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Intracellular chloride levels in the brain are regulated primarily through the opposing effects of two cation-chloride co-
transporters (CCCs), namely K+-Cl- co-transporter-2 (KCC2) and Na+-K+-Cl- co-transporter-1 (NKCC1). These CCCs
are differentially expressed throughout the course of development, thereby determining the excitatory-to-inhibitory y-
aminobutyric acid (GABA) switch. GABAergic excitation (depolarisation) is important in controlling the healthy
development of the nervous system; as the brain matures, GABAergic inhibition (hyperpolarisation) prevails. This
developmental switch in excitability is important, as uncontrolled regulation of neuronal excitability can have implications
for health.
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| 1. Introduction

GABA signalling is crucial in both motor and behavioural control; GABAergic neurotransmission is altered in HD L2, To
better understand GABAergic activity, we need to consider both K*-2CI~ cotransporter 2 (KCC2) expression and the
maintenance of neuronal intracellular chloride (CI™) concentration ([CI7];). CI” is an important anion involved in the
regulation of cell volumel2l], proliferation, and apoptosisl4. CI~ has a further role in determining membrane potential and
the firing of action potentials®. Extracellular [CI7] tends to be fixed, while [CI7]; is more variablel®. The presence of
chloride-cation cotransporters (CCCs) is central to determining [Cl ]Jim. Such transporters are responsible for the
bidirectional movement of CI~, and its function is determined by the direction of flux4l,

GABA is the main inhibitory neurotransmitter in the brain®l. GABA binds GABA type A receptors (GABAAR); these
receptors are ligand-gated anion channels central to the control of CI~ movement®l. Noteworthily, GABA, receptors are
permeable for both CI™ and bicarbonate (HCO3"); the net effect of GABA therefore also depends on the distribution of
bicarbonate®. Previous studies have also implicated HCO3~ in GABA, receptor-mediated depolarizationltQILI12[131[14] |
a recent study, Lombardi et al.24! suggest that implementation of physiological levels of HCO3 -conductivity to GABA,
receptors enhances the [CI7]; changes over an extensive range of [CI7];; however, this outcome strictly depends on the
stability of the HCO3™ gradient and the intracellular pH. For in-depth understanding on the relationship between
distribution of HCO3~ and GABA signalling, readers are referred to recent review on the subject!&ILSIIEILT  vet, the
reversal potential (when net flow = 0) for GABA (Egaga) is primarily determined by the reversal potential for CI7;
GABAergic signalling is therefore dependent on [Cl7Jjzel. Whilst inhibitory GABAergic activity is important for proper central
nervous system (CNS) functioning!®¥, GABA can also induce membrane depolarisation2d. The excitatory action of GABA
is important in the development of the nervous system [€: its roles include regulating synaptogenesis in addition to
supporting neurite outgrowth and the maturation of the neuronal network™El High [CI7]; produces less negative GABA
currents that culminate in depolarisation events (excitation)!:Ll. Conversely, low [CI7]; leads to hyperpolarisation as a result
of more negative Egaga Values (inhibition) 28, During development there is a gradual hyperpolarising shift in Egaga as a
result of decreased [CI7];, which is maintained in the mature mammalian brain2223], Since the healthy brain relies on the
proper balance between excitatory and inhibitory inputs, uncontrolled regulation of neuronal excitability can have
implications for health(3].

Neuronal [CI7]; is largely regulated through the activity of Na*-K*-2CI~ cotransporter 1 (NKCC1) and KCC2 [24125]126]
NKCC1 pumps CI” into neurons, while KCC2 is responsible for CI~ effluxi2328], Moreover, the extensively studied CCC
family member, NKCC1, has numerous physiological obligations!ZZl28]29] that make it a promising neurological drug
target, owing to its importance in GABAergic signalling!23. Recently, Chew and colleagues2¥ determined the cryo-
electron microscopy structure of NKCC1 from Danio rerio. This extensive study revealed the mechanisms involved in
NKCC1 molecular transportation and communication and further provided insights into ion selectivity as well as coupling
and translocation; a clearer framework for understanding the physiological functions of NKCC1 in relation to human
diseases was also established2%. Besides, modulation of NKCC1 activity alongside that of KCC2 has been implicated in



the development and progression of HDWIBUBEZABLS]  These CCCs are differentially expressed over the course of
development, and so the activity of KCC2 and NKCC1 is not synonymous between immature and mature neurons/23, In
the embryonic and early postnatal period, solute carrier family 12 (SLC12), member Al (SLC12A1l) messenger RNA
(MRNA) expression of NKCC1 is highl23l. As maturation proceeds, NKCC1 expression decreases and SLC12, member A5
(SLC12A5) expression of mMRNA encoding KCC2 is upregulated: there is a resultant net decrease in [ClJjza. The
developmental stimulation of KCC2 and inhibition of NKCC1 expression initiates the switch from excitatory to inhibitory
GABA signalling 24, These evolutionarily conserved transporters (KCC2 and NKCC1) are inclusive among central
mediators of ion transport in multicellular organisms, with specific roles in regulating ionic and water homeostasis in
mammalian CNS[22, which is essential in determining the polarity of the neurons28l. Notably, during development, [CI7];
increment is prominent in immature neurons and when activated, they display a depolarising response, which is due to the
elevated expression of NKCC1 in comparison with KCC2[23l. However, during maturation, NKCC1 expression gradually
decreases, and KCC2 expression increases, resulting in an opposite expression pattern232€l (also see Figure 2).
Importantly, the inhibition/stimulation of KCC2/NKCC1 pair via protein phosphorylation is through a regulatory mechanism
that works in a reciprocal pattern2887l and members of the with-no-lysine kinase (WNKs) family as well as their
downstream targets; STE20/SPS1-related proline/alanine rich kinase (SPAK) and oxidative stress response kinase
(OSR1) are the most prominent kinases that regulate this processi237]B8I39N40  Consequently, impaired ion
homeostasis resulting from mutation in the physiological function of some of this transporter pair and/or their upstream
regulators may be detrimental and subsequently result in diminished inhibition and augmented network hyperexcitability,
which underlies numerous neurological disorders2JEAMLAE21431[44] jnc|yding HDBEUBEZISS],
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Figure 2. GABA, signalling shifts from depolarizing to hyperpolarising responses are mediated by developmental
expression of KCC2 and NKCCL1 in the brain (neocortical neurons) of rats. The differential expression of these channels
regulates intracellular CI~ concentration ([CI"]}) and therefore determines the activity of y-aminobutyric acid (GABA). Na*—
K*—CI~ cotransporter 1 (NKCC1) pumps CI™ into neurons; its expression is high in the early postnatal period, decreasing
as maturation proceeds. The expression pattern for K*~2CI~ cotransporter 2 (KCC2), responsible for CI™ efflux, is directly
opposite. In the embryonic and early postnatal periods, [CI7]; is high, and so GABAergic signalling is excitatory
(depolarising); as maturation occurs, [CI7]; decreases, initiating the development hyperpolarising shift, whereby
GABAergic signalling becomes inhibitory. Figure elements were taken and modified from Tillman and Zhang!2€!,

Indeed, loss of KCC2 has implications in disease: KCC2 dysfunction and/or deficiency attenuates CI~ efflux and
GABAergic inhibition is therefore impaired®23, When [CI]; exceeds equilibrium, depolarisation events contribute to the
onset of neurological diseasel@12 Decreased KCC2 expression coupled with increased NKCC1 expression and/or
activity has been documented in several pathologies[28l41]4244] including HDRUEARS |n HD, HTT is mutated (MHTT)
and acts to alter KCC2 and NKCC1 expressions and activity21B2l through mechanisms that remain undetermined. Since
KCC2 and NKCC1 expressions and functionality are crucial in determining the effects of GABA dysregulated KCC2 and
NKCC1 activitiesBIL45]  subsequent abnormalities in GABAergic signalling are thought to contribute to HD
pathogenesislll. Hence, this review aims to investigate the possible mechanisms by which KCC2 expression and function
is altered in HD. Although HD is primarily characterised by uncoordinated motor activity , patients have additional, co-
existing neurological disorders. In view of the aforesaid, the association between altered KCC2 activity, and the
comorbidities that present as part of the disease process will also be discussed. For examples, how are NKCC1 and



KCC2 expression and activity controlled in the healthy brain? What are the known mechanisms by which KCC2
expression and activity are altered in HD? Additionally, how does altered KCC2 expression and activity contribute to HD
comorbidities with a particular focus on cognitive and sleep changes?

| 2. KCC2 Regulation and Function in the Healthy Brain
Phosphorylation Regulation of KCC2 by Protein Kinase Signalling Pathways

The WNK-SPAK/OSR1 phosphorylate threonine residues 906 and 1007 (T906/T1007) and subsequently downregulate
KCC2 mRNA gene expression; thus, a decline in its physiological function is observed“84Z The phosphorylation of these
residues is highest in the early postnatal period, with a gradual decrease throughout development#8I47; WNK1 activity is
at its most reduced level in mature neuronsEAE4, KCC2-T906/T1007 phosphorylation has been shown to decrease by
approximately 95% between embryonic day 18.5 (E18.5) and adulthood in micel8. This decrease in threonine
phosphorylation may contribute to the developmental onset of KCC2 function 847l thereby facilitating the upregulation of
CI~ extrusion from mature neurons resulting in the hyperpolarising Egaga shift®42 (also see Figure 3).
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Figure 3. A novel strategy to facilitate neuronal CI~ extrusion and Egaga by coincident NKCC1 inhibition and KCC2
activation by inhibiting the WNK-SPAK/OSR1 kinases. Mammalian neurons that are challenged with multiple
neuropsychiatric conditions (such as seizures, neuropathic pain, spasticity, schizophrenia, and others) are usually driven
by hyperexcitable circuits, intraneuronal CI~ ([CI7];) levels are elevated due to increased NKCC1 activity, and/or decreased
KCC2 activity, promoting GABA,R-mediated membrane depolarization and excitation. In healthy mature neurons, [CI7]; is
low due to the opposite activity profile of the CCCs, promoting GABA,R-mediated hyperpolarization, which is critical for
the proper balance of excitation—inhibition in neuronal circuits. WNK-SPAK/OSR1 inhibition, via the coincident effects of
NKCC1 inhibition and KCC2 activation (the main CI~ extrusion mechanism in neurons), might be a potent way of
facilitating neuronal CI™ extrusion to restore ionic inhibition in diseases that are characterized by disordered CI~
homeostasis and GABA disinhibition. ZT-1a, a novel molecular compound, can specifically inhibit SPAK signalling
pathway, thus interfering SPAK regulation of GABA signalling via NKCC1 inhibition and KCC2 activation®d. Activation of
protein kinase C (PKC) and brain-type creatine kinase (CKB) are likely to increase KCC2 cell surface expression, but the
mechanisms involved are still unclear.

Moore et al. 42 demonstrated that preventing KCC2-T906/T1007 phosphorylation in vivo (assessed in knock-in mice), via
threonine to alanine mutation, accelerates the onset of KCC2 function in the postnatal period. In the study, Egaga Values
were found to be hyperpolarised across neuronal development (patch-clamp experiment; cultured hippocampal knock-in
mouse neurons), i.e., in preventing the phosphorylation of KCC2-T906/T1007, postnatal GABAergic depolarisation activity
was largely abolished, thus suggesting that the developmental onset of hyperpolarising synaptic inhibition is dependent on
regulated KCC2 phosphorylation#2, and this is further supported by other studies€44. Therefore, potentiating KCC2
function to rescue delayed Egaga shift during development may improve cognitive defects¥. Serine 940 (S940) is
another key phosphorylation site in the regulation of KCC2 activity, phosphorylation of S940 is controlled by protein kinase
C (PKC)RUBL, 5940 phosphorylation leads to decreased KCC2 internalisation and subsequent increased CI”
extrusion4, thereby increasing KCC2 function B4 |n this regard, Moore et al.¥ further suggest that S940 can be



experimentally mutated to alanine (S940A) to prevent its phosphorylation to facilitate [CI7] increment. Briefly, they
demonstrated that developmental Egaga shift is delayed in S940A neurons compared to wildtype (WT) controls, thereby
suggesting that phospho-regulation of KCC2-S940 may be involved in defining the developmental onset of GABAergic
inhibition®2!,

Furthermore, brain-type creatine kinase (CKB) also plays a vital role in regulating cellular energy homeostasis via ATP-
dependent phosphorylated catalysis of creatine into phosphocreatine, thereby establishing a readily available ATP-
buffering system[®2, Notably, ATP is involved in the activation of Na*-K*-ATPase, which serves as a driving force for KCC
activation; hence, it is expected that ATP should enhance the function of KCC2E2l, |nterestingly, some reports have
affirmed an ATP-induced KCC activation. Aside from potentially providing ATP, Hemmer et al.B4hypothesize that CKB
might phosphorylate KCC2 to change its function, because CKB possesses autophosphorylation activity. However, the
implication of the interaction between KCC2 and CKB in relation to their physiological functions and how intracellular ATP
concentrations might contribute to KCC2 function is still elusive 231, More importantly, however, the fact that WNK-
SPAK/OSR1 kinase complex is known to phosphorylate and inhibit KCC2 or stimulate NKCC1[23l[E71[38I[391140] i g|ready
established. Thus, molecular compounds that can block WNK-SPAK/OSR1 signalling pathway will result in activating
KCC2 and inhibiting NKCC1 activities. The manipulation of the interaction between CKB and KCC2 activities could be a
substitute mechanism to achieve KCC2 activation B3B8 |n fact, the interaction between CKB and KCC2
expression/activity has been implicated in the modulation of GABAsR-mediated signalling32. Furthermore, previous
reports have demonstrated that enhancement of CKB activity may facilitate the activation of KCC2 function2[56I571[58] |y
HD, reduced expression and activity of CKB is associated with motor deficits and hearing impairment284, By and large,
the enhancement of CKB activity prior to its interaction with KCC2 activates its function resulting from inhibited
phosphorylation of the WNK-SPAK/OSR1 signalling pathway may be a hypothesis worthy of intensive investigations
(Eigure 3). Hence, it is worthwhile to further investigate the interaction of KCC2 and CKB and how the interaction can
modulate the WNK-SPAK/OSRL1 signalling cascades in neurological diseases including HD.

Indeed, phosphorylation status of key regulatory sites on KCC2 determines when the developmental Egaga shift occurs,
and regulated depolarising GABAergic signalling (largely in the early postnatal period) is necessary for normal cognitive
and behavioural development2d. Since the phosphorylation process is central to KCC2 function, future research should
assess whether the phosphorylation status of key KCC2 sites is constant between HD patients and controls. Further to
this, it should be established if phosphorylation status changes as HD progresses. If the phosphorylation of key KCC2
sites does not occur as normal in HD gene carriers and patients, investigating how this affects the development
hyperpolarising shift in Egaga is of concern; this research may provide an explanation for the behavioural and cognitive
manifestations observed in HD patients. Investigation into the phosphorylation of KCC2 and the Egaga is of increasing
interest, especially since it has been suggested that the potentiation of KCC2 function (accelerating hyperpolarising shift)
can improve cognitive declinel2,
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