-specific knockdown of KCC3 sufficed to recapitulate the
neuropathology [63,64]. In the first study, CRE recombinase-mediated KCC3 deletion was
driven by the synapsin promoter, thus targeting all neurons [63]. As with the global KCC3-
knockout model, these mice had significantly impaired motor function in the rotarod and
beam-task tests, but in contrast to Howard et a/. [31], they also displayed increased
spontaneous exploration in the open-field test. Both the global and neuron-specific
knockouts also exhibited increased thresholds to inflammatory pain. Interestingly, only the
global knockout experienced hearing deficiency in the startle response test, suggesting that
the hearing loss phenotype is due to glial KCC3 activity (Box 2). Finally, gold chloride
staining of midline callosal fibers revealed a significant decrease in the length of the corpus
callosum in the global KCC3 knockout, and a smaller but still significant decrease in the
length of the corpus callosum in neuron-specific KCC3 knockouts, but with no difference in
the cortical plate length in any of these mice [63]. Global knockouts also exhibited
decreased surface area of the anterior commissure and evidence of a shift in its position
relative to the corpus callosum. Volumetric analysis of the corpus callosum using diffusion-
weighted magnetic resonance imaging (MRI) confirmed a significant reduction of total
volume in both mouse lines. Diffusion MRI tractography of fibers passing through the
corpus callosum revealed reduced numbers of tracts passing through the external capsule
(adjacent to the auditory cortex) in global but not in neuron-specific KCC3-knockout mice.
Protein markers of corpus callosal embryonic development all appeared normal, suggesting
KCC3 involvement in the maintenance, but not development, of callosal axons [63].
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The second conditional mouse model was crossed to several CRE lines, including a
Schwann cell-specific CRE and parvalbumin CRE [64]. Absence of a neurodegenerative
phenotype in the desert hedgehog-CRE line revealed little participation of Schwann cells in
the development of the disease. By contrast, neurodegeneration and locomotor phenotypes
were observed in mice with parvalbumin-driven deletion of KCC3 [64]. Parvalbumin is
expressed not only in CNS interneurons, but also in large sensory neurons transmitting
proprioceptive signals from peripheral tissues to CNS. Interestingly, immunostaining of
dorsal root ganglions (DRGs) isolated from WT mice, parvalbumin-driven KCC3-knockout
mice, and global KCC3-knockout mice revealed that neurodegeneration occurs in neurons
that express parvalbumin, confirming a key role for these cells in the development of the
neuropathy. While the locomotion phenotype measured on the accelerated rotarod was
highly significant, it was less severe than that of the global knockout, suggesting
contributing roles of additional cell types, possiblyincluding motorneurons [64]. A strong
phenotype of increased activity in an open-field chamber, observed in synapsin-KCC3-
knockout mice [63], was also noted in parvalbumin-KCC3-knockout mice, although failing
to reach statistical significance. However, because KCC3 is expressed in CNS inhibitory
interneurons [65], a subset of which also express parvalbumin, the biological importance of
these observations should not be minimized. The absence of KCC3 in these interneurons
might reduce inhibitory output to pyramidal neurons, increasing pyramidal neuronal activity.

KCC3 is required for normal structure and function of the human nervous

system

Molecular genetics has also established the necessity of KCC3-mediated cell volume
regulation in humans. Loss-of-function mutations in KCC3 have been identified as the cause
of agenesis of the corpus callosum associated with peripheral neuropathy [ACCPN or
hereditary motor and sensory neuropathy/absent corpus collosum (HSMN/ACC)], a severe
sensorimotor neuropathy associated with mental retardation, dysmorphic features, and
complete or partial agenesis of the corpus callosum [66]. ACCPN is transmitted in an
autosomal recessive fashion and is found at high frequency in Quebec, Canada [67]. Given
that the ACCPN critical genomic region included the SLC12A6 gene encoding KCC3,
Howard et al. screened KCC3 for mutations in individuals with the disorder [31]. Four
distinct protein-truncating mutations in KCC3 were identified. In the French-Canadian
population, two mutations were found: a deletion in exon 18 resulting in a frame shift that
truncates the open reading frame (Thr813fsX), and another frameshift (Phe529fsX532) in
exon 11 in an individual heterozygous for Thr813fsX. In two Canadian families of non-
French ancestry, two additional mutations (Arg1011X and Arg675X in exon 22 and 15,
respectively) were described. Additional loss-of-function mutations in KCC3 have
subsequently been reported in patients with ACCPN [68-71]. Importantly, neuropathological
examination of patients with ACCPN shows axonal swelling and hypomyelination,
consistent with findings from mouse KCC3-knockout models [68]. Together, these data
revealed the necessity of KCC3 in the development and/or maintenance of both the human
CNS and PNS, likely via effects on neuronal cell volume homeostasis and/or the closely
linked regulation of [CI7];.
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While disruption of mouse KCC3 impaired the ability of neurons and kidney cells to volume
regulate under hypo-osmotic conditions [28], Lauf et a/. showed no effect on the basic
properties (e.g., osmotic fragility) of RBCs isolated from patients with ACCPN [72]. This
observation is in line with the absence of an RBC phenotype in the unstressed KCC3-
knockout mice. Given that several KCC isoforms are expressed in RBCs [73], the disruption
of one isoform might not be enough to generate a strong phenotype in unstressed mice. This
was demonstrated in double-knockout KCC3~/~, KCC1~/~ mice, whose RBCs showed
evidence of aberrant volume regulation, including increased mean corpuscular volume and
increased susceptibility to osmotic lysis [74]. However, K* influxes measured in RBCs from
patients with ACCPN responded differently to biochemical stressors, such as NEM or Mg
removal, suggesting a compromised function of the ‘KCC-heteromeric complex’ [72].

Human disease mutations in SLC12A6 disrupt KCC3 function by two mechanisms. Most
pathogenic truncating mutations disrupt the KCC3 C terminus, the interaction site of a
potential regulatory kinase. Oocytes expressing the exon 18 C-terminal truncation (KCC3Q)
exhibit aberrant swelling-activated Cl~-dependent uptake of 88Rb*, despite normal protein
N-glycosylation and surface membrane localization, suggesting an important regulatory role
for the truncated C terminus [31]. Using a yeast two-hybrid approach, Salin-Cantegrel et a/.
showed that the C-terminal domain of KCC3 directly interacts with brain-specific creatine
kinase (CK-B), and that pharmacological inhibition of CK-B reduces the activity of KCC3
in Xenopus oocyte functional assays [75]. Rinehart et a/. identified two phosphorylation
sites in the C-terminal domain, Thr991 and Thr1048, which are dephosphorylated to
stimulate KCC3 activity in response to hypotonic stress [76]. Absence of these regulatory
sites precludes KCC3 activation and could be the major mechanism of KCC3 inactivation in
SLC12A6 disease mutations. The molecular identity of kinase and phosphatase regulators of
KCC3 is an ongoing area of study.

A second mechanism by which SLC12A6 mutations impair KCC3 activity is through
disruption of normal KCC3 intracellular transit and membrane localization. One ACCPN
mutation, KCC3 R207C, significantly decreases plasma membrane localization of KCC3.
This misfolding mutation results in KCC3 retention in the endoplasmic reticulum [77].
Curcumin, which has been shown to stimulate the release of misfolded transmembrane
proteins from the endoplasmic reticulum, partially rescues this transport deficit in cells
expressing the R207C mutant [77].

The Cl—-sensitive WNK-SPAK kinase complex: master regulator of KCC and

N[K]CC volume sensitivity

Until recently, the mechanisms regulating KCC swelling sensitivity were not defined on the
molecular level. While cell swelling is a quasi-immediate phenomenon due to the water
permeability of a cell membrane, there is a significant time delay in the activation of K*-CI~
cotransport [20]. This delay is temperature dependent, indicating that swelling activation is
an energy and/or metabolic-dependent process. In fact, based on kinetic arguments and the
use of phosphatase inhibitors, early studies demonstrated that K*-CI~ cotransport activation
was mediated via time-dependent inhibition of protein kinases. Jennings et al. initially
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proposed that phosphorylation inhibits the KCCs, while dephosphorylation has an opposite
effect [21,24,78-81]. Early physiological studies using radiotracer flux assays and relatively
nonspecific kinase and phosphatase inhibitors illustrated a powerful mechanism that
reciprocally regulates cellular N[K]CCs and KCCs through a coordinated system of serine-
threonine protein kinase phosphorylation and protein phosphatase-mediated
dephosphorylation [24,82].

Phosphorylation, stimulated by cell shrinkage, intracellular CI~ depletion, and protein
phosphatase inhibitors, activates NCC/NKCC1/NKCC2, but inhibits the KCCs [83]. Serine-
threonine dephosphorylation, triggered by cell swelling, intracellular CI~ accumulation, and
protein phosphatases, exerts the opposite effects, stimulating the KCCs. This inverse
regulation of Na*- and K*-driven CCCs by the same signals, and likely by the same kinase-
phosphatase pathway, ensures tight coordination of cellular CI™ influx and efflux, and avoids
unnecessary consumption of cellular ATP stores (Figure 2). The importance of this
phosphoregulatory mechanism is emphasized by its strong evolutionary conservation [84]
(Box 3).

Box 3

Evolutionary importance of the WNK-SPAK-KCC pathway for cell volume
regulation in neurons and glia

Phylogenetic analysis suggests a single ancestral CCC gene in Archaea underwent
multiple gene duplications and gene-loss events to generate the varied distribution and
functional specialization of the CCCs [102]. Evolution of KCCs, which first appeared in
basal metazoan taxa, such as sponges, likely enabled fast hyperpolarizing
neurotransmission via their establishment of low neuronal [CI7]; [103]. The evolution of
organismal multicellularity likely necessitated the ability to precisely regulate the ionic
and osmotic composition of fluid compartments separated by epithelia. Accordingly,
phylogenetic analysis suggests that the interaction between WNK kinase and the SPAK/
OSR1 kinases, which enabled their development into a Cl™-and volume-sensing signaling
pathway, first evolved in the early metazoan lineage [84]. Indeed, WNK kinases are
expressed in most (probably all) multicellular organisms, with one ortholog in Drosophila
melanogaster and Caenorhabditis elegans, and at least nine orthologs in Arabidopsis
thaliana [104]. The earliest WNK kinase homolog was identified in the fungus
Phycomyeces, but is absent from the yeast Saccharomyces. SPAK is similarly conserved,
and is closely related to OSR1; both are mammalian homologs to yeast Ste20p serine/
threonine kinases [105]. SPAK likely arose from gene duplication of OSR1, because only
late vertebrates contain both genes [106]. The C. elegans OSR1 ortholog GCK3
negatively regulates the swelling-activated CI~ channel CLH-3b, and is located
downstream of WNKZ1 kinase in a volume-sensing signaling pathway [84].

Drosophila has proven to be a valuable model for investigating the WNK-SPAK-CCC
pathway /n vivo. Drosophila has only one WNK kinase, one SPAK/OSR1 ortholog (fray),
one NKCC ortholog (r7¢c69), and one KCC ortholog (kcc or kazachoc), thereby
eliminating redundancy and allowing for facile genetic manipulation [54,107]. Null
mutants of fray have severe nerve swelling and degeneration due to failure of glial cells
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to correctly ensheath axons [108], a phenotype that bears a striking resemblance to
Slc12a6 (KCC3)-null mice [29]. Rescue of the null fray mutant phenotype by rat SPAK
suggests functional homology, and Drosophilancc69 is regulated by Fray, just as NKCC1
is regulated by SPAK [54]. Knockdown of kccor ncc69in glia, and kcc (but not ncc69)
knockdown in neurons correlates with larval and adult cell volume abnormalities and
adult seizure sensitivity [107]. These data demonstrate a highly conserved system of
volume regulation involving the WNK-SPAK-CCC pathway, and suggest glial
contributions to seizure susceptibility via cell volume regulation and associated effects on
the volume and ion content (particularly of K*) of the extracellular space [107].

Recent work indicates that the phosphorylation status of two threonine residues that are
conserved in all KCC isoforms, termed ‘site 1" (Thr906 in KCC2; Thr991 in KCC3) and
‘site 2’ (Thr1007 in KCC2; Thr1048 in KCC3) are the prime regulators of KCC volume
sensitivity (Figure 2). Hypotonic high K* conditions that activate KCC isoforms (and inhibit
the N[K]CCs) induce a rapid and robust dephosphorylation of site 1 and site 2 [22]. Dual
mutation of site 1 and site 2 to alanine (Ala) in the KCCs (preventing phosphorylation),
results in constitutively active KCCs with >25-fold greater activity compared with WT
KCCs in similar conditions, defining the most potent known activation mechanism of the
KCCs thus far [22,76].

Small interfering (si)-RNA-mediated knockdown of W/NKZ in model cell systems partially
suppresses the phosphorylation of site 1 and site 2 in KCC3 /in vitro [76]. Consistent with a
role for WNK kinase isoforms in regulating KCC activity, overexpression of WNK isoforms
(including WNK2 and WNK3) inhibits the KCCs, whereas dominant-negative WNK3
overexpression uniquely stimulates KCC activity >100-fold [85]. The WNK kinase
substrates SPAK/OSR1 serine-threonine kinases, in the presence of the Cab39/M025
regulatory subunit, promote inhibition of all KCC isoforms by directly phosphorylating site
2, and STOCK1S-50699, a WNK-SPAK/OSR1 pathway inhibitor, suppresses KCC
phosphorylation with similar potency [22]. The SPAK/OSR1 kinase pathway was originally
discovered when these two Ste20 kinases were shown to physically interact with the N
terminus of KCC3 in a yeast two-hybrid screen, and was subsequently found to interact with
the N terminus of other CCCs [83,86]. Evidence links the binding of the kinases to
phosphorylation of these sites, eliciting NKCC1 activation and KCC inhibition [87]. SPAK/
OSR1 kinases are required for KCC site 2 phosphorylation, because the endogenous
phosphorylation of all KCC isoforms (including KCC2) at site 2 is abolished in embryonic
stem cells lacking SPAK/OSR1 activity. Accordingly, these cells exhibit elevated basal
activity of Cl=-dependent, furosemide-sensitive 86Rb* flux consistent with KCC activation
[22].

Of note, mutant KCC2 with Ala substitutions at positions Thr906 and Thr1007
(corresponding to Thr991 and Thr1048 in KCC3a) exhibited a tenfold increase in activity
compared with WT KCC2 in HEK-293 cells in standard isotonic conditions, suggesting the
importance of these phosphorylation sites for maximal KCC2 activation [76]. Interestingly,
in the developing brain, the extent of dephosphorylation of KCC2 at Thr906 parallels its
activity level: KCC2 phosphorylation is almost completely absent in adult brain, in which
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KCC2 activity is maximal, but robustly phosphorylated in the developing mouse brain at PO,
when KCC2 is less active [76]. This compelling result suggests that developmental changes
in KCC2 phosphorylation at Thr906 and/or Thr1007, perhaps mediated by postnatal changes
in the expression and/or activity of WNK kinase or the SPAK/OSR1 kinases, could be
involved in modulating KCC2 activity and, therefore, neuronal [CI7]; during the GABA
excitatory-inhibitory sequence.

Modulation of KCC3 swell activation mechanisms to counter pathological

brain swelling

Blocking KCC3 Thr991/Thr1048 inhibitory phosphorylation is a potent mechanism of
stimulating KCC activity. Could this mechanism be pharmacologically exploited to protect
against isosmatic cell swelling in certain disease states, such as cerebral edema associated
with ischemic stroke, epilepsy, or tumors? Interestingly, the sequence context of the KCC
phosphorylation site 1 is also conserved in the amino terminus of NKCC1, suggesting a
coordinated but opposite regulation of NKCCs and KCCs by a single kinase complex
(Figure 2). Indeed, WNK1 kinase phosphorylates and activates SPAK (and OSR1), which in
turn promotes the phosphorylation of both NKCC1 and the KCCs, but does so with
reciprocal effect, stimulating NKCCL1 but inhibiting KCC [2,7,22,76]. Inhibiting the WNK-
SPAK kinases, which phosphorylate KCC site 2 directly, and are necessary for both site 1
and site 2 phosphorylation [22], might have the added benefit of concurrently decreasing the
stimulatory phosphorylation of NKCC1 at Thr212/Thr217, which is required for NKCC1
activity [88] and is pathologically upregulated in ischemic edema [7]. This simultaneous
reduction of NKCC1-mediated ion influx and activation of KCC3-mediated ion efflux seems
ideally suited to counter pathological cell swelling in isosmotic swelling conditions, which
results from channel- and carrier-mediated increases in cellular ionic load [34].

Importantly, the potent KCC-activating switch in KCC1/3/4 responsible for swelling
activation of the transporter is also conserved in KCC2, suggesting an important but yet
unrecognized function of this motif in KCC2. Although perhaps not essential for neuronal
cell volume homeostasis, this phospho-motif in KCC2 might have been retained during
evolution to finely modulate KCC2 activity in response to physiological demand or to
restore homeostasis in response to perturbation. The brisk and significant decrease in
inhibitory phosphorylation at Thr906 in mouse KCC2 brain during embryonic development
suggests an important role for phosphorylation at this residue [76]. Could neuronal [CI7];
increases that accompany energy failure during stroke, or intense neuronal activity, both of
which are accompanied by increases in neuronal cell volume, be compensated by increases
in KCC2 activity achieved by promoting maximal Thr906/Thr1007 dephosphorylation? This
is an important issue worthy of future investigation with clinical implications.

Exploiting KCC swell activation mechanisms for neurological diseases not

associated with cell swelling

Might it also be possible to exploit the biochemical mechanisms of NKCC1 and KCC2
swelling regulation for therapeutic benefit in neurological diseases not associated with cell
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swelling? Multiple diseases, including seizures, neuropathic pain, autism, schizophrenia,
spasticity, and others, feature more depolarized values of Egapa, and hyperexcitability of
GABAergic neurons and circuits, due to pathologically elevated neuronal [CI7]; resulting
from increases in NKCC1 activity, or decreases in KCC2 activity [6,7]. Other therapeutic
efforts to date have focused on targeting NKCC1 and KCC2 individually with low potency,
relatively unspecific diuretics that have suboptimal CNS penetration, although novel KCC2
activators currently in development show promise [1]. However, since the CCCs work in
concert with one another and with other CI~ channels to achieve homeostasis, it is unknown
whether targeting one CCC (e.g., NKCC1) might be compensated for by the activity of other
CCC:s. Inhibition of WNK-SPAK kinases might be expected to inhibit both NKCC1-
mediated CI~ loading and stimulate KCC2-mediated CI~ extrusion by decreasing their
stimulatory and inhibitory phosphorylation, respectively (Figure 3). Therefore, WNK-SPAK
inhibition might be more efficacious than either poorly CNS-penetrant loop diuretics
(bumetanide, see [89]) or KCC2 activators [1].

Interestingly, Piala et al. recently found that CI~ binds directly to the catalytic site of WNK1,
thereby stabilizing the inactive conformation of WNK1 and preventing kinase
autophosphorylation and activation [90]. Mutagenesis of this site rendered WNK1 less
sensitive to CI™-mediated inhibition of autophosphorylation, suggesting that WNK1
functions as a CI~ sensor. Thus, WNK kinases may not only be effector kinases that work
through the SPAK/OSR1 kinases to phosphoregulate CCC activity, but also function as the
sensors that detect changes in intracellular CI~ (and potentially cell volume) [90]. Note that
the activities of SPAK and OSR1, measured /in vitro, are also sensitive to changes in CI™
concentration [91]. These data suggest that inhibiting these molecules would also block
feedback mechanisms activated to counter the effects of targeting NKCC1 or the KCCs
alone. Therefore, modulation of the CI™-dependent functional plasticity of GABAARS by
coincident NKCC1 inhibition and KCC2 stimulation via WNK-SPAK kinase antagonism
may be a tenable method of restoring ionotropic inhibition for a range of disorders,
including neurodevelopmental diseases, such as neonatal seizures, autism, and
schizophrenia, and adult disorders, such as neuropathic pain, temporal lobe epilepsy, and
spasticity [2] (Figure 3). These hypotheses will be rich subjects for future basic and
translational investigation.

Concluding remarks

In neuroscience, considerable attention has been rightly paid to KCC2, which mediates CI~
efflux in isotonic conditions and is required for the establishment of GABAergic
hyperpolarizing synaptic inhibition. However, genetic models of KCC3 and KCC4, and their
upstream inhibitory WNK-SPAK kinases, have demonstrated the necessity of swelling-
regulated K-CI cotransport for nervous system development and cell volume regulation, and
their involvement in neurological disease. The recent discovery and characterization of an
activating dephosphorylation mechanism of the KCCs has pinpointed a druggable switch of
KCC function that could be pharmacologically exploited to therapeutically facilitate ionic
efflux in neurological diseases. More work is needed to explore the role of the KCCs,
including KCC2, in nervous system cell volume regulation. Work on these topics is
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clinically relevant and may reveal novel insights to help understand potential links between
cell volume regulation and neuronal excitability.
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Figurel.
Cation-chloride cotransporters (CCCs) are key components of cell volume regulation. CCCs

mediate transmembrane ion fluxes and can thereby increase or decrease cellular osmotic
pressure. (A) Cell shrinkage (step 1) stimulates the WNK-STE20/SPS1-related proline/
alanine-rich kinase (SPAK)/Oxidative stress response 1 (OSR1) kinase cascade (step 2),
which triggers the phosphorylation of specific residues on both the N(K)CCs and the KCCs,
causing their activation and inhibition, respectively (step 3). This net ionic influx of Na*, K™,
and CI~, coupled with obligatory water movement (step 4), restores cell volume in
‘regulatory volume increase’ (RVI). (B) Cell swelling (step 1) inhibits WNK-SPAK/OSR1
(step 2), and also stimulates protein phosphatases (such as PP1 and PP2A) that
dephosphorylate N(K)CCs and the KCCs, causing their inhibition and activation,
respectively (step 3). The resulting net ionic efflux of K* and CI~, coupled with obligatory
water movement (step 4), restores cell volume in ‘regulatory volume decrease’ (RVD).
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Figure 2.

Conservation of phosphoregulatory sites in cation-chloride cotransporters (CCCs). (A) Two
regulatory phosphosites in the cytoplasmic C terminus of KCCs, termed ‘site 1’ (Thr906 in
KCC2, Thr991 in KCC3) and ‘site 2’ (Thr1007 in KCC2, Thr1048 in KCC3), are conserved
in all KCC isoforms. Dephosphorylation of these sites, as occurs in hypotonic conditions,
causes potent stimulation of these cotransporters. (B) The sequence context of a major
regulatory site in the C terminus of the KCCs, Thr991 in KCC3 and Thr906 in KCC2, is
conserved in the N terminus of human (at Thr212), shark, and mouse NKCC1 (hNKCC1,
SNKCC1, and mNKCC1, respectively). This sequence homology suggests that these
phosphoregulatory sites are targeted by a single kinase. The WNK-SPAK/OSR1 kinases are
required for phosphorylation of both cotransporters at these sites, but reciprocally stimulate

NKCC1 while inhibiting the KCCs.
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Figure 3.
Exploiting genetic conservation of swelling-regulated K*-CI~ cotransporters (KCC)

activation for therapeutic restoration of ionotropic inhibition. The regulatory mechanisms of
the WNK-STE20/SPS1-related proline/alanine-rich kinase (SPAK) kinases on KCC3 are
conserved in KCC2, and suggest that targeting this motif in KCC2 is relevant for
neurological diseases beyond those related to problems in cell volume control. (A) Several
neurological disease are associated with a pathological increase in activity of NKCC1 and/or
decrease in activity of KCC2, including temporal lobe epilepsy, neonatal seizures,
neuropathic pain, schizophrenia, and motor spasticity. This imbalance results in influx of
CI~, which raises [CI7]; and disrupts GABAA receptor (GABAAR)-mediated fast
hyperpolarizing currents. (B) The WNK-SPAK/Oxidative stress response 1 (OSR1) kinases
phosphorylate both NKCC1 and the KCCs, which reciprocally stimulate NKCC1 and inhibit
KCC. Inhibition of WNK-SPAK/OSR1 kinases would promote dephosphorylation of both
NKCC1 and the KCCs, resulting in inhibition and activation of these molecules,
respectively. Activation of KCCs and inhibition of NKCC1 would result in net efflux of K
and CI”™. (C) Reciprocal activation of KCC and inhibition of NKCCL1 via therapeutic
inhibition of the WNK-SPAK/OSR1 kinases resulting in net KCI efflux would deplete
[CI7];. This renormalization of neuronal [CI7]; homeostasis is a therapeutic strategy to
restore normal GABAergic signaling in the several neuropsychiatric disorders in which it is
disrupted.
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