
REVIEW

The Role for Alterations in Neuronal Activity in the Pathogenesis
of Polyglutamine Repeat Disorders

Ravi Chopra & Vikram G. Shakkottai

Published online: 2 July 2014
# The American Society for Experimental NeuroTherapeutics, Inc. 2014

Abstract Polyglutamine diseases are a class of neurodegen-
erative diseases that share an expansion of a glutamine-
encoding CAG tract in the respective disease genes as a
central hallmark. In all of these diseases there is progressive
degeneration in a select subset of neurons, and the mecha-
nisms behind this degeneration remain unclear. Emerging
evidence from animal models of disease has identified abnor-
malities in synaptic signaling and intrinsic excitability in
affected neurons, which coincide with the onset of symptoms
and precede apparent neuropathology. The appearance of
these early changes suggests that altered neuronal activity
might be an important component of network dysfunction
and that these alterations in network physiology could con-
tribute to symptoms of disease. Here we review abnormalities
in neuronal function that have been identified in both animal
models and patients, and highlight ways in which these chang-
es in neuronal activity may contribute to disease symptoms.
We then review the literature supporting an emerging role for
abnormalities in neuronal activity as a driver of neurodegen-
eration. Finally, we identify common themes that emerge from
studies of neuronal dysfunction in polyglutamine disease.
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Introduction

The polyglutamine (polyQ) diseases are a class of neurode-
generative disorders characterized by expansion of a

glutamine-encoding CAG tract within the coding region of
the gene. To date, 9 polyQ diseases have been identified:
spinal-bulbar muscular atrophy (SBMA) [1], Huntington dis-
ease (HD) [2], spinocerebellar ataxia (SCA) type 1 (SCA1)
[3], SCA type 3 (SCA3) [4], dentatorubral-pallidoluysian
atrophy (DRPLA) [5], SCA type 2 (SCA2) [6], SCA type 7
(SCA7) [7], SCA type 6 (SCA6) [8], and SCA type 17
(SCA17) [9]. All of these diseases share autosomal dominant
inheritance, with the exception of SBMA, which shows X-
linked inheritance.

The genes that are mutated in each of these conditions
are widely or in some cases ubiquitously expressed. De-
spite their widespread expression, mutations do not result
in global functional impairment but rather progressive
focal neurologic impairment. The nature of impairment
varies by disease, although there is overlap; for example,
in the SCAs functional impairment is related to pathology
in the cerebellum and its associated pathways. Postmor-
tem analysis has revealed that each condition also shows a
unique pattern of histopathology, with different brain
structures demonstrating degenerative macroscopic chang-
es (i.e., brain structure volume reduction), as well as
microscopic changes (progressive cell loss in specific
neuronal populations and the appearance of protein aggre-
gates). The cerebellum and its associated pathways are
involved in the polyQ ataxias, SCAs 1–3, SCA6, SCA7,
and SCA17, and DRPLA; the striatum and cortex are the
primary sites of pathology in HD; and the anterior horn
cells in the spinal cord are the most severely affected cells
in SBMA.

The discovery that brain areas with marked cell loss are
responsible for controlling those functions that are affected in
patients has provided the field with a common and overarch-
ing hypothesis that views degeneration and cell loss in affect-
ed populations of cells as a driver of symptom progression. In
this view, the symptoms that are observed reflect “drop out” of
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neurons that normally participate in the networks which serve
the affected neurologic function. The progressive nature of
symptoms would therefore reflect a reduction in the participa-
tion of certain populations of neurons within the network.

PolyQ expansion disease research has benefited tremen-
dously from the use of genetically modified mice as models of
disease, as these models have recapitulated both the neurode-
generative features and progressive symptomatic impairment
that is observed in patients. Studies of these models have
yielded a surprising insight: the onset of apparent symptom-
atic impairment often precedes detectable neuropathology
[10–17]. These results suggest that the cell loss observed in
patient samples is representative of more advanced disease,
and that reduced participation in an affected network due to
neuronal loss may not be the only contributor to symptoms
observed in patients.

In the search for the earliest abnormalities that are associ-
ated with the onset of motor symptoms, a surprising number
of mouse models of polyQ disease have identified abnormal-
ities in neuronal activity preceding overt neuronal loss. These
changes in activity, broadly speaking, fall into 2 partially-
overlapping categories: alterations in synaptic transmission
and alterations in intrinsic excitability. In the context of these
findings, then, one might think about progressive symptoms a
little differently. Rather than reflecting a simple loss of net-
work participation, progressive symptoms may, in fact, reflect
aberrant activity of cells that are integrated within the network,
resulting, in turn, in network dysfunction and the subsequent
development of symptoms. This would obviously not be
independent of cell loss, which would also be expected to
contribute to symptomatic impairment. Abnormal neuronal
activity in and of itself may therefore represent an important
component of progressive impairment.

The aim of this review is to outline what is currently
known about abnormalities in neuronal activity and their
contribution to the development and progression of symp-
toms in polyQ disorders. It should be noted that there are
many hypotheses regarding mechanisms of polyQ disease
pathogenesis that are beyond the scope of this review, and
are covered quite well elsewhere [18–21]. The review pre-
sents evidence from a variety of animal models and also
from humans with disease, and outlines ways in which
aberrant neuronal activity appears to contribute to progres-
sive symptomatic impairment. We begin by outlining the
literature that demonstrates changes in synaptic function
and intrinsic excitability in each disorder. Subsequently,
we explore the emerging link between alterations in activity
and degenerative changes in affected neurons. Finally, we
outline common themes that emerge from studies of altered
neuronal activity in polyQ disease, and suggest multiple
shared mechanisms by which altered activity contributes to
neuropathology and how these changes may be targeted for
the treatment of these conditions.

Evidence for Altered Neuronal Activity in polyQ Diseases

Studies from mouse models of polyQ diseases have demon-
strated that there are changes in neuronal activity that are
associated with the onset of symptoms. Subsequent to symp-
tom onset, changes in neuronal activity have been found to
correlate with symptom progression. Below we present data
that support a link between altered neuronal activity and
functional impairment in DRPLA, SCA1, SCA2, SCA3,
SCA6, and HD (outlined in Fig. 1). It should be noted that
although such a link may also exist in SCA7 and SCA17,
these conditions have not been included because there are
currently no data examining changes in neuronal function in
these diseases.

DRPLA

DRPLA is a rare autosomal dominant syndrome caused by
pathogenic expansion of the CAG repeat in the atrophin-1
gene. There is considerable clinical heterogeneity amongst
patients with DRPLA, and patients with DRPLA may present
with an array of symptoms that includes cerebellar ataxia,
choreoathetosis, myoclonus, epilepsy, dementia, and psychi-
atric symptoms [22]. Despite the tremendous clinical hetero-
geneity observed in DRPLA, postmortem examination of
brains from patients with DRPLA exhibit a common pattern
of degeneration: involvement of the dentatorubral and
pallidoluysian systems [23, 24], as well as cerebral white
matter abnormalities [25].

In a mouse model of DRPLAwith 129 glutamine repeats in
ATN1, alterations in neuronal activity have been found to
precede overt cell loss. Cerebellar Purkinje neurons are a site
of significant pathology in both this mouse model and in
human patients. Purkinje neurons act as the principal output
of the cerebellar cortex, and they receive 2 major types of
modulatory synaptic input: climbing fibers and parallel fibers.
In the mouse model of DRPLA at 12 weeks of age, a time
point when there was already marked Purkinje neuron den-
dritic atrophy but no cell death, there is a reduction in paired-
pulse ratio at both the climbing fiber-to-Purkinje neuron syn-
apse and the parallel fiber-to-Purkinje neuron synapse [17].
The reduction in the paired-pulse ratios at both the climbing
fiber and parallel fiber synapses suggests that glutamate

�Fig. 1 Abnormal neuronal activity in polyglutamine (polyQ) disorders.
This summarizes the abnormalities in intrinsic excitability and synaptic
dysfunction that have been identified in models of polyQ disorders. The
inset(s) to the left specifically highlights synaptic dysfunction, while the
inset to the right highlights abnormalities of intrinsic excitability. (A)
Abnormal Purkinje neuron activity in spinocerebellar ataxia (SCA)1,
SCA2, and SCA3, and dentatorubral-pallidoluysian atrophy (DRPLA).
(B) Abnormal activity of multiple neuronal subtypes in Huntington
disease (HD). MSN = medium spiny neuron; GABA = gamma-
aminobutyric acid
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released at these 2 synapses has reduced efficacy in its ability
to activate postsynaptic receptors on Purkinje neurons. The
fact that there is such a reduction in spite of dendritic atrophy,
which would be expected to increase synaptic signal strength
by increasing input resistance, suggests that the reduced
paired-pulse ratios reflect a loss of molecules important for
synaptic signaling.

SCA1

SCA1 is an inherited cerebellar ataxia with autosomal domi-
nant inheritance. The disease arises as a result of a CAG triplet
repeat in the N-terminal coding region of the ATXN1 gene on
chromosome 6p23. The most common presentation of
SCA1 is ataxia in addition to variable slowing of saccades,
ophthalmoplegia, extrapyramidal feaures, dementia, and/or
peripheral neuropathy [26]. In SCA1, as with other autoso-
mal dominant ataxias, the Purkinje neurons of the cerebel-
lum are severely affected, showing prominent atrophy and
cell loss [27].

In work using a transgenic mouse model of SCA1 with 82
glutamine repeats in the gene, both climbing fiber and parallel
fiber synapses on Purkinje neurons show profound abnormal-
ities. The alterations in physiology correspond to symptom
onset, and the degree of abnormalities correlate with the
progression of symptoms. There is some evidence to suggest
that parallel fiber synapses onto Purkinje neurons are abnor-
mal, although the data are inconsistent. The earliest change is
a reduction in the strength of the parallel fiber-to-Purkinje cell
synapse in acute cerebellar slices several weeks before the
onset of motor dysfunction [28]. In vivo optical imaging
demonstrates no apparent change in parallel fiber synapse
efficacy at this early time point, although there is reduced
parallel fiber-to-Purkinje neuron signaling apparent at a later
point in the disease [29].

There is very strong evidence to suggest that climbing fiber
synapses onto Purkinje neurons show significant alterations in
SCA1. Abnormalities are first apparent at the onset of motor
symptoms, when Purkinje neuron responsiveness to climbing
fiber input is dramatically reduced [29]. At this stage, there are
also abnormalities in the structure of climbing fiber synaptic
contacts, namely a loss of synapses in the distal dendritic tree
and persistence of climbing fiber contacts on the soma that are
normally pruned during development [30]. With disease pro-
gression, Purkinje neurons continue to show reduced respon-
siveness at climbing fiber synapses and a reduction in the
volume of climbing fiber afferents onto Purkinje neurons
[31]. All of these data, taken together, suggest that in SCA1
there is reduced Purkinje neuron responsiveness to both
climbing fiber and parallel fiber synapses.

In addition to changes in synaptic physiology, Purkinje
neurons have demonstrable changes in their intrinsic firing
properties. Studies of the SCA1 mouse model show a

reduction in basal pacemaker firing rate of Purkinje neurons
from 2–3-week-oldmice. Changes are evident before there are
detectable changes in dendritic spine morphology, suggesting
that they precede any degenerative structural changes in
Purkinje neurons. These changes are also apparent before
the onset of motor dysfunction [28].

SCA2

SCA2 is an autosomal dominant disorder caused by polyQ
expansion of the ATXN2 gene on the long arm of chromosome
12. In typical patients the gene has the sequence
(CAG)8(CAA)1(CAG)4(CAA)1(CAG)8, coding for 22 con-
secutive glutamine residues near the N-terminal end of the
protein, but in affected individuals the length of the repeat
generally surpasses 32 repeats [32]. Neuronal loss is seen in
a variety of structures in SCA2, notably the cerebellum
[33], thalamus [34], pons [35], medulla [36], midbrain,
and cerebral cortex [37].

In SCA2, Purkinje neurons have demonstrable changes in
their intrinsic firing properties, which correlate with the onset
of symptoms. A progressive decrease in spontaneous pace-
maker firing frequency is observed with age in Purkinje cells
from a transgenic mouse model of SCA2 harboring 127
glutamine repeats in the gene. The progressive reduction
in firing frequency begins before there is deficient motor
performance or Purkinje cell degeneration, suggesting that
it is an early event that might contribute to pathology in this
condition [38].

SCA3 (Machado–Joseph Disease)

SCA3 (Machado–Joseph disease) is a dominantly inherited
cerebellar ataxia that arises owing to CAG triplet repeat ex-
pansion in the ATXN3 gene. Patients typically present first
with progressive gait imbalance and speech difficulties, even-
tually developing occulomotor difficulties, spasticity, dysto-
nia, and, ultimately, severe dysarthria and dysphagia [39].
Pathology in SCA3 is fairly widespread, and cell loss is
apparent in the cerebellum [40], cerebral cortex [37], thalamus
[41], basal ganglia, midbrain, pons, and medulla [42].

In a transgenic mouse model of SCA3 harboring 84 gluta-
mine repeats in the mutant gene, abnormal Purkinje neuron
excitability has been found to be associated with the onset of
motor impairment. Recordings from acute cerebellar slices
from this model show that SCA3 Purkinje neurons have
increased intrinsic excitability that causes them to undergo
depolarization block and rendered them unable to sustain
repetitive firing. Recordings were made at an age where
animals were symptomatic but lacked any visible signs of
neurodegeneration, suggesting that the abnormal neuronal
activity is responsible for the motor dysfunction. The abnor-
mal Purkinje neuron excitability can be improved in cerebellar
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slices by SKA-31, an activator of calcium-activated potassium
channels. The role for abnormal neuronal excitability in motor
dysfunction is further supported by an improvement in motor
impairment following administration of SKA-31 in vivo [12].

SCA6

SCA6 is a dominantly inherited cerebellar ataxia that arises as
a result of CAG triplet expansion in CACNA1A, the gene
encoding the P/Q-type calcium channel Cav2.1. Patients with
SCA6 typically present with a pure cerebellar ataxia, and
multisystem involvement is generally uncommon [43]. This
relatively pure cerebellar ataxia parallels the cellular histology,
which shows a disproportionate loss of Purkinje neurons over
other cerebellar and brainstem neurons [44].

Because this disorder is caused by mutations in an ion
channel, one might anticipate that there are clear abnormalities
in ion channel function that contribute to neuronal dysfunction
and might even potentially underlie the observed pathology.
However, the evidence regarding abnormal function of
polyQ-expanded Cav2.1 is inconsistent. Studies in recombi-
nant systems expressing CACNA1A cDNA from SCA6 pa-
tients suggest that the expanded CAG tract induces a hyper-
polarizing shift in channel activation that could produce in-
creased calcium load [45–47]. However, studies in Purkinje
cells from the SCA6 knock-in mouse model have demonstrat-
ed no abnormalities in the intrinsic electrophysiologic proper-
ties of mutant CaV2.1 [13, 48], although it should be noted that
these data might not be able to reflect accurately abnormalities
in dendritic calcium currents because of technical limitations
associated with whole-cell somatic patch clamp recordings.

Recent work suggests that SCA6 may not arise from ab-
normalities or dysfunction associated with the CaV2.1 calcium
channel, but rather from abnormalities in a second protein
product that is generated from the same transcript. It has been
demonstrated that CACNA1A is a bicistronic gene that pro-
duces 2 separate proteins products from a single mRNA
transcript [49]. The first product is the pore-forming α1A
subunit of the P/Q-type calcium channel, which is produced
through canonical cap-dependent translation, and the second
is a novel 75-kDa protein formed from the C terminus of the
α1A subunit (termed α1-ACT), which arises from noncanon-
ical translation at a cryptic internal ribosome entry site. Further
characterization of this protein product has suggested that it is
a nuclear transcription factor that promotes expression of
genes involved in Purkinje neuron dendrite development and
synapse formation.

SCA6 CAG tract expansions in CACNA1A fall within the
coding sequence for α1-ACT, and SCA6 mutations appear to
promote disease through both loss of function and toxic gain-
of-function in α1-ACT [49, 50]. A number of consequences
are postulated to arise from expression of this mutated tran-
scription factor, but it is worth highlighting the fact that α1-

ACT loss of function has a major impact on the integrity of
parallel fiber synapses onto Purkinje neurons. This finding
suggests that irrespective of whether or not P/Q-type channel
function is normal in SCA6, there are still important conse-
quences of SCA6CACNA1ACAG tract expansion on Purkinje
neuron activity that likely contribute to motor symptoms.

HD

HD is a fatal, progressive neurodegenerative disease that is
characterized by cognitive dysfunction, psychiatric distur-
bance, and impairment of motor coordination. HD arises as
a result of expansion of the CAG repeat in exon 1 of the
huntingtin (HTT) gene [51]. In HD, the most striking pathol-
ogy is observed in the striatum and cortex [52]. Importantly, a
number of other areas of the brain have been noted to be
affected in this condition, including the globus pallidus, hy-
pothalamus [53], thalamus, and cerebellum [54].

Emerging evidence from several mouse models of HD has
suggested that a number of different neuronal populations
show abnormal activity that likely contributes to the motor
and cognitive impairment seen in HD. The areas where this
has been most effectively investigated are the medium spiny
neurons (MSNs) of the striatum, the layer II/III pyramidal
neurons of the cortex, and the Purkinje neurons of the cere-
bellum. Below, we present the current literature regarding
abnormal neuronal activity in mouse models of HD. For the
sake of clarity, the research that has been done examining
dysfunction in each of these cell types is presented separately,
and special attention is paid to establishing the timing of these
changes and their relationship to the development of symp-
toms. This work has been derived primarily from 3 of the
many rodent models of HD (reviewed in [55]), namely the R6/
2 model, which expresses a fragment of the HTT gene con-
taining the promoter, exon 1, and intron 1 [16]; the YAC128
model, which expresses full-length HTTwithin a yeast artifi-
cial chromosome [56]; and the HdhQ200 model, which con-
tains a 200-repeat expansion of the endogenous CAG tract in
the mouse Htt gene [57].

MSN Dysfunction in HD Models

One the most prominently affected cell types in HD are the
MSNs of the striatum. There is substantial evidence in multi-
ple HDmodels that early changes in multiple neurotransmitter
systems that converge onto the MSN neurons correspond with
the onset of motor symptoms. Glutamatergic inputs from the
cortex appear to show abnormal increases in activity at the
time when symptoms are first apparent, as evidenced by
studies showing increased α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid responsiveness in MSNs from
YAC128 HD mice [58], and increased large amplitude synap-
tic events in MSNs from the R6/2 model [59]. gamma-
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aminobutyric acid-ergic interneuron populations within the
striatum also show abnormalities at this time, with MSNs from
the R6/2 model demonstrating increases in the frequency of
spontaneous inhibitory postsynaptic currents (IPSCs) that ap-
pear to originate from these interneuron populations rather than
theMSNs themselves [60, 61]. Importantly, these changes have
consequences for striatal network function, including a reduc-
tion in correlated firing of MSNs [62] and the emergence of
glutamate-dependent MSN hyperactivity [63]. Taken together,
these data suggest that the development of early motor symp-
toms associated with striatal dysfunction might reflect aberrant
signaling through corticostriatal and intrastriatal inputs across
multiple transmitter systems that influence MSN activity.

Once animals are fully symptomatic, there are additional
changes inMSN synaptic function. Paradoxically, the changes
seen in MSNs from symptomatic HD mice all reflect a reduc-
tion in synaptic excitability in MSNs. The corticostriatal glu-
tamatergic inputs show a reduced capacity to excite MSNs,
and there are multiple changes that indicate reduced efficacy
at these synapses such as a reduction in spontaneous events
[59], evoked synaptic events [58], and mini-EPSCs [59].
These reductions correlate with alterations in synaptic archi-
tecture and loss of dendritic spines [59, 64], suggesting that in
more advanced disease the MSNs become disconnected from
glutamatergic corticostriatal inputs. Meanwhile, the gamma-
aminobutyric acid-ergic interneurons that synapse ontoMSNs
continue to exert an increased inhibitory effect [60]. One
would anticipate that the net effect of these two coincident
changes would be a dramatic suppression of MSN function,
presumably resulting in more profound motor dysfunction.

In addition to changes in synaptic transmission onto MSNs,
there are also changes in the intrinsic excitability of the MSNs
that appear to reflect changes in intrinsic rather than synaptic
conductances. The observable changes in MSN intrinsic excit-
ability are profound, including a depolarizedmembrane potential
[65] and altered interspike interval [66]. Some of these changes
are linked to changes in specific channels, notably reduced
inwardly-rectifying potassium current resulting from loss of
Kir2.1 and Kir2.3 [67], and decreased voltage-gated Ca2+ cur-
rents [68]. It is unclear whether these changes reflect a primary
consequence of mutant huntingtin expression or are a secondary
consequence of neuronal atrophy or synaptic dysfunction. Nev-
ertheless all of these changes would be characterized as increas-
ing the excitability of MSNs, suggesting that increased MSN
intrinsic excitability contributes to network dysfunction in HD.

An exciting novel finding is that astrocytes may play a role
in increased MSN excitability observed in HD mouse models.
Reduced activity of the astrocyte potassium channel Kir4.1 in
HD mice was associated with increased extracellular potassi-
um concentrations and a depolarized MSN membrane poten-
tial [69]. These data suggest that astrocytes might represent an
important target for normalizing MSN function, in addition to
the MSNs themselves.

Cortical Pyramidal Neuron Dysfunction in HD Models

In the cortex, pyramidal neurons of layers II, III, and Vare the
most prominently affected cells. The few studies investigating
cortical pyramidal neuron activity in mouse models of HD
suggest that pyramidal neuron dysfunction is not apparent
until the onset of symptoms. Once motor and cognitive dys-
function becomes apparent, there are clear changes in both
synaptic transmission and intrinsic excitability in cortical
neurons.

A study using multiple HD models has demonstrated a
common pattern of synaptic dysfunction in cortical neurons
from symptomatic animals that is different in several respects
from what is seen in MSNs from symptomatic HD animals.
Pyramidal neurons from these models show an increase in
both excitatory synaptic influence [increased spontaneous
excitatory postsynaptic current (EPSC) frequency and evoked
EPSC amplitude] and inhibitory synaptic influence (increased
miniature IPSC amplitude and frequency, as well increased
evoked IPSC amplitude) [70]. These data highlight the fact
that despite the ubiquitous expression of mutant huntingtin,
there are different functional consequences associated with
expression of this mutant protein in different cell types, pre-
sumably related to the normal complement of synaptic pro-
teins and ion channels that these cells express.

Analysis of intrinsic excitability in cortical neurons has
largely been limited to the R6/2 model. Layer II/III neurons
from symptomatic R6/2 mice undergo many of the same
passive membrane changes that were observed in medium
spiny neurons, notably a depolarized resting membrane po-
tential and increased input resistance [70]. Given that the
neurons at this age have already undergone substantial atro-
phy, it is difficult to distinguish whether these changes reflect
changes in the expression or function of membrane ion chan-
nels, or whether those changes simply reflect the effect of
small cell size on input resistance and membrane potential.
However, it is worth noting that there is evidence for changes
in active conductances expressed in pyramidal neurons, nota-
bly voltage-gated calcium currents, which show an increase in
late symptomatic R6/2 animals [71].

Purkinje Neuron Dysfunction in HD Models

The cerebellum, like other non-neostriatal structures, has been
traditionally viewed as largely unaffected in HD, but recent
evidence from human autopsy samples suggests that there is a
greater degree of cerebellar pathology in HD than had
previously been appreciated, including Purkinje neuron
loss, cerebellar nuclear neuron loss, and reactive
astrogliosis within the cerebellum [72]. Recent evidence
from several models of HD suggests that dysfunctional
pacemaking in Purkinje neurons contributes to motor dys-
function and can precede the onset of obvious neuronal
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pathology. In the R6/2 model of HD, there is a striking
reduction in Purkinje neuron firing frequency by postnatal
day 28. It should be noted that there are no huntingtin
inclusions in the Purkinje neurons until 12 weeks [73]. In
the HdhQ200 model of HD, recordings were performed at
a time where there was prominent Purkinje neuron loss,
and loose patch electrophysiology of remaining Purkinje
neurons identified a similar reduction in Purkinje neuron
firing frequency in the HD mice compared with control
littermates [74].

Potential Contributions of Altered Neuronal Function
to Neuronal Death

As discussed above, for many of the polyQ conditions there is
evidence to suggest that neuronal dysfunction accompanies
the development of symptoms and precedes the development
of overt cellular pathology. This raises a question: Is there any
link between neuronal dysfunction and cellular pathology?
This hypothesis can potentially explain the cell-type specific
toxicity of these conditions because it is the cell types that go
on to develop selective neuropathology that show initial dys-
function in many of the models. Indeed, studies of both
patients with polyQ expansion diseases and mouse models
of these diseases have contributed to a growing body of
evidence linking changes in function directly to neuropathol-
ogy (outlined in Fig. 2).

In HD, there is mounting evidence highlighting a role for
excitoxicity in the development of pathology. Excitoxicity is a
process in which N-methyl-D-aspartate (NMDA) receptor
hyperactivation results in toxic changes in a neuron that occur
by a variety of mechanisms [75]. There is extensive evidence
from both human and rodent studies to suggest that
excitotoxic insult is a component of neurodegeneration in
HD, particularly in the MSNs of the striatum. Relevant find-
ings from rodents include the observation that kainic acid and
other NMDA agonists can produce an HD-like syndrome and
the observation that mouse models of HD show increased
sensitivity to NMDA receptor agonists [76, 77]. There is also
evidence for NMDA receptor-dependent toxicity in humans.
Notably, NMDA receptor radioligand binding in the striatum
is disproportionate to neuronal loss, arguing that those cells
expressing high levels of NMDA receptor may be dispropor-
tionately affected in HD [78, 79]. It should be noted that
excitoxicity likely represents the combined influence of
altered synaptic signaling and altered intrinsic excitability.
In HD, in particular, the evidence for early increases in
both synaptic glutamatergic stimulation and intrinsic excit-
ability in MSNs and cortical neurons suggests that these 2
types of changes might be acting in synchrony to promote
excitotoxic damage.

There is evidence from mouse models to suggest that
aberrant signaling through corticostriatal afferents may be
particularly important in the establishment of striatal patholo-
gy. Perhaps the strongest evidence that these afferents contrib-
ute to pathology is the observation that lesions of the cortex
[80] or selective removal of mutant huntingtin from cortical
pyramidal neurons [81] can improve the behavioral and path-
ological HD phenotype in HD mouse models. In the context
of these observations, it appears that synaptic stress at
corticostriatal synapses might be a significant contributor to
MSN pathology and might also explain the relationship be-
tween cortical and striatal pathology.

Studies of several dominant ataxias caused by polyQ tract
expansion have not only demonstrated a role for altered ex-
citability in pathology, but have also demonstrated that
targeting excitability is a viable neuroprotective strategy in
these conditions. In a mouse model of SCA1, as mentioned
previously, Purkinje neurons show reduced firing frequency
preceding the onset of neurodegenerative changes or motor
symptoms. Treatment of SCA1 mice in vivo with
aminopyridines, which corrects the abnormal firing frequency
of Purkinje neurons, is able to limit the development of motor
symptoms and also protects Purkinje cells from atrophy [28].
This effect was attributed to inhibition of Kv4 voltage-gated
potassium channel family members, although the potential
effect of aminopyridines in potentiating calcium-activated
potassium channels was overlooked in this study [82]. Irre-
spective of the precise channel that mediates the neuroprotec-
tive effect, these data support a role for altered excitability in
the development of cellular pathology and suggest that
correcting aberrant membrane excitability is a viable thera-
peutic target in SCA1.

Similarly, a study in SCA2 has demonstrated that ma-
nipulating membrane excitability through modulating ion
channel function serves to protect Purkinje neurons from
neurodegenerative changes. Abnormal bursting behavior of
Purkinje neurons has been identified in a mouse model of
SCA2, and it was found that this bursting could be
corrected with the application of a small conductance
calcium-activated potassium (SK) channel activator. The
same SK channel activator also alleviates behavioral and
neuropathological changes in SCA2 mice [83]. Taken to-
gether, these data support a role for altered excitability in
promoting pathology in SCA2.

A study in induced pluripotent stem cells (iPSC) from
human SCA3 patients suggests a potential link between neu-
ronal function and another known component of SCA3 pa-
thology: aberrant protein processing. The formation of early
aggregation intermediates is suggested to play an important
role in polyQ diseases [84], and a study done in iPSC-derived
neurons from subjects with SCA3 suggests that excitation of
neurons might contribute to the formation of such intermedi-
ates [85]. These data demonstrate that L-glutamate-induced
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excitation of patient-specific iPSC-derived neurons results
in ATXN3 cleavage and aggregation that is activity-
dependent. It is speculated that this cleavage and aggrega-
tion is mediated by calcium entry through voltage-gated
calcium channels (VGCC), which subsequently activates
calpain family proteases that then cleave SCA3 to a more
aggregate-prone form. These data demonstrate a direct con-
nection between neuronal activity and cellular pathology.
When this work is considered together with work charac-
terizing elevated excitability of Purkinje neurons from a
transgenic mouse model of SCA3 [12], a potential hypoth-
esis of SCA3 pathogenesis could be considered, which
views abnormalities in neuronal function as a potent mod-
ifier of mutant ATXN3 aggregation and toxicity.

Common Mechanisms of Disease

Across the polyQ diseases, there are common processes that
are associated with changes in neuronal function. These pro-
cesses might explain the mechanistic connection between

expression of the expanded polyQ tract, altered neuronal
activity, and degenerative changes in affected cells. Therefore,
they not only inform our understanding of pathology, but also
present themselves as useful targets for modifying cellular
pathology influenced by altered neuronal function.

Transcriptional Dysregulation of Ion Channel Genes in PolyQ
Diseases

It remains an open question as to how the CAG tract expan-
sion induces changes in neuronal activity. This relationship is
not very well studied, but there is emerging evidence in
multiple polyQ diseases to suggest that the link may involve
transcriptional dysregulation of ion channel genes and genes
regulating synaptic components. As mentioned previously,
studies in SCA6 have suggested that disease-causing muta-
tions interfere with the normal function of a transcription factor
that promotes stability of parallel fibers synapses onto Purkinje
neurons [49]. In addition, gene ontology analysis of whole
transcriptome sequencing data from patients with HD and from
mouse models of SCA1 has revealed that ion channels are

Fig. 2 Mechanisms of toxicity linked to abnormal neuronal activity in
polyglutamine (polyQ) disorders. This diagram highlights mechanisms
by which abnormal neuronal activity might produce toxic injury in
affected cells. The bottom inset summarizes changes associated with
calcium handling, while the top inset summarizes changes associated

with synaptic signaling. HD = Huntingdon disease; MSN = medium
spiny neuron; BDNF = brain-derived neurotrophic factor; SCA =
spinocerebellar ataxia; VGCC = voltage-gated calcium channels; IP3R
= inositol-1,4,5 triphosphate receptor
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among the most prominently affected categories of genes in
these conditions [86, 87]. Taken together, these data hint at
mRNA production or processing as the site for pathogenic
changes that result in pathogenic neuronal activity in polyQ
diseases. Further studies will need to be done in order to assess
the extent to which this is a general property of polyQ diseases,
and to then assess whether transcriptional changes are suffi-
cient to explain the abnormal activity that is observed.

Excitability, Altered Brain-derived Neurotrophic Factor
Signaling, and Neurodegeneration

It is possible that normal neuronal activity provides trophic
support that maintains appropriate morphology and survival.
There is some evidence to suggest that alterations in activity-
dependent secretion of neurotrophins, specifically the
neurotrophin brain-derived neurotrophic factor (BDNF), are
present in mouse models of disease. Because BDNF secretion
in neurons is known to be regulated by neuronal activity
[88–90], altered activity might be sufficient to produce path-
ologic changes in BDNF secretion. Indeed, there is emerging
evidence for both HD and SCA1 that this may be the case.

In HD, reduced function and expression of striatal BDNF
signaling is well documented in patient autopsy material and
multiple animal models [91]. Studies have highlighted a direct
role for the regulation of BDNF expression by wild-type
huntingtin [92], and have suggested that the reduced BDNF
expression observed in HD reflects a loss of this normal
transcriptional function [93, 94]. Interestingly, some studies
have shown a link between neuronal activity and transcrip-
tional BDNF disruption. A cell culture model of cortical
neuron microcircuits showed that blocking BDNF signaling
could disrupt neuronal activity in HD neurons, but also
showed that HD neurons themselves had reduced activity-
dependent secretion of BDNF [95]. Taken together, these data
point to a downward spiral effect, where initial changes in
BDNF and changes in function might exacerbate one another.

In SCA1, preliminary evidence implicates activity-
dependent changes in BDNF signaling in Purkinje neuron
degeneration. Purkinje neurons show activity-dependent
BDNF/TrkB signaling, with reduced activity tending to result
in reduced signaling [90]. As described previously, a mouse
model of SCA1 shows reduced firing frequency that could be
corrected through aminopyridine treatment. Interestingly, the
same interventions that are capable of restoring normal neu-
ronal activity in Purkinje neurons also produce an increase in
BDNF protein expression and a reduction in atrophy. Al-
though these data are only correlational, they suggest that
normalizing neuronal activity might rescue atrophy through
BDNF. These findings also raise the possibility that the de-
velopment of atrophy might reflect loss of activity-dependent
BDNF trophic support [28].

Pathologic Calcium Handling in PolyQ Disorders

There is evidence to suggest that VGCC signaling is linked to
huntingtin toxicity. One study found that mutant huntingtin
may bind directly to the α2/δ auxiliary subunit (CACNA2D1)
of VGCCs, although the effect of this binding on calcium
channel function was not explored [96]. In another study, N-
terminal fragments of exon 1-containing huntingtin were
found to bind to the CaV2.2 pore-forming subunit of the N-
type Ca2+ channel and block its regulation by syntaxin 1A,
thereby causing these channels to allow for greater Ca2+ influx
[97]. These data are in line with the hypothesis that expression
of mutant huntingtin can increase calcium influx in a cell-
autonomous manner. One would predict that this increase in
calcium entry might have consequences for neuronal health,
and a corollary to this prediction is that reducing calcium entry
might be neuroprotective. In fact, it has been demonstrated
that removal of the Drosophila L-type Ca2+ channel pore-
forming subunit (Dmca1D) suppresses the eye degeneration
phenotype of an HD fly model [98].

In addition to altered VGCC function, there is evidence to
suggest that HD pathogenesis involves increased activity of the
inositol-1,4,5 triphosphate (IP3) receptor, a receptor thatmediates
release of calcium from the endoplasmic reticulum. Mutant
huntingtin has been identified to bind to the type 1 IP3 receptor
and to increase its activity inMSNs [99]. This increase in activity
was linked directly to MSN degeneration when several studies
suggested that blocking IP3 receptor activity or preventing inter-
actions between mutant huntingtin and type 1 IP3 receptor could
protect MSN neurons from the YAC128 model of HD both
in vitro and in vivo [100, 101]. These studies complement studies
of VGCC in HD, and point to both as potential calcium sources
for promoting cell degeneration. Future studies will be necessary
to investigate whether both calcium sources participate in neu-
ronal pathology simply by allowing for cytosolic calcium entry,
or whether there are also unique roles for calcium entering
through VGCCs or IP3 receptors.

Altered calcium handling also appears to play an important
role in the pathogenesis of several of the autosomal dominant
polyQ expansion ataxias. Purkinje neurons in the SCAs un-
dergo dramatic simplification of their otherwise complex den-
dritic arbor. Interestingly, several mouse models with muta-
tions in the calcium channel genes Trpc3 and Grid2 (in
moonwalker and lurcher mice, respectively) result in in-
creased dendritic calcium load and are associated with similar
Purkinje neuron dendritic atrophy [102, 103].

For SCA1, the evidence supporting a role for calcium in
Purkinje neurodegeneration is correlative, linked specifically
to changes in the expression of the cytosolic calcium buffering
factor calbindin. These studies from SCA1 mouse models
show that changes in calcium buffering capacity correlate with
the onset of neuropathology [104] and modify the progression
of SCA1 motor dysfunction [105]. Taken together, these data
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suggest that altered calcium buffering capacity might contrib-
ute to atrophy and death in SCA1, and highlight atrophy as a
potential driver of pathology.

For SCA2, it also appears that abnormal calcium handling
contributes to pathology. In cerebellar Purkinje neurons,
calcium-activated potassium channels serve as regulators of
calcium entry by passing a repolarizing potassium current in
response to increased cytosolic calcium concentrations. Inter-
estingly, modulating the activity of calcium-activated potassi-
um channels can rescue cellular pathology in a mouse model
of SCA2, as described previously. Given the established role
for these channels in regulating calcium entry, these data
suggest that mitigating the influence of pathologic calcium
handling by the cell could be neuroprotective [83].

Just as with HD, there is evidence that the endoplasmic
reticulum calcium release mediated by the IP3 receptor may
play a role in neuropathology for several of the SCAs. In both
SCA2 and SCA3, the polyQ-expanded form of the protein binds
to the IP3 receptor and increases IP3-mediated calcium release
[106, 107]. Furthermore, chronic suppression of IP3 signaling
in vivo reduces neuronal dysfunction and cell death in a trans-
genic mouse model of SCA2 [108] and SCA3 [106]. Taken
together, these data support a role for increased IP3-mediated
calcium release in the pathogenesis of SCA2 and SCA3.

Connecting Altered Neuronal Activity With Circuit
Dysfunction

In all of the polyQ disease models mentioned in this review,
there are 2 distinct phenomena that likely contribute to symp-
toms: early neuronal dysfunction and subsequent cell loss. This
begs the question of whether abnormal neuronal activity con-
tributes to circuit dysfunction in the same manner as neuronal
loss, but to a lesser extent. We would argue that this is in fact
the case, because the changes taking place in synaptic trans-
mission or intrinsic excitability tend to have the aggregate
effect of degrading the information encoded by a particular
neuron. Through that framework, one can view early symp-
toms as partial “dropout” of neurons from the network before
cell death completely eliminates them as participants.

Conclusions

Research in polyQ diseases is progressing rapidly, and the
body of work highlighted in this review demonstrates that
abnormal neuronal activity likely contributes to the develop-
ment of symptoms and may also participate in the develop-
ment of neuronal loss. Many unanswered questions still re-
main regarding the relationship between neuronal dysfunc-
tion, progression of symptoms, and, ultimately, neuronal
death. Understanding the role of aberrant neuronal activity

in disease pathogenesis is likely to yield more insights into the
development of neuroprotective or symptomatic treatments,
or both.
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