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1  | INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant inherited neuro-
degenerative disease, which was first described by George Huntington 
in 1872. At present, HD is the most common monogenic fatal neu-
rological disorder in western populations, affecting nearly 1 case per 
7300 normal individuals based on epidemiological studies.1 HD pa-
tients present with progressive movement disorder, psychiatric symp-
toms, cognitive impairment and usually die from disease complications 
about 20 years after the onset. In the past few decades there has been 
a rapid growth in our understanding of the natural history of HD and 
pathogenesis at both the cellular and macroscopic level. However, 
few treatments are available and numerous clinical trials have failed 
to date. In addition, neurodegeneration in HD is also accompanied by 

signs of systemic neuroinflammation.2,3 Thus, it is important to explore 
the precise mechanisms involved in the pathogenesis of HD.

Potassium channels are the most widely distributed type of ion 
channels and are found in virtually all living organisms.4 In general, po-
tassium channels constitute a ubiquitous family of ion channels with 
more than 90 genes coding for the principal pore- forming subunits, 
which allow K+ ions to cross the plasma membrane when activated.5 
They form potassium- selective pores that span cell membranes and are 
widely expressed in all cell types in both central and peripheral nervous 
system. Potassium channels can be categorized into four major classes: 
voltage- gated K+ channels (Kv), Ca2+- activated K+ channels (KCa), two- 
pore K+ channels (K2P) and inwardly rectifying K+ channels (Kir).5 All 
these four classes of potassium channels play important roles in the 
brain. For instance, in neurons, they are crucial for setting the resting 
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Summary
Huntington’s disease (HD) is a late- onset fatal neurodegenerative disease, character-
ized by progressive movement disorders, psychiatric symptoms, and cognitive impair-
ment. The cytosine- adenine- guanine (CAG) triplet expansion encoding glutamine 
present in the protein huntingtin (Htt), produces widespread neuronal and glial pathol-
ogy. Mutant huntingtin (mHtt) nuclear aggregates are the primary cause of cortical and 
striatal neuron degeneration, neuronal inflammation, apoptosis and eventual cell loss. 
The precise mechanisms underlying the pathogenesis of neurodegeneration in HD re-
main poorly understood and HD patients have no current cure. Potassium channels 
are widely expressed in most cell types. In neurons, they play a crucial role in setting 
the resting membrane potential, mediating the rapid repolarization phase of the action 
potential and controlling sub- threshold oscillations of membrane potentials. In glial 
cells, their major contributions are maintaining the resting membrane potential and 
buffering extracellular K+. Thus, potassium channels have an essential function in both 
physiological and pathological brain conditions. This review summarizes recent pro-
gress on potassium channels involved in the pathology of HD by using different HD 
mouse models. Exploring the dysfunction of potassium channels in the brain illustrates 
new approaches for targeting this channel for the treatment of HD.
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membrane potentials, mediating the rapid repolarization phase of the 
action potential and controlling sub- threshold oscillations of mem-
brane potentials.6,7 In glial cells, the main contributions of potassium 
channels are to set the resting membrane potential and the buffering 
of extracellular K+.8-11 Their unique biophysical properties are also re-
lated to neurotransmitter release, hormone secretion, cell proliferation, 
apoptosis and tumor progression as well.12,13 The dysfunction of potas-
sium channels can induce numerous CNS disorders, including HD.10,14-

16 With a tremendous functional relevance in both physiological and 
pathological brain, potassium channels have become an important drug 
target in clinical therapies.12,17-20 Here we summarize recent progress 
on understanding the role of potassium channels in the pathology of 
HD obtained from various mouse models. With a thorough examina-
tion of the dysfunction of potassium channels in HD, new insights for 
the development of therapeutic strategies for the treatment of this 
devastating neurodegenerative disease could be gained.

2  | PATHOGENESIS OF HUNTINGTON’S 
DISEASE AND HD MURINE MODELS

The prime culprit of HD is the mutant HTT gene, which is located 
in the short arm of chromosome 4p16.3 and contains a fragment of 
polyglutamine coding sequences (polyQ).21 In normal populations, the 
length of polyQ ranges from 6 to 35 repeats, but HD patients carry 
more than 36 CAG repeats in their HTT gene and exhibit an inverse 
relationship between CAG repeat length and age of disease onset.22 
Mutant Htt proteins tend to form hydrogen bonds with each other 
and finally develop into complex aggregate inclusion bodies, which 
can induce cell toxicity.1* Recently, researchers tried to deplete the 
HTT gene in early mouse embryos. However, those embryos failed 
to develop healthy brains, indicating that HTT gene is required for 
normal fetal brain development.23 Thus, the basic function of HTT 
gene and the pathogenesis of the mutated Htt proteins affecting the 
brain are not yet fully understood. *[Correction added on 19 February 
2018, after first online publication: The word “Mutated” was changed 
to “Mutant” in the sentence”.]

To explore the mechanisms and pathogenesis of HD, it is nec-
essary to have a general view about the variety of animal models 
which have been developed and applied to the study of HD.24 In 
early studies, toxin- induced models such as the Quinolinic acid (QA) 
or 3- nitropropionic (3- NP) induced HD rat models were most com-
monly used. These toxins cause striatal neurodegeneration, motor 
impairments and cognitive deficits.25-28 Although toxin induced HD 
models are easy to generate and produce specific symptoms similar 
to HD, the absence of mutant Htt gene and subsequent Htt aggre-
gate formation prevented these models to precisely study the pro-
gressive nature of HD.29 In the mid 1990s, Mangiarini et al30 first 
created transgenic mouse models (R6 lines) and since then trans-
genic HD mouse models have become a classical mouse model to 
study disease progression. The well characterized R6/2 mouse, for 
example, expresses exon 1 of human Htt with ~144 CAG repeats 
and displays a rapidly progressive neurological phenotype onset 

at about 2 months of age, which includes decreased motor skills, 
tremors, stereotypic grooming and weight loss as well.31 In addi-
tion, Hodgson et al and Slow et al32,33 created and developed a YAC 
transgenic mouse model. They used a yeast artificial chromosome 
(YAC) vector system to express a full- length human Htt allele with 
46, 72 or 128 CAG repeats under control of the endogenous Htt 
promoter. The advantage of this model is that YAC mice live much 
longer and therefore can be used to study the HD progression over 
a long period.33 With the development of genetic technology, knock 
in mouse models (KI models) such as classic chimeric HdhQ line and 
recent zQ175 mouse line were created and considered to be accu-
rate for mimicking human HD characteristics.34-37 Besides rodent 
models, nonhuman primates and sheep models have also been de-
veloped and added to the variety of HD animal research tools.38-40

3  | ALTERED K+ CONDUCTANCE AND K + 
CHANNEL DYSFUNCTION EXACERBATE 
STRIATAL NEURONS VULNERABILITY AND 
INTRINSIC EXCITABILITY

As a neurodegenerative disorder, HD affects the projection neurons 
mainly in two brain regions, striatum and cerebral cortex. Before dis-
tinct cell death and behavioral symptoms in HD, mHtt gene firstly 
causes neuronal dysfunction and subtle morphological changes.41-44 
The K+ conductances are crucial to maintain the hyperpolarized mem-
brane potential and the slow firing rate of medium- sized spiny neurons 
(MSNs) in the striatum.45-48 Using an aggressive HD mouse model, 
Klapstein et al42 examined the electrophysiological properties of stri-
atal MSNs in R6/2 mice. They found an increased membrane input 
resistance and depolarized resting membrane potential (RMP) as the 
behavioral phenotype developed,41,42 indicating a possible alteration 
of K+ conductances in HD mice. Soon after, a study of K+ channel sub-
types in HD neurons followed up.49,50 By combining immunostaining 
and immunoblotting methods, Ariano et al compared K+ channel sub-
type expression in MSNs and large aspiny striatal interneurons (LANs) 
in both R6/2 and R6/1 HD mouse models. They found substantial re-
duction of Kir2.1, Kir2.3 and Kv2.1 protein expression in MSNs but not 
in LANs of R6/2 mice.49 These membrane channel protein alterations 
further enhanced NMDA receptor subunit NR1 expression by upregu-
lation of PKA phosphorylation in MSNs. Consistent with this finding, 
the Levine group specifically focused on the examination of the in-
wardly and outwardly rectifying K+ channel currents in striatal MSNs 
in both R6/2 HD mice and a slowly progressing model, TgCAG100.50 
They found that in addition to the decrease in expression of Kir2.1, 
Kir2.3, and Kv2.1 protein in MSNs, significant reductions in both in-
wardly and outwardly rectifying K+ channel currents were detected in 
acutely dissociated MSNs from striatal slices in HD mice50 (Figure 1).

Interestingly, when the symptoms became more severe to cause 
apparent locomotor deficits in R6/2 HD model mice at 5- 9 weeks 
age, Cao et al51 found striatal output neurons (SONs) exhibited higher 
firing rates and more regular discharge patterns compared with WT 
SONs, which was caused by an altered activity- dependent regulation 
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of intrinsic excitability. It is well recognized that a fast activity- 
dependent homeostatic control of excitability (fADH) in neurons can 
modify cells’ firing rate, timing of evoked spikes, intrinsic firing pat-
terns and alterations in synaptic transmission.52,53 With injection of 
brief trains of bursts in a seconds time scale, fADH can be induced to 
modify neuron firing rate and convert regular firing patterns to irreg-
ular ones through activation of the M current mediated by voltage- 
gated potassium channel subfamily 7 or KCNQ channels.54 Cao et al 
reported a reduction of M currents mediated by KCNQ 2/3 channels 
caused impairment of fADH in SONs of R6/2 mice. Pharmacological 
activation of KCNQ channel and chronic treatment with an M- current 
activator retigabine, not only restored the hyperactivity network, but 
also improved motor performance phenotypes of HD mice.51

In summary, the attenuation of K+ conductances and dysfunction 
of potassium channel subunits in MSNs or SONs not only exacerbates 
neuronal vulnerability and changes the intrinsic excitability, but also 
disrupts synaptic integration and both afferent and efferent informa-
tion processing in HD basal ganglia.

4  | KATP CHANNELS ARE IMPAIRED IN HD 
BASAL GANGLIA NETWORK

The basal ganglia consist of the corpus striatum and related nuclei 
including, globus pallidus, subthalamic nucleus (STN) and substan-
tia nigra pars reticulata (SNr). It is a network crucial for processing 
movement, emotion, motivation and cognitive function. Basal ganglia 
dysfunction is associated with a number of disorders that influence 
movement including Parkinson’s disease, HD and dystonia.55,56 One 
of the pathologic mechanisms of HD is involvement of mitochondrial 
oxidative stress- activated ATP- sensitive potassium channel (KATP).57-

59 Marti et al57 first reported the study of a mitochondrial toxin 
3- nitropropionic (3- NP)- induced experimental HD model. As a succi-
nate dehydrogenase (SDH) inhibitor, 3- NP causes a rapid depletion of 
intracellular ATP in neurons which leads to impairment of cation ex-
change pumps and progressive membrane depolarization.60 Marti et al 
found that the acute energy depletion produced by 3- NP induced two 
different responses in rat striatal nerve endings. The 3- NP induced 

F IGURE  1 Reduction of inward K+ currents and Kir 2.1, 2.3 and Kv2.1 immuofluorescence intensity in R6/2 transgenic mice. (A- B). Current- 
voltage (I/V) relationships for inward K+ current densities (A) and Cs+- sensitive K+ current densities (B) obtained from acutely dissociated 
MSNs from 11-  to 15- wk R6/2 transgenics and WTs. In these experiments, a 20 mM K+ concentration in the external solution was used to 
set	the	equilibrium	potential	at	approximately	−50	mV,	corresponding	to	the	holding	potential.	Obvious	reduction	of	inward	K+ current and 
Cs+- sensitive K+ current occurred in R6/2 MSNs. (C). Immunofluorescent staining for the K+ channel proteins Kir2.1, Kir2.3 and Kv2.1. Top: 
Kir2.1 was detected within MSNs and the neuropil but was excluded from the fiber bundles of the internal capsule. The cellular fluorescent 
signal in R6/2 mice was decreased by 48%. Middle: Kir2.3 was visible within MSNs and the striatal neuropil but not found in fiber bundles. 
The cellular luminosity was decreased 26% in R6/2 compared with the WT mice. Bottom: Kv2.1 was associated with the membrane rim and 
initial processes of MSNs. Cellular luminosity decreased 47% in the HD compared with the WT. [Correction added on 19 February 2018, after 
first online publication: The word “Kv3.1” was changed to “Kv2.1” in the sentence “Reduction of inward K+ currents and Kir 2.1, 2.3 and Kv3.1 
immuofluorescence intensity in R6/2 transgenic mice”.]



314  |     ZHANG et Al.

potentiation of GABA release was Ca2+- dependent and relied on Na+ 
channel opening. On the other hand, 3- NP induced inhibition of ace-
tylcholine release, which was tetrodotoxin insensitive but relied on 
the opening of ATP- dependent K+ channels to prevent the membrane 
depolarization caused by mitochondrial impairment, which suggested 
a mechanism for the selective survival of cholinergic interneurons in 
an experimental HD model. The protection bestowed by activation of 
KATP channels could be a therapeutic target for mitigation of HD.57,59

Although the dysfunction of the striatum and cortex has been 
extensively studied in HD models, Atherton et al61 recently found a 
functional impairment of KATP channels in the STN in both BACHD 
and Q175 knock- in mouse models. Prior to the onset of major symp-
toms of HD, STN neurons showed aberrant autonomous firing activity 
due to KATP channel- mediated firing disruption in BACHD and Q175 
mice. Inhibition of KATP channels with the pharmacological blocker 
glibenclamide and a membrane permeable form of enzyme catalase to 
break down H2O2 produced from mitochondrial oxidative phosphory-
lation,62,63 STN neurons firing rate and regularity were rapidly rescued, 
suggesting a direct action on KATP channels in these neurons. Persistent 
activation of KATP channels in STN neurons in HD eventually led to cell 
apoptosis and death in this nucleus. In all, the functional switch of KATP 
channel acting on different types of neurons in HD indicates its import-
ant role in keeping the homeostasis of cortico- striatal- thalamic circuitry.

5  | SK3 CHANNELS CONTRIBUTE TO 
DOPAMINE REGULATION IN HD

SK3 channels belong to small conductance calcium- activated potas-
sium channel family (SKCa). They are not voltage dependent and only 
can be activated by low concentration of intracellular Ca2+. Activation 
of SK3 channels efficiently limits the AP firing frequency and thus is 
important for regulation of the afterhyperpolarization (AHP) in most 
electrically excitable cells.64 Another important characteristic of SK3 
channels is this type of channel carries a stretch of polyglutamine 
residues which is close to its amino terminus. Among the earliest 
functional changes detected in human HD post- mortem studies, is 
a dramatic reduction of D1 and D2 dopamine receptors in the stria-
tum and cortex, suggesting alterations of the dopamine (DA) sys-
tem.65,66 Dopamine neurons are characterized electrophysiologically 
by a long- duration action potential (AP) and a delayed repolarization 
following cessation of a hyperpolarizing current pulse.67,68 The slow 
firing pattern of DA neurons is mainly regulated by the depolarizing 
slow oscillatory potential (SOP) and the AHP.69,70 Dallérac et al used 
age- matched transgenic mice 89 and 116 CAG repeats R6/1 line ap-
proaching to the characterization of DA dysfunction in models of 
pre- manifest and manifest state of HD. Combined with methods of 
electrophysiology, immunostaining and the dopamine release meas-
urements, Dallérac et al71 found an altered tonic firing rate in HD 
DA neurons was mediated by SK3 channel.* As the SK3 channel car-
ries a polyglutamine stretch close to its intracellular NH2 terminus, 
it potentially constitutes a target for the expanded polyglutamine- 
containing proteins in HD and prevents the SK3 channel inserting 

into the membrane of DA neurons from executing its normal func-
tion. SK3 staining further illustrated that SK3 channel proteins were 
redistributed and translocated into the nuclei of TH- positive DA 
neurons in HD mice. Thus, the altered sAHP component generated 
by SK3 channels increased the intrinsic excitability of DA neurons in 
the substantia nigra pars compacta in R6/1 HD mice.71 *[Correction 
added on 19 February 2018, after first online publication: The word 
“medicated” was changed to “mediated” in the sentence.]

6  | KIR4.1 CHANNEL DEFICITS 
IN ASTROCYTES

Inwardly rectifying K+ channel (Kir) has a classical property that al-
lows K+ to flow inwards when the resting membrane potential (RMP) 
is negative to the equilibrium potential for K+ (EK). This provides the 
driving force for glial cells to uptake the K+ released during neuronal 
activity and allow processing functions such as “K+ spatial buffering” 
or “K+ siphoning”. Glia express multiple Kir channel subtypes, which 
have distinct functional roles in regulating conductance, sensitiv-
ity to intracellular and extracellular factors, including pH, ATP, G- 
proteins, neurotransmitters and hormones.72 A key feature of CNS 
glia is their specific expression of the Kir4.1 subtype, significantly in 
astrocytes, which maintains the cell membrane potential.8,9,73 Kir4.1 
plays a fundamental role in the pathogenesis of various brain and 
neural diseases.10,11,74-76 Since the last decade, it has been reported 
that mHtt aggregates are distributed in astrocytes both in post mor-
tem specimens from HD patients and transgenic mouse models of 
HD.10,11,77-80 Tong et al10 first reported that Kir4.1 channel current 
was robustly decreased in astrocytes with mHtt nuclear inclusions 
both in R6/2 and Q175 HD mice models (Figure 2). Astrocytic Kir4.1 
channel deficits started at the early onset of HD symptoms and im-
paired spatial K+ buffering, which led to subsequent increased MSN 
excitability in striatum caused by elevated ambient K+ levels. Through 
AAV2/5- mediated delivery of Kir4.1 specifically into astrocytes in 
vivo, some motor dysfunctions were attenuated and HD mice lifes-
pan prolonged.10 To systematically explore the role of astrocytes in 
the corticostriatal circuit in HD, Jiang et al combined a genetically 
encoded Ca2+ indicator, GCaMP3 microinjected into astrocytes and 
an iGluSnFR measured glutamate uptake. They illustrated alterations 
in both Ca2+ signaling and GLT1- mediated glutamate uptake in stri-
atal astrocytes in HD mice. More interesting, those impairments in 
astrocytes can be rescued by restoring Kir4.1 channels, indicating 
Kir4.1 channels are a causative key factor for sequential dysfunction 
in astrocytes, which eventually breaks down the neuronal circuits in 
HD brains.81 Therefore, as a double- edged sword, Kir4.1 channels in 
astrocytes play a crucial role for both K+ and glutamate homeostasis, 
and their dysfunction leads to excitotoxicity and cell damage.

More recently, Benraiss et al82 supported the causal pathological 
role of astrocytes in HD by engrafting mHTT- expressing human glial 
progenitor cells (hGPCs) in wild type mice. They found that mHTT 
glia can impart disease phenotype to normal mice and striatal neu-
rons are more hyperexcitable because of the impairment of astrocytic 
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function of K+ buffering. Conversely, replacement of diseased striatal 
glia with wild- type CD44+ human glia slowed down the disease pro-
gression and restored interstitial K+ homeostasis in R6/2 mice.82 Taken 

together, the study of astrocytic Kir4.1 channel function and the non- 
cell autonomous role of astrocytes provide a completely new research 
direction for the treatment of HD.

F IGURE  2 Kir4.1 immunostaining and Ba2+- sensitive Kir4.1 currents are reduced in striatal astrocytes of R6/2 mice. (A). Representative 
quadruple color immunofluorescence images of WT striatum at P60- 80, labeled in the indicated colors for DAPI, Kir4.1, S100β and mHTT. In 
WT controls, no cells expressed mHTT. The white arrows (1- 3) point to cells that were S100β positive: these were also Kir4.1 positive (red). 
(B). As in (A), but for striatal tissue from R6/2 mice at P60- 80. Here many cells were mHTT and S100β positive but had more reduced Kir4.1 
immunostaining (eg, white arrow 2), whereas other cells lacked mHTT and displayed normal Kir4.1 and S100β immunostaining (white arrow 3). 
(C). Plots the percentage of S100β positive cells that also contained mHTT nuclear inclusions in WT and R6/2 mice at P30 and P60- 80. (D). Plots 
of Kir4.1 immunostaining intensity for WT mice at P60- 80, as well as for S100β positive astrocytes that contained or did not contain mHTT. (E). 
I/V plots for Ba2+- sensitive Kir4.1 currents for WT and R6/2 striatal astrocytes at P30. (F). I/V plots for Ba2+- sensitive Kir4.1 currents for WT 
and R6/2 striatal astrocytes at P60, with representative traces to the right. For the I/V plots, in some cases the error bars are smaller than the 
symbols used (they are thus not always visible)
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7  | K+ CHANNELS IN PERIPHERAL TISSUES

HD is a debilitating and progressive neurodegenerative disorder in 
the central nervous system, for which currently there is no cure. The 
symptoms are mostly characterized by severe motor and cognitive de-
fects, which are widely considered as the result of neurodegeneration. 
However, skeletal muscles have also demonstrated atrophy, metabolic 
and mitochondrial histological abnormalities in HD.83-88 Waters et al89 
specifically examined the adult skeletal muscles’ membrane properties 
that control motor contraction in R6/2 transgenic mice. They found that 
the easily triggered and prolonged action potentials in diseased fibers of 
HD are largely due to decreases of chloride channel CIC- 1 and Kir2.1 
potassium channel. The reduction of Clcn1 and Kcnj2 mRNA expression 
levels could be the cause of muscle hyperexcitability and induced pro-
longed muscle contractions, which contribute to the chorea, rigidity and 
dystonia that characterize the disease.89 The K+ channel dysfunction in 
peripheral organs and tissues broaden our way to explore their roles 
in the peripheral nervous system (PNS) in brain diseases including HD.

8  | CONCLUDING REMARKS

Growing evidence indicates that both neuronal and non- neuronal mHtt 
toxicity plays an important role in HD pathology. Although here we sum-
marized the role of K+ channels and their subtypes as a causative fac-
tor mainly in striatal neurons and astroglia, it remains largely unknown 
whether other cell types such as NG2- glia and/or oligodendrocytes are 
involved in the pathogenesis of this neurodegenerative disease.90 NG2- 
glia and oligodendrocytes constitute two major populations of macro-
glia in the CNS and they are fundamental to neurons’ myelin production 
and formation.91,92 A recent study clearly showed K+ channel mRNA 
and protein functional expression in both cell types.93-95 It thus be-
comes necessary and relevant to elucidate a potential interaction of K+ 
channels with myelin- related genes. A better understanding of K+ chan-
nel function in different kinds of cell populations and the integration of 
K+ channels into neural networks will provide a promising target to seek 
out a therapeutic treatment and functional recovery in HD.
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