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Purkinje cell (PC) dysfunction or degeneration is the most frequent finding in animal
models with ataxic symptoms. Mutations affecting intrinsic membrane properties can
lead to ataxia by altering the firing rate of PCs or their firing pattern. However, the
relationship between specific firing alterations and motor symptoms is not yet clear, and
in some cases PC dysfunction precedes the onset of ataxic signs. Moreover, a great
variety of ionic and synaptic mechanisms can affect PC signaling, resulting in different
features of motor dysfunction. Mutations affecting Na+ channels (NaV1.1, NaV1.6,
NaVβ4, Fgf14 or Rer1) reduce the firing rate of PCs, mainly via an impairment of the
Na+ resurgent current. Mutations that reduce Kv3 currents limit the firing rate frequency
range. Mutations of Kv1 channels act mainly on inhibitory interneurons, generating
excessive GABAergic signaling onto PCs, resulting in episodic ataxia. Kv4.3 mutations
are responsible for a complex syndrome with several neurologic dysfunctions including
ataxia. Mutations of either Cav or BK channels have similar consequences, consisting
in a disruption of the firing pattern of PCs, with loss of precision, leading to ataxia.
Another category of pathogenic mechanisms of ataxia regards alterations of synaptic
signals arriving at the PC. At the parallel fiber (PF)-PC synapse, mutations of glutamate
delta-2 (GluD2) or its ligand Crbl1 are responsible for the loss of synaptic contacts,
abolishment of long-term depression (LTD) and motor deficits. At the same synapse, a
correct function of metabotropic glutamate receptor 1 (mGlu1) receptors is necessary
to avoid ataxia. Failure of climbing fiber (CF) maturation and establishment of PC
mono-innervation occurs in a great number of mutant mice, including mGlu1 and
its transduction pathway, GluD2, semaphorins and their receptors. All these models
have in common the alteration of PC output signals, due to a variety of mechanisms
affecting incoming synaptic signals or the way they are processed by the repertoire of
ionic channels responsible for intrinsic membrane properties. Although the PC is a final
common pathway of ataxia, the link between specific firing alterations and neurologic
symptoms has not yet been systematically studied and the alterations of the cerebellar
contribution to motor signals are still unknown.
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INTRODUCTION

In this review, we focus on the molecular and cellular mechanisms responsible for the alterations of
basic physiological functions of Purkinje cells (PCs), including intrinsic membrane properties and
synaptic signaling, commonly observed in animal models of ataxia. The PC output is generated
by processing of incoming synaptic signals, which reach the cerebellar cortex by two pathways:
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the mossy fiber-granule cell-parallel fiber (PF) pathway and the
climbing fibers (CFs) contacting directly PCs. Several studies
indicate that both systems can be shaped by sensory experience
and neuromodulation (Ito, 1984; Lippiello et al., 2015, 2016).
Synaptic plastic changes in the cerebellar circuit are thought to
underlie motor learning and behavioral control.

There is plenty of evidence that ion channel mutations
affecting intrinsic membrane properties are responsible for
numerous forms of ataxia (Figure 1), some of which have
also been clinically described in humans. In most forms of
ataxia, these mutations cause a reduced spontaneous firing
of action potentials or lower excitability in PCs; whereas, in
few cases, specific alterations of PC discharge variability or
excessive excitability have been reported (Hoxha et al., 2013).
However, the type and the extent of firing alterations necessary
to cause motor symptoms have never been systematically
investigated. Moreover, in the majority of cases, the mutation
triggering ataxia does not reproduce the entire spectrum of
motor symptoms, resulting in a variety of clinical presentations.
In addition, nearly all studies only assessed a few motor
parameters, so that at present it is not possible to define
a relationship between a specific aspect of PC dysfunction
and single features of motor deficits. The uncertainty is
increased by the fact that in several animal models of
ataxia, different laboratories have found different patterns
of alteration, i.e., uniform reduction of PC firing rate vs.
preserved excitability in some PCs but abolishment of firing in
others.

In addition to intrinsic membrane properties, several
mutations affecting the development and/or function of synaptic
circuits, particularly of PF and/or CF to PC synapses, have been
revealed in hereditary and acquired forms of ataxia (Figure 2).
Such mutations can involve several receptors expressed on
PCs such as the metabotropic glutamate receptor 1 (mGlu1)
and the delta 2 receptor (glutamate delta-2, GluD2), causing
motor deficits with different severity and with specific features,
depending of the transduction pathway involved or on the
type of postsynaptic signaling alteration. In addition, ataxia
can be due to disruption of molecules involved in the CF
synapse refinement and maturation, such as semaphorins or
BDNF.

ATAXIA DUE TO ALTERATIONS OF
PURKINJE CELL INTRINSIC MEMBRANE
PROPERTIES

Physiological Mechanisms of Purkinje Cell
Firing
PCs in vivo spontaneously fire action potentials also in resting
conditions and under anesthesia (Granit and Phillips, 1956; Bell
and Grimm, 1969; Savio and Tempia, 1985). PC action potentials
are of two types: simple spikes, which are similar to those fired
by other types of neuron; and complex spikes, consisting of
an initial spike immediately followed by a series of small spike
oscillations superimposed on a sustained depolarization (Eccles
et al., 1966). Complex spikes are generated by the activity of

the CF–PC synapse, whereas simple spikes are driven by PF
input.

Periods of firing are periodically interrupted by epochs in
which PCs are silent and hyperpolarized, due to bistability of
their membrane potential (Williams et al., 2002; Loewenstein
et al., 2005; Engbers et al., 2013b). Bistability refers to the
property of having two distinct values at which the membrane
potential is stable. In the case of PCs, at the more depolarized
potential they generate tonic simple spike firing, while at
the more hyperpolarized membrane potential they are silent.
Indeed, PC firing is mainly determined by the intrinsic
membrane properties and does not require synaptic activation
to occur (Jaeger and Bower, 1999). PCs spontaneously generate
action potentials even when excitatory synapses are blocked
in slice preparations (Häusser and Clark, 1997), in culture
(Gruol and Franklin, 1987) and after acute isolation of the
cell body (Nam and Hockberger, 1997). Such a pacemaking
activity may determine a very constant and regular firing.
However, PC spontaneous firing in vivo is highly irregular,
because it is shaped by incoming signals coming from PF
and CF synapses (Granit and Phillips, 1956) as well as by
inputs from GABAergic interneurons (Häusser and Clark,
1997).

Another important feature of PC firing is its capability
to attain high frequencies of discharge, a property that
requires a special endowment of ion channels. The ionic
mechanisms of PC firing, responsible for its peculiar functional
features, have been investigated in detail. Spontaneous firing
and high-frequency discharge are due to the interaction
of voltage-dependent Na+ and K+ currents (Raman and
Bean, 1999), while several other conductances modulate
membrane excitability and shape the pattern of action potential
firing.

Purkinje Cell Sodium Channel Mutations
Voltage-gated sodium channels (NaV) are very important for
setting the threshold for action potential initiation, axonal
propagation of action potentials and integration of the synaptic
inputs impinging on the cell. Ten genes encoding for α

subunits (the pore-forming subunit) of NaV channels have
been described (NaV1.1–1.9; Goldin et al., 2000; Watanabe
et al., 2000). They are expressed differently throughout the
tissues and their expression is regulated during development.
Among all the channels of the family, NaV1.1, NaV1.2, NaV1.3
and NaV1.6 are expressed exclusively in the central and
peripheral nervous system (Goldin et al., 2000; Trimmer and
Rhodes, 2004) with NaV1.3 having an embryonic expression.
The NaV channels expressed in the central nervous system
differ for their subcellular localization; NaV1.1 and 1.3 have a
somatic expression while NaV1.2 are localized in unmyelinated
axons (Westenbroek et al., 1989, 1992). NaV1.6 channels
are localized in myelinated axons and dendrites (Caldwell
et al., 2000; Krzemien et al., 2000; Jenkins and Bennett,
2001).

In cerebellar PCs, Na+ currents are due to NaV1.1 and
NaV1.6 channels (Westenbroek et al., 1989; Kalume et al.,
2007). NaV1.1 channels are expressed in the cell body of PCs
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FIGURE 1 | Intrinsic membrane mechanisms of Purkinje cell (PC) dysfunction. Ion channels involved in PC physiological functions are shown in the dendritic, somatic
and axonal compartments. Ataxic mice with specific mutations are shown in the boxes. See the text for further explanation.

(Westenbroek et al., 1989), hence their importance for the
control of membrane excitability, while NaV1.6 channels are
mainly expressed in the soma, dendrites and initial segment
of the axon (Westenbroek et al., 1989; Kalume et al., 2007).
PC Na+ currents are tetrodotoxin (TTX) sensitive (Llinás and
Sugimori, 1980), have a component of persistent current and
during repolarization give rise to a resurgent current implied
in pacemaker activity (Raman and Bean, 1997). In PCs,
NaV1.1 channels contribute for about 60% of all components
of Na+ currents, while NaV1.6 channels are responsible for

the remaining part (Kalume et al., 2007). The resurgent Na+

current is mainly produced by the action of the auxiliary
NaVβ4 subunit on NaV1.1 and NaV1.6 channels (Grieco et al.,
2005; Ransdell et al., 2017). The combined actions of the
resurgent and persistent components of Na+ currents co-operate
to confer spontaneous activity. It is interesting to note that the
intracellular protein fibroblast growth factor 14 (FGF14), which
controls NaV channels’ membrane expression and localization
by direct interaction with their C-terminal domain (Liu et al.,
2001; Laezza et al., 2007), is required for PC spontaneous firing
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FIGURE 2 | Mechanisms of dysfunction of the parallel fiber (PF)-PC synapse. The interactions and transduction pathways of glutamate delta-2 (GluD2) and
metabotropic glutamate receptor 1 (mGlu1) receptors are shown in a PC dendritic spine postsynaptic to a PF synaptic varicosity. Numbers in red boxes refer to the
molecules that are mutated or deleted in ataxic mice, which are listed in the red box on the right side, outside the drawing. See the text for further explanation.

(Bosch et al., 2015). In contrast, the hyperpolarization-activated
cationic current (IH), which in other types of neuron is essential
for pacemaker activity, in PCs is not required for this function
(Raman and Bean, 1999), but its role is to oppose the tendency
of PCs to have a bistable membrane potential with periods of
quiescence (Williams et al., 2002).

Mice with a complete deletion of NaV1.1 channels
(NaV1.1 KO mice) revealed an ataxic phenotype with alterations
of gait parameters in the footprinting test (both homozygous

and heterozygous KO mice; Kalume et al., 2007). In PCs of
both homozygous and heterozygous KO mice, the deletion
of NaV1.1 caused a reduction of the persistent and resurgent
sodium currents without changes in their biophysical properties.
In line with the localization of NaV1.1 channels and the
important role of persistent and resurgent Na+ currents
in determining spontaneous firing, the authors reported a
reduced spontaneous activity of PCs in NaV1.1 homozygous
and heterozygous KO mice without changes in other action
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potential parameters (threshold, action potential amplitude).
Furthermore, the injection of stronger depolarizing current was
necessary to evoke action potential firing in NaV1.1 homozygous
and heterozygous KO mice relative to their wild-type littermates
(Kalume et al., 2007). Thus, the deletion of NaV1.1 channels
caused a reduction of PC excitability that can, at least in part,
explain the motor impairment observed in these mice.

In humans, mutations in the gene encoding the
NaV1.6 channel (SCN8A), are associated with cerebellar
atrophy and ataxia (Trudeau et al., 2006). Several mice with
mutations in NaV1.6 have been described. Two Scn8a null mice
have been considered as motor endplate disease models (Duchen
and Searle, 1970; Duchen and Stefani, 1971; Burgess et al., 1995).
The first one is the Scn8amed mouse, in which the deletion is
due to a spontaneous insertion of an L1 element in the exon
2 of the Scn8a gene (Kohrman et al., 1996a). The second one
is the Scn8atg mouse, generated by a nontargeted transgene
insertion in the Scn8a gene (Kohrman et al., 1995). Among all
observed deficits, both these mutant mice presented with ataxia
(Duchen and Stefani, 1971). Another NaV1.6 mutant, the jolting
mouse (Scn8ajo) carrying a missense mutation (Kohrman et al.,
1996b), was described in 1965 with uncoordinated gait (Dickie,
1965). Isolated PCs from Scn8amed and Scn8ajo mice, showed a
reduced amplitude of the steady-state and resurgent components
of sodium currents (Raman et al., 1997). PCs from Scn8amed

and Scn8ajo mice showed reduced spontaneous firing (Harris
et al., 1992; Raman et al., 1997), an observation which is in line
with the fact that the resurgent Na+ current is very important in
sustaining spontaneous and high-frequency firing (Raman et al.,
1997). In the global null mice for NaV1.6, the severe phenotype
observed was due to functional deficits of different regions of the
nervous system, so that it is difficult to ascribe motor impairment
to cerebellar dysfunctions only. Very important in defining the
link between altered PC firing and ataxia was the generation of
conditional mutant mice lacking NaV1.6 channels exclusively in
PCs (PC KO) and/or granule cells (GC KO and double KO; Levin
et al., 2006). PC KOmice developed mild ataxia with impairment
in the rotarod test and alterations of the gait. Double KO mice
developed a severe ataxia with compromised gait. PCs from both
PC KO and double KO mice were characterized by a reduction
of the resurgent Na+ current reflected in a reduced evoked
action potential firing (Levin et al., 2006). These reports are in
line with previous data on global null mice for NaV1.6 obtained
from isolated PCs (Harris et al., 1992; Raman et al., 1997). In
contrast to the ataxic signs observed in PC KO and double KO
mice, GC KO mice did not display any ataxic sign. Furthermore,
the resurgent current and the firing frequency of PCs of GC KO
mice were comparable to those of wild-type PCs (Levin et al.,
2006).

Interestingly, more evidence comes from studies in mice that
do not have specific mutations in NaV channels, but in auxiliary
subunits like NaVβ4 (Ransdell et al., 2017) and Fgf14 (Shakkottai
et al., 2009; Bosch et al., 2015), or in the sorting receptor
Rer1 (Rer1∆PC; Valkova et al., 2017). Mice with a selective
PC deletion of the NaVβ4 subunit showed deficits in motor
coordination and balance associated with a marked reduction of
the Na+ resurgent current and spontaneous and evoked firing

impairment (Ransdell et al., 2017). These results demonstrate
that, in PCs, NaVβ4 is essential for the resurgent current and for
action potential repetitive firing. Mice with deletion (Shakkottai
et al., 2009) or knockdown (Bosch et al., 2015) of Fgf14 showed
an ataxic phenotype, a reduced number of NaV1.6 channels and a
deficit in spontaneous firing. Rer1 is a sorting receptor of the cis-
Golgi, very important for the quality control of the complexes
transported in the membrane (Füllekrug et al., 1997; Valkova
et al., 2011). The specific deletion of Rer1 in PCs led to an
ataxic phenotype (Valkova et al., 2017). This was accompanied by
defects in high-frequency firing and a reduction in the expression
of NaV1.1 and NaV1.6 channels.

These data indicate that a specific disruption of PC firing is
sufficient to cause an ataxic phenotype whether this disruption
is due to a direct mutation of ion channels or to an indirect
action on their activity or expression. However, the study
of ataxia in models with mutated Nav channels has been
complicated by the expression of these channels in many other
regions of the central nervous system, where their deletion
has additional consequences. In fact, Nav1.1 loss of function
mutations cause ataxia associated with severe infantile myoclonic
epilepsy (Sugawara et al., 2002) and Nav1.1 KO mice reproduce
both clinical features (Kalume et al., 2007). Mutations of Nav1.6,
in addition to ataxia, cause mental retardation and attention
deficit disorder (Trudeau et al., 2006). Animal models with gene
deletion selective for cerebellar PCs (Nav1.6, Levin et al., 2006;
Fgf14, Bosch et al., 2015; NaVβ4, Ransdell et al., 2017) have
been very useful to clarify which deficits were specifically due
to PC dysfunction. It is interesting to note that, in the case of
Nav1.6, PC selective deletion caused only a mild ataxia, while
GC selective deletion produced no symptoms, but the double
KO showed severe ataxia (Levin et al., 2006), suggesting an
additive effect of Nav1.6 ablation in GCs. In PCs, the loss or
dysfunction of Nav channels has the peculiar feature of reducing
the Na+ resurgent current, with a consequent impairment of
firing. For this reason, ataxia due to a primary defect of Na+

currents might be considered as a special category, in which
the main determinant is a loss or attenuation of the resurgent
current.

Purkinje Cell Potassium Channel
Mutations
High Threshold Potassium Channels
In order to attain high firing frequencies, Na+ currents must
interact with K+ conductances endowed with fast activation and
deactivation properties. The high-voltage-activated potassium
channels of the Kv3 subfamily possess these properties (Rudy and
McBain, 2001). The four Kv3 subunits are widely expressed in
the brain (Weiser et al., 1994). PCs express three members of this
family, Kv3.1, Kv3.3 and Kv3.4 (Martina et al., 2003; Sacco et al.,
2006), among which the most highly expressed is Kv3.3 (Weiser
et al., 1994; Boda et al., 2012). In the cerebellar cortex, Kv3.3 is
specific of PCs and it is expressed at the same age at which
they acquire their fast-spiking phenotype (Goldman-Wohl et al.,
1994; Boda et al., 2012). Moreover, the deletion of the Kv3.3 gene
(KCNC3) disrupts PC high frequency firing, which is rescued by
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its re-introduction by the dynamic clamp technique (Akemann
and Knöpfel, 2006). Thus, Kv3 K+ currents associated with the
resurgent Na+ current provide a mechanistic explanation of
high-frequency firing in PCs (Akemann and Knöpfel, 2006).

Kv3.3 KOmice showmild deficits in walking trajectories with
an increased lateral deviation while ambulating. Furthermore,
as an indication of motor impairment, Kv3.3 KO mice show
an increased number of slips in the balance beam test
(Joho et al., 2006). These ataxic signs are in line with the
electrophysiological alterations found in the cerebellum of
Kv3.3 KO mice. McMahon et al. (2004) reported that action
potentials were broader in Kv3.3 KO than in wild-type PCs.
Furthermore, the action potentials of Kv3.3 KO PCs present
with large amplitude and reduced fast afterhyperpolarization
(AHP). In PCs of Kv3.3 KO mice, the increased duration
of action potentials is accompanied by increased interspike
intervals, thus a reduced spontaneous frequency, and the
inability to sustain high frequency firing (Hurlock et al., 2008).
PCs of Kv3.3 KO mice also display a reduced number of
spikelets in complex spikes induced by CF stimulation. The
importance of the Kv3.3 channel for PC proper function in
order to have a normal motor performance is highlighted by the
experiments conducted by Hurlock et al. (2008) who restored
Kv3.3 expression exclusively in PCs. This specific expression
completely reverted electrophysiological alterations observed in
Kv3.3 KO PCs. Moreover, the lateral deviation and motor
deficits in the balance beam test were abolished in rescued
animals.

Missense mutations in the KCNC3 gene that encodes
the Kv3.3 channel in humans are associated with autosomal
dominant spinocerebellar ataxia type 13 (SCA13; Waters et al.,
2006; Figueroa et al., 2010, 2011). Expression of human
Kv3.3 mutations inmurine cerebellar cultures caused a reduction
of the total outward K+ current, a broadened action potential and
a reduction of PC excitability (Irie et al., 2014).

Overall, these studies demonstrate the importance of normal
PC functioning and how subtle action potential alterations
are sufficient to cause ataxia. In the specific case of the
Kv3 current, impairment PC firing dysfunction is due to a
slower repolarization of action potentials and to the loss of the
AHP. The combined action of these two deficits hampers high
frequency firing, limiting the range of PC output signals sent
to the deep cerebellar nuclei. The interpretation of this finding
is complicated by the fact that also spontaneous PC firing is
reduced in Kv3.3 KOmice (Hurlock et al., 2008). It is noteworthy
that, in spite of the combination of deficits in spontaneous PC
firing, high frequency discharge, complex spike waveform and
deep cerebellar nuclei firing impairment, the motor deficits are
quite mild and only detectable with specific and sensitive tests.

Subthreshold Potassium Channels
Subthreshold, inactivating K+ currents of PCs are generated
by Kv1, Kv4 and Kv11 channels (Sacco and Tempia, 2002;
Sacco et al., 2003). In PCs, dendritic Kv1 channels prevent the
generation of random spontaneous Ca2+ spikes (Khavandgar
et al., 2005). Kv4 channels located in the dendrites filter high
frequency incoming synaptic signals (Hoffman et al., 1997).

In PCs, the Kv4.3 channel is located in the soma and in the
dendrites (Wang and Schreurs, 2006). Potassium channels of the
Kv11 subfamily (also known as Erg) are highly expressed in PCs
(Guasti et al., 2005), where they modulate membrane excitability
and firing frequency adaptation (Sacco et al., 2003).

The Kv1 voltage-gated potassium channel family includes
eight α subunits (Kv1.1–Kv1.8; Coetzee et al., 1999; Hille,
2001; Yu and Catterall, 2004). In the brain, the Kv1 subunits
are localized to the axon initial segment, juxtaparanodes and
synaptic terminals (Trimmer, 2015), where they exert a crucial
role in the axonal membrane repolarization after an action
potential, in adjusting the resting membrane potential and in
controlling neurotransmitter release (Hille, 2001; Jan and Jan,
2012). Kv1 subunits can assemble together to form hetero-
tetramers that confer to Kv1 channels a great diversity of
functional properties (Ovsepian et al., 2016). In the cerebellum,
the low threshold delayed rectifier subunits Kv1.1 and Kv1.2 are
expressed in the terminals of basket cells (McNamara et al., 1993;
Wang et al., 1993, 1994; Laube et al., 1996; Chung et al., 2001) and
at least Kv1.2 in the dendrites of PCs (Khavandgar et al., 2005).

Kv1.1 KO mice display a reduced ability to maintain balance
on a stationary rod (Smart et al., 1998; Zhang et al., 1999). Zhang
et al. (1999) showed in Kv1.1 KO mice an increased frequency of
spontaneous inhibitory postsynaptic currents (sIPSCs) recorded
from PCs, causing an excessive tonic inhibition of PCs. Several
point mutations of the KCNA1 gene coding for the Kv1.1 subunit
(Browne et al., 1994; reviewed in Ovsepian et al., 2016),
have been reported in patients suffering from episodic ataxia
type 1 (EA1), an autosomal dominant neurological disease
with paroxysmal cerebellar ataxia, epilepsy, myokymia (Browne
et al., 1994). A heterozygous knock-in mouse model for EA1
(Kcna1V408A/+) was created by Herson et al. (2003). The authors
reported a reduction in frequency and amplitude of sIPSCs
recorded from PCs of Kcna1V408A/+ mice and stress-induced
motor impairment (Herson et al., 2003). In both KO and
knock-in mice the authors failed to find a change in the firing
frequency of basket cells (Zhang et al., 1999; Herson et al.,
2003), despite the Kv1.1 localization to perisomatic baskets
of PCs (Wang et al., 1993, 1994; Laube et al., 1996; Chung
et al., 2001). However, an increase in the action potential
width was found in presynaptic boutons of basket cells in
Kcna1V408A/+ mice (Begum et al., 2016). The paired pulse
ratio of evoked IPSCs of PCs was lower in Kcna1V408A/+

mice, indicating an increased release probability (Begum et al.,
2016). Such an increased inhibitory tone was accompanied by
a reduction in spontaneous firing activity of PCs (Begum et al.,
2016).

A missense mutation of Kv1.2, which is often assembled
with Kv1.1, causes ataxia in mice (Xie et al., 2010). PCs of
Kv1.2 mutant mice (named Pingu or Pgu) showed an increased
frequency and amplitude of inhibitory postsynaptic potentials
(IPSPs), causing a reduced PC firing frequency. Mutations of
Kv1 channels, in addition to effects on the axon terminals of
basket cells, might also directly alter the dendritic excitability of
PCs. In fact, application of a selective Kv1 blocker causes random
transient increases of PC firing, driven by an uncontrolled action
of dendritic Ca2+ spikes (Khavandgar et al., 2005).
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The major component of the subthreshold inactivating K+

current in PCs is due to Kv4 channels (Sacco and Tempia, 2002;
Hourez et al., 2011). The only Kv4 subunit expressed by PCs is
Kv4.3 (Serôdio and Rudy, 1998). The Kv4.3 channel is localized
to PC dendrites, where it is associated with CaV3 Ca2+ channels
(Anderson et al., 2013). Mutations of KCND3, the gene encoding
the Kv4.3 subunit, cause the SCA19 (Duarri et al., 2012, 2015;
Lee et al., 2012). A more complex syndrome, in which early
onset ataxia is associated with intellectual disability, epilepsy,
attention deficit hyperactivity disorder, strabismus, oral apraxia
and joint hyperlaxity is caused by a mutation that shifts the
Kv4.3 activation curve to very depolarized potentials (Smets et al.,
2015). Although a Kv4.3 KOmouse has been created (Niwa et al.,
2008), no motor or neurologic test was performed.

The pathophysiological mechanisms resulting from
subthreshold K+ channels mutations are quite heterogeneous.
In fact, Kv1 channels mutations mainly affect the GABAergic
tone exerted by inhibitory interneurons on PCs, decreasing
their activity. The ataxia resulting from Kv1 mutations
has an episodic nature, likely due to such peculiar cellular
mechanism. In contrast, Kv4.3 mutations have pleiotropic
effects on SCA19/22 patients, encompassing a continuous early
onset ataxia, intellectual disability, epilepsy, attention deficit
hyperactivity disorder and other features. Since an animal model
of SCA19/22 is not yet available, it is not possible to assign these
symptoms to a specific alteration of PC excitability.

Calcium- and Voltage-Dependent BK Potassium
Channels
Large conductance voltage- and Ca2+-activated K+ channels
(also called Big K+ channels or BK channels) have a double
gating mechanism. In fact, the voltage-dependance curve of
their gating is shifted to negative potentials by an increase
in intracellular Ca2+ concentration, allowing them to open
whenever a depolarization is associated with Ca2+ entry (Hille,
2001). These channels introduce a brief hyperpolarization period
between action potentials, necessary to prevent the cell to
reach the firing threshold too early. BK channels are expressed
throughout the brain especially in excitable cells (Knaus et al.,
1996; Sausbier et al., 2006).

In PCs (Gähwiler and Llano, 1989; Gruol et al., 1991;
Knaus et al., 1996) and in cerebellar Golgi cells (Sausbier
et al., 2006), BK channels are localized to the soma and
dendrites. In PCs, BK K+ channels give rise to two types of
current: fast-gated, inactivating and slow-gated, non-inactivating
(Benton et al., 2013). The former type activates on the time
scale of an action potential so that it contributes to spike
repolarization (Edgerton and Reinhart, 2003). In contrast, slow-
gated, non-inactivating BK currents open during the AHP and
contribute to a sustained interspike conductance shaping the
PC firing pattern (Womack et al., 2009; Benton et al., 2013). In
addition to such somatodendritic functions, in PCs BK channels
are localized to the paranodal regions of Ranvier nodes, where
they are essential to allow high fidelity propagation of action
potentials (Hirono et al., 2015).

New insights for the importance of BK channels in the
cerebellum come from the studies of Sausbier et al. (2004),

who performed a deletion of the pore exon of the α subunit
of BK channels thus generating mice lacking functional BK
channels (BK−/− mice). BK−/− mice exhibited abnormal gait
with shorter stride length and irregular step pattern in the
footprinting test (Sausbier et al., 2004). In the beam balance
test, BK−/− mice crossed the beam with a greater number of
foot slips than their wild-type littermates. Furthermore, when
tested in the rotarod test, BK−/− mice showed a reduced
latency to fall off the rod relative to their wild-type littermates.
At the cerebellar-specific eye-blink conditioning test, BK−/−

mice showed no learning. Sausbier et al. (2004), with current
clamp recordings, found a reduced AHP in PCs from BK−/−

mice. Furthermore, the majority of PCs from BK−/− mice
lacked spontaneous discharge and the overall evoked action
potential frequency was reduced. The authors reported that,
in BK−/− mice, PCs were silent because of a depolarized
resting membrane potential responsible for the inactivation of
Na+ channels. These findings suggest an important role of
PC BK channels for normal cerebellar function. However, BK
channels are also expressed in other cells of the cerebellum
(Knaus et al., 1996), hence it is difficult to determine if the
ataxic phenotype is directly linked to PC firing alterations.
Chen et al. (2010) developed a murine model, which lacked
BK channels in PCs (PC-BK−/−). PC-BK−/− mice displayed
motor alterations similar to those observed in global BK−/−

mice although with a reduced severity (Sausbier et al., 2004).
PC-BK−/− mice showed gait alterations on footprinting test,
disrupted motor coordination and balance on ladder runway
and balance beam tests (Chen et al., 2010). In vivo recordings
highlighted a slight reduction in the simple spike frequency of
PCs and a strong reduction of complex spikes. The reduced
activity of PCs determined an increased activity in deep cerebellar
nuclei, which might be the cause of the reduced complex spike
generation.

The mechanism of ataxia due to the lack of BK channels
differs from the previously described mutations, because
it is based on an excessively depolarized resting potential
causing Na+ channel inactivation and block of action potential
generation. Thus, mutations in the superfamily of K+-selective
channels, by hampering PC firing in a different manner, result
in ataxia, but with different and specific features, ranging from
the episodic nature in Kv1 mutants to an extensive syndrome in
Kv4 loss of function to a more classical form of ataxia following
BK deletion.

Purkinje Cell Calcium Channel Mutations
Voltage-gated calcium channels (CaV channels) are responsible
for Ca2+ entry in the cell in response to membrane
depolarization. There are different subclasses of CaV channels,
which exert important roles in different cell types (Hille, 2001).
In the central nervous system, CaV channels control several
processes including presynaptic neurotransmitter release,
neuritogenesis and gene expression (Kamp et al., 2012). Among
CaV channels, the P/Q-type (CaV2.1) is widely expressed in the
brain (Westenbroek et al., 1995; Craig et al., 1998).

Ca2+ channels of PCs are highly enriched in dendrites, as
shown by Ca2+ imaging (Ross and Werman, 1987; Tank et al.,
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1988) and immunohistochemistry (Westenbroek et al., 1995;
Yokoyama et al., 1995; Indriati et al., 2013) studies. The most
represented Ca2+ current is CaV2.1 (P/Q type), accounting for
more than 90% of Ca2+ currents, with the remaining fraction
due to CaV1 (L type) channels (Regan, 1991; Usowicz et al.,
1992). In PCs, clusters of CaV2.1 channels are co-localized
with voltage/Ca2+-dependent BK channels and type 2 small
conductance calcium-dependent K+ channels (SK2; Womack
et al., 2004; Indriati et al., 2013), constituting nanodomains
of interaction between Ca2+ entry and the activation of K+

conductances. CaV3 channels, responsible for T-type Ca2+

currents, are located in PC dendrites, where they give rise
to Ca2+ signals upon activation of the PF-PC synapse (Ly
et al., 2016). Moreover, in PCs CaV3 channels are associated
with intermediate conductance Ca2+-dependent K+ channels
(IKCa; Engbers et al., 2013a). The CaV3/IKCa complex allows
subthreshold activation of an outward K+ current, which exerts
a strong dampening of temporal summation of PF-excitatory
post-synaptic potentials (EPSPs), so that only the first few
events undergo summation with a marked suppression of
subsequent summation (Engbers et al., 2013a). This mechanism
allows a selective transmission of brief bursts of PF input
signals.

Mutations of the α subunit of the CaV2.1 channel, in
humans, are linked to familial hemiplegic migraine-1, episodic
ataxia type 2 (EA2), and to spinocerebellar ataxia type 6
(SCA6; Ophoff et al., 1996; Zhuchenko et al., 1997; Pietrobon,
2010). Spontaneous mutations of the CaV2.1 channel, in mice,
gave rise during years to several animal models to study the
EA2 disease: mice with point mutations in the α1A subunit
of the CaV2.1 channel, tottering (Fletcher et al., 1996), leaner
(Tsuji and Meier, 1971), rolling (Oda, 1973), rocker (Zwingman
et al., 2001), and wobbly (Xie et al., 2007); mice with mutations
in the ancillary β4 subunit (lethargic, Burgess et al., 1997) and
mice with mutations in the α2δ2 subunit (ducky, Barclay et al.,
2001). In PCs of ducky, leaner and totteringmice, thesemutations
caused a reduced calcium current, decreasing the firing frequency
and the precision in pacemaking activity, which might be the
cause of the ataxic phenotype (Donato et al., 2006; Walter
et al., 2006). Similar results were obtained also by Watase et al.
(2008) that generated a knock-in mouse model, to study the
SCA6 disease, by the insertion of 84 CAG human repeats in
the murine locus of the Cacna1a gene (SCA684Q). SCA684Q mice
developed motor coordination deficits in adult age (Watase et al.,
2008; Jayabal et al., 2015). Extracellular recordings of cerebellar
slices from both homozygous SCA684Q/84Q and heterozygous
SCA684Q mice revealed a reduction of the precision of the action
potential timing of the PC. Furthermore, SCA684Q/84Q mice
also showed a reduced range of PC firing frequency (<100 Hz;
Jayabal et al., 2016). The colocalization of CaV2.1 channels
with Ca2+-dependent K+ channels might explain the reduced
precision in the pacemaking activity of PCs (Womack et al.,
2004). The reduced Ca2+ entry in the cell observed in these
different mouse models probably leads to a reduced activation
of Ca2+-dependent K+ channels, and as a consequence, the
cell acquires a depolarized membrane potential that blocks
the Na+ channel activation (Donato et al., 2006). Indeed, a

reduced spontaneous activity due to a depolarized membrane
potential was observed also in BK−/− mice (Sausbier et al.,
2004). The important role of Ca2+-dependent K+ channels in
the precision of pacemaking activity of PCs in CaV2.1 mutant
mice was further investigated by Walter et al. (2006). They
demonstrated that bath perfusion of cerebellar slices from ducky
mice with a SK channel activator was able to reduce the
coefficient of variation of the firing rate and to increase the
AHP amplitude to the size necessary for the recovery of Na+

channels from inactivation. Furthermore, in vivo treatments of
ducky and tottering mice with the SK channel activator resulted
in an improvement of their motor performance (Walter et al.,
2006).

Cav channel mutations in PCs can result in hemiplegic
migraine or ataxia. The latter can be either episodic when due to
missensemutation (EA2), or classic ataxia following introduction
of CAG repeats (SCA6). The different functional alteration of the
channel might be responsible for the specific phenotype of the
disease. It is interesting to note that ataxia due to Cav2.1mutation
causing reduced Ca2+ entry, leads to insufficient activation of
BK channels. In fact, the mechanism is very similar to a direct
loss of function of BK. The peculiar feature of these ataxias is the
loss of precision in PC firing. However, it is far from clear why
variability in PC firing must remain within a narrow range and
how changes in its firing precision affect output signals from the
cerebellar cortex during movement.

ATAXIA DUE TO ALTERATIONS OF THE
PARALLEL-FIBER/PURKINJE CELL
SYNAPSE

Alterations of the Purkinje Cell
GluD2 Receptor Pathway
In the cerebellum, the delta-2 receptor (GluD2) is expressed
post-synaptically on PCs at the PF-PC synapse (Takayama et al.,
1996; Landsend et al., 1997). In terms of protein sequence
analogy, the GluD2 receptor belongs to the ionotropic glutamate
receptor family (Yamazaki et al., 1992), but it is not activated
by glutamate (Hirai et al., 2005). Matsuda et al. (2010) have
identified cerebellin 1 (Cbl1), a protein secreted from granule
cells, as a ligand of the GluD2 receptor.

Mutations in the GRID2 gene encoding for GluD2 have been
recently associated with cerebellar ataxia in several patients (Hills
et al., 2013; Utine et al., 2013; Maier et al., 2014; Coutelier et al.,
2015; Van Schil et al., 2015; Ali et al., 2017). The link between
GluD2 and ataxia is strongly supported by several studies in mice
with different mutations in the Grid2 gene, that have provided
important information about the role of the GluD2 receptor in
cerebellar functions and how their mutations affect cerebellar
circuitry and cause ataxia. Spontaneous mutations include the
lurcher (Lc/+) semi-dominant point mutation (Zuo et al., 1997)
and the hotfoot (ho) autosomal recessive mutations (described
below; Lalouette et al., 1998; Wang et al., 2003; Miyoshi et al.,
2014). In addition, mice with a specific gene-targeted deletion of
Grid2 have been created (GluD2−/−; Kashiwabuchi et al., 1995).
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The Lc mutation leads to the death of PCs and to the loss of
the majority of granule cells in Lc/+ mice (Zuo et al., 1997). Lc/+
PCs have a depolarized resting membrane potential due to a large
constitutive inward current (Zuo et al., 1997) that might be the
cause of such massive neuronal death in the cerebellum. On the
contrary, no cerebellar PC or granule cell degeneration is present
on GluD2−/− or ho mice, which display a similar pattern of
cerebellar alterations, consistent with loss of function mutations
(Guastavino et al., 1990; Kashiwabuchi et al., 1995; Motohashi
et al., 2007).

Detailed studies on GluD2−/− mice have demonstrated
that GluD2 plays as in important role in the stabilization of
the PF-PC synapse, restriction of the CF innervation to the
proximal dendritic domain of the PC and regulation of long-term
depression (LTD). In fact, GluD2−/− mice have an impaired
PF synaptogenesis, with a reduction in the number of spines
between PF-PC, and an increase of free spines (Kashiwabuchi
et al., 1995; Kurihara et al., 1997). Furthermore, the presence of
free spines was observed also in GluD2ho4J/ho4J (Lalouette et al.,
2001). The alterations of the PF-PC synapse are in accordance
with the demonstration that the GluD2 receptor is part of the
protein complex neurexin-Crbl1-GluD2, critically involved in
the formation and maintenance of PF-PC synapses in vivo (Ito-
Ishida et al., 2008; Kakegawa et al., 2009). The extracellular
N-terminal domain of the GluD2 receptor expressed in PCs
binds the presynaptic protein neurexin through Crbl1 secreted
from PFs, creating a bridge that acts as a bidirectional synaptic
organizer at the PF-PC synapse (Matsuda et al., 2010; Uemura
et al., 2010). Any alteration of the proteins forming the
trio led to the disruption of the PF-PC synapse. Indeed,
it has been reported that Crbl1 null mice have a reduced
number of PF-PC synapses and an increase of free spines
(Hirai et al., 2005), a phenotype similar to that of GluD2−/−

mice.
GluD2−/− mice have a deficit in the elimination of surplus

CFs during development (Kashiwabuchi et al., 1995; Kurihara
et al., 1997). Ichikawa et al. (2002) showed that CFs of GluD2−/−

mice extended into the distal domain of the PC dendritic tree,
invading spiny branchlets, which are normally innervated by
PFs only. The authors suggest that the reduction of the PF-PC
synapses in the distal part of the dendritic tree of PCs and the
appearance of free spines permit the extension of the CF into
the PF territory. These findings suggest an important role of
GluD2 for the restriction of the CF innervation to the proximal
dendritic domain of the PC (Ichikawa et al., 2002).

The LTD impairment observed in GluD2−/− mice is in
line with other studies, in which the gene was knocked down
Jeromin et al. (1996) and with in vitro studies on cerebellar
cultures, where the GluD2 receptor was silenced with antisense
nucleotides (Hirano et al., 1994). The use of an antibody
against the H2 domain (putative ligand-binding domain) of
the GluD2 receptor on cultured PCs decreased the clusters
of synaptic AMPA receptors and the amplitude of excitatory
post-synaptic currents (EPSCs; Hirai et al., 2003). Moreover,
treatment of PCs with the H2 antibody completely blocked LTD
in wild-type PCs (Hirai et al., 2003). Genetic reintroduction
of GluD2 in the GluD2-deficient PC rescued LTD induction

(Hirai et al., 2005; Yawata et al., 2006). These data confirm the
crucial role of GluD2 in the induction of LTD even if the exact
mechanism is not yet known.

The more debated role of the GluD2 receptor is its function
as ion channel and its gating mechanism. The presence of a
large sustained constitutive inward current in Lc/+ PCs suggested
that this mutation blocked the putative GluD2 channel in
an open conformation (Zuo et al., 1997; Kohda et al., 2000;
Schmid et al., 2009). Kato et al. (2012) demonstrated that the
GluD2 receptor associates with mGlu1 and TRPC3 and regulates
mGlu1-mediated synaptic transmission.More recently, Ady et al.
(2014) provided evidence that activation of the mGlu1 receptor
triggers the opening of the GluD2 channel.

Alterations of the Purkinje Cell mGlu1
Receptor Pathway
Studies in humans and mice have demonstrated that
dysfunctions of mGluR1 and its downstream signaling cascade
are implicated in the pathogenesis of hereditary and acquired
forms of ataxia. The mGlu1 receptor, encoded by GRM1, is
a G protein-coupled glutamate receptor, highly expressed in
PCs outside the postsynaptic density and activated by high
repetitive stimulation of PFs (Batchelor et al., 1994; Batchelor
and Garthwaite, 1997; Tempia et al., 1998). mGluRs play a
critical role in LTD induction and motor learning as well as
the elimination of redundant CF synapses, that takes place
during the first three postnatal weeks in mice (Conquet et al.,
1994; Kano et al., 1997, 2008; Hoxha et al., 2016). Activation
of mGluR1 generates slow EPSPs/EPSCs mostly mediated
by the non-selective cation-permeable transient receptor
potential channel TRPC3 (Hartmann et al., 2008). In addition,
mGlu1 receptor activation determines local Ca2+ transients in
PC dendrites via a signaling cascade involving Gq/11 protein,
phospholipase C, diacylglycerol and inositol 1,4,5-trisphosphate
(IP3); IP3 induces Ca2+ release from intracellular stores (Finch
and Augustine, 1998; Takechi et al., 1998; Tempia et al., 2001).

Sequencing analysis carried out in families affected by forms
of congenital cerebellar ataxia have identified splicing mutations
of the GRM1 gene, which result in aberrant transcripts encoding
nonfunctional mGlu1 (Guergueltcheva et al., 2012; Watson et al.,
2017). In addition, antibodies against mGlu1 have been identified
in patients affected by cerebellar ataxia caused by tumors or
metastases (Sillevis Smitt et al., 2000). Interestingly, the injection
of purified IgG from serum and cerebrospinal fluid of patients
with paraneoplastic cerebellar ataxia into the subarachnoid space
of normal mice caused ataxia (Sillevis Smitt et al., 2000). The
ataxic behavior was evident in mice 3 h after injection of IgG and
persisted for 24 h.

A direct link between ataxia and mGlu1 receptors comes
from studies on mGluR1 KO mice. These mice develop ataxic
gait together with impaired cerebellar CF synapse elimination
and deficient LTD; all these phenotypes can be rescued by
introducing the mGluR1 transgene specifically in the PCs (Kano
et al., 1997; Ichise et al., 2000).

On the other hand, mGluR1 loss of function has been unveiled
in a large number of animal models of human cerebellar ataxia
such as SCA1 transgenic mice carrying an expanded number of
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CAG repeats in the ataxin gene, which results in a poly-glutamine
tract (polyQ) expansion in the ataxin-1 protein (Serra et al., 2004;
Orr, 2012). Such mutation prevents ataxin-1 interaction with the
retinoid-related orphan nuclear receptor-alpha (RORα) resulting
in a decrease in RORα-mediated transcriptional activity and
eventually downregulation of mGluR-related genes (Serra et al.,
2006). SCA1154Q mice, with 154 CAG repeats in the ataxin-1
gene, show reduced expression of mGluR1 on PC dendrites
associated with an abnormal increase of mGluR5 expression,
which is normally undetectable in the cerebellum of adult
animals (Watase et al., 2002; Notartomaso et al., 2013). Since
mGlu5 receptors are highly expressed in the early postnatal life,
their persistent expression in the adulthood may be indicative of
an immature cerebellum state (Casabona et al., 1997).

Recent studies in SCA1154Q mice have demonstrated a
significant reduction of Homer-3 expression in PC dendrites and
spines at the early age, while mGluR1 expression levels are still
unaltered (Ruegsegger et al., 2016). Interestingly, Homer 3 is a
scaffold protein localized in the postsynaptic density involved in
the coupling of mGluR1 and IP3 receptors (IP3Rs) responsible
for the Ca2+ release from endoplasmic reticulum (ER) stores
in PCs (Tu et al., 1998; Willard and Koochekpour, 2013).
Homer 3 is also implicated in the mTORC1 signaling pathway
activation and translation of synaptic proteins including Homer
3, thus regulating synaptic plasticity (Ruegsegger et al., 2016).
The deletion of mTORC1 in SCA1154Q reduced Homer-3 levels
and exacerbated pathology, anticipating the motor coordination
impairment. Rescuing Homer-3 levels in PCs improved motor
deficits, enhanced mTORC1 signaling in PCs, and reduced the
spine loss.

In the ataxic SCA182Q mouse model, with PC-specific
82Q repeats in the ataxin-1 gene, the progressive decline of
mGluR1 function begins at the early stage of disease (at 5 weeks
of age) before the onset of overt ataxia and PC morphological
alterations (at 12 weeks of age; Clark et al., 1997; Zu et al., 2004).
Interestingly, restoration of the mGluR1-mediated synaptic
signaling by the GABAB receptor agonist baclofen rescued the
motor functions in 12-week- old SCA182Q mice, underlying the
importance of mGluR1 in SCA1 pathology; a single cerebellar
injection of baclofen improved the rotarod motor performance
in SCA1 mice for about 1 week (Shuvaev et al., 2017).

Disruption of mGluR1 signaling has been also observed in
PCs from SCA3 (carrying the mutant ataxin-3 gene) as well as
staggerer mice (with the mutation in the gene encoding ROR-α),
while the AMPA receptor-mediated synaptic transmission was
still preserved in PCs of both phenotypes (Konno et al., 2014).
Immunofluorescence staining showed that mGlu1 receptors
were mislocalized to non-synaptic sites and aggregated in PC
dendrites of SCA3 mice. Similarly, decreased mGlu1 function
has been assessed in a mouse model of human SCA5, caused
by mutation β-III spectrin, a cytoskeletal protein anchoring
mGluR1 at the membrane (Armbrust et al., 2014). In these mice,
the mutant spectrin protein alters the stabilization of mGluR1,
leading to diffuse distribution of receptors on PC dendrites and
mGluR1 dysfunction.

On the contrary, the mGluR1 response was unaffected in
the genetic FGF14 KO mouse model of SCA27, while the

AMPA-mediated currents were significantly reduced due to a
decrease in presynaptic glutamate release (Tempia et al., 2015).
In such case, the presynaptic deficit is not sufficient to alter
post-synaptic mGluR1 function since upon repetitive stimulation
the Fgf14 deficient synapses can release sufficient glutamate to
ensure full activation of perisynaptic mGlu1 receptors.

Mutations that result in the mGluR1 gain of function and
excessive mGluR1 signaling, have been also linked to ataxia. For
example, in the SCA2 mouse, the expansion of polyQ in the
ataxin-2 protein causes an increase of IP3-induced Ca2+ release
from PC ER and higher intracellular Ca2+ concentrations (Liu
et al., 2009). The elevated Ca2+ levels result in the potentiation of
mGluR1-mediated signaling; buffering basal Ca2+ concentration
at physiological levels in SCA2 PCs prevents the increase of
mGluR1 function (Meera et al., 2017). In addition, it has
been demonstrated that SCA2 mice treated with inhibitors
of IP3-induced Ca2+ release show reduced PC degeneration
and improved motor coordination, suggesting that calcium
dysregulation plays an important role in the pathogenesis of
SCA2 (Kasumu et al., 2012).

Increased mGluR1 signaling has been also revealed in
the PCs of moonwalker mice, carrying a mutation in the
Trpc3 gene (Becker, 2014). This mutation leads to altered
channel gating that promotes increased mGluR1-dependent
inward currents and eventually excessive Ca2+ influx that may
disturb the PC dendritic development. Indeed, in contrast to
Trpc3 KO mice, the moonwalker mice exhibit a significantly
impaired PC dendritic growth and arborization (Becker et al.,
2009; Gugger et al., 2012). Mutation of PKCγ in SCA14 can
also enhance TRPC3 currents and increase the amplitude of
mGluR1-mediated slow EPSCs. The mutant PKCγ fails to
phosphorylate and inhibit TRPC3 activity leading to sustained
high levels of intracellular Ca2+, that may be responsible for the
neurodegeneration characteristic of SCA14 (Adachi et al., 2008;
Shuvaev et al., 2011).

ATAXIA DUE TO ALTERATIONS OF THE
CLIMBING-FIBER/PURKINJE CELL
SYNAPSE

Alteration of CFs architecture is a hallmark of some forms of SCA
and other ataxias (Kano et al., 1997; Ebner et al., 2013; Smeets
and Verbeek, 2016). CFs originate from the inferior olive of the
medulla and make strong excitatory synapses onto the proximal
domain of PC dendrites. At birth, PCs are normally innervated by
multiple CFs, which undergo an activity-dependent refinement,
such that by the end of the third postnatal week, most PCs are
contacted by a single CF along their proximal dendrites (Lohof
et al., 1996; Hashimoto and Kano, 2013).

In the early phase of CFs pruning, stronger CFs can
activate postsynaptic CaV2 channels more effectively than weaker
CFs; the increase of postsynaptic Ca2+ levels will trigger LTP
exclusively at large CF synaptic inputs (Bosman et al., 2008).
LTP may further strengthen the already large synapses and allow
formation of new synaptic contacts on the growing dendritic tree.
Indeed, mice with a selective deletion of CaV2.1 in PCs show
persistent somatic innervation by multiple CFs associated with
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ataxic phenotype (see above; Miyazaki et al., 2004). According
to studies in vitro, Ca2+ influx through CaV channels may
activate Ca2+-dependent genes, such as Arc/Arg3.1, that are
involved in synapse development, maturation and refinement
(Mikuni et al., 2013). Perturbation of the pruning process and
motor incoordination have been also observed in transgenic
mice expressing a recombinant chloride channel specifically in
PCs, that determines a genetic suppression of PC excitability
(Lorenzetto et al., 2009).

The elimination of supernumerary CF synapses is
significantly correlated with the development of PF synapses
through a heterosynaptic competition (Scelfo and Strata, 2005;
Hoxha et al., 2017). Indeed, in mutant mice that lack granule
cells or functional PFs, such as weaver, reeler and staggerer as
well as X-irradiated mice, the transition from multiple to single
CF innervation is defective so that multiple innervation of PCs
by CFs persists into the adult stage and is associated with ataxia
and loss of motor coordination (Crepel et al., 1980; Crepel, 1982;
Hashimoto and Kano, 2013).

Studies on mutant mice have also allowed the identification
of several molecules involved in the late phase of CF synapse
elimination, such as GluD2, mGlu1 and its downstream signal
transduction pathway, including Gαq, phospholipase Cβ4 and
PKCγ (Chen et al., 1995; Offermanns et al., 1997; Kano et al.,
1998). Mice lacking one of these mGlu1 signaling pathway
components exhibit multiple CF innervation of PCs even in
adulthood and motor discoordination. As reported above, the
knock-out mice of the GluD2 receptor exhibit incomplete PF
synaptogenesis, defects in the elimination of surplus CFs and
impairment in LTD induction accompanied by alterations of
motor coordination and motor learning. In these mice, CFs
give rise to aberrant branches that not only extend distally to
spiny branchlets (normally innervated by PFs) but also form
ectopic synapses on adjacent spiny branchlets (Ichikawa et al.,
2002). These results suggest that GluRD2 plays a critical role
in shaping the compartmentalized innervation by CFs and PFs,
restricting CF innervation to the proximal dendritic domain
of the target PC and ensuring PF synapse formation on distal
dendrites.

Elimination of redundant CF-PC synapses in the developing
cerebellum is also regulated by retrograde signals from
postsynaptic cells, such as the secreted semaphorin3A and
the membrane-anchored semaphorin7A (Uesaka et al., 2014).
The knockdown of Sema3A in PCs or its receptor, plexinA4,
accelerated CF synapse elimination; whereas knockdown of
Sema7A or its receptors in CFs, either plexinC1 or integrinB1,
reduces CF synapse elimination (Uesaka et al., 2014). A recent
study points out that BDNF derived from PCs can also facilitate
elimination of CF synapses after P16 by binding to the B-type
tyrosine kinase receptor (TrkB) on CFs (Choo et al., 2017).
Similar to Sema7A, BDNF functions along the signaling cascade
of mGlu1 since the effect of PC mGlu1 knockdown on the CF
synapse elimination is occluded in BDNF-KO PCs.

Significant CF deficits have been also observed in mouse
models of SCA1, SCA7, SCA14 and SCA23 (Ebner et al., 2013;
Smeets and Verbeek, 2016). In particular, studies in SCA182Q

mice have demonstrated that mutant ATXN1 preferentially

affects CF–PC synapses in the early stage of disease, at 6 weeks
of age, whereas alterations in PF–PC synaptic transmission
did not occur until 28–40 weeks of age (late-stage disease;
Barnes et al., 2011). Immunostaining of vesicular glutamate
transporter type 2 (VGLUT2) revealed an abnormal CF terminal
placement along the PC dendrites, that improved when mutant
transgene expression was prevented during the second and
third postnatal week. Interestingly, a severe form of ataxia and
signs of motor deficit have been shown in the mouse mutant
Ptf1a::cre;Robo3lox/lox, in which CFs derived from the inferior
olive are rerouted so that they contact PCs located in the
ipsilateral cerebellum, rather than the contralateral side (Badura
et al., 2013). The motor performance of these mice appears
to be even worse than that of the Lurcher mice (Van Alphen
et al., 2002), suggesting that rewiring of the CF projection
causes more severe ataxia than the loss of cerebellar cortex
output.

CONCLUSION

The great variety of mutations causing ataxia reveals the
central role of PCs in the pathogenesis of motor symptoms in
cerebellar diseases. Almost all ion channels expressed by PCs,
when mutated, cause ataxic symptoms, whether NaV, CaV, Kv,
BK or regulatory proteins like NaVβ4, CaVβ4, CaVα2δ, Fgf14,
Rer1 (Figure 1). This can be understood in the light of the
complexity of ionic mechanisms necessary to PCs to carry
out their computational tasks and generate appropriate output
signals that, via deep cerebellar nuclei, allow a precise and fluent
execution of movements and other brain functions.

Alterations of any synaptic input to the PC leads to cerebellar
symptoms. In the case of the PF synapse, a deficit in the
formation or stabilization, as in GluD2 or mGlu1 receptor
mutants, is sufficient to cause a few motor symptoms related to
ataxia (Figure 2). In contrast, even a slight disturbance of the
maturation process of the CF-PC synapse can lead to a disruption
of the innervation pattern, causing severe motor deficits. A
further degree of complexity arises from the plasticity due to
interaction between these two synapses.

Animal models with impairment of intrinsic membrane
properties and those with synaptic deficiencies have in common
an alteration of Purkinje cell output signals, independently from
the mechanism involved. However, almost all reports about PC
signaling in models of ataxia regard either spontaneous activity
(spontaneous firing or spontaneous postsynaptic currents) or
evoked responses to electrical or optogenetic stimulation (evoked
firing or evoked postsynaptic potentials). This fact imposes
serious limitations to the understanding of the mechanisms of
motor control in ataxia. Future studies concerning the alterations
of cerebellar output signals during the performance of motor
tasks would give better insight into the specific mechanisms of
motor control failure in the different types of ataxia.

AUTHOR CONTRIBUTIONS

MCM and FT designed the outline of the article. EH, IB, MCM
and FT wrote the manuscript. EH and IB prepared the figures.

Frontiers in Synaptic Neuroscience | www.frontiersin.org 11 April 2018 | Volume 10 | Article 6

https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


Hoxha et al. Purkinje Cell Signaling in Ataxia

REFERENCES

Adachi, N., Kobayashi, T., Takahashi, H., Kawasaki, T., Shirai, Y., Ueyama, T.,
et al. (2008). Enzymological analysis of mutant protein kinase Cγ causing
spinocerebellar ataxia type 14 and dysfunction in Ca2+ homeostasis. J. Biol.
Chem. 283, 19854–19863. doi: 10.1074/jbc.M801492200

Ady, V., Perroy, J., Tricoire, L., Piochon, C., Dadak, S., Chen, X., et al. (2014).
Type 1 metabotropic glutamate receptors (mGlu1) trigger the gating of
GluD2 δ glutamate receptors. EMBO Rep. 15, 103–109. doi: 10.1002/embr.2013
37371

Akemann, W., and Knöpfel, T. (2006). Interaction of Kv3 potassium channels and
resurgent sodium current influences the rate of spontaneous firing of Purkinje
neurons. J. Neurosci. 26, 4602–4612. doi: 10.1523/JNEUROSCI.5204-05.2006

Ali, Z., Zulfiqar, S., Klar, J., Wikström, J., Ullah, F., Khan, A., et al. (2017).
Homozygous GRID2missensemutation predicts a shift in the D-serine binding
domain of GluD2 in a case with generalized brain atrophy and unusual clinical
features. BMCMed. Genet. 18:144. doi: 10.1186/s12881-017-0504-6

Anderson, D., Engbers, J. D., Heath, N. C., Bartoletti, T. M., Mehaffey, W. H.,
Zamponi, G. W., et al. (2013). The Cav3-Kv4 complex acts as a calcium
sensor to maintain inhibitory charge transfer during extracellular calcium
fluctuations. J. Neurosci. 33, 7811–7824. doi: 10.1523/JNEUROSCI.5384
-12.2013

Armbrust, K. R., Wang, X., Hathorn, T. J., Cramer, S. W., Chen, G., Zu, T., et al.
(2014). Mutant β-III spectrin causes mGluR1α mislocalization and functional
deficits in a mouse model of spinocerebellar ataxia type 5. J. Neurosci. 34,
9891–9904. doi: 10.1523/JNEUROSCI.0876-14.2014

Badura, A., Schonewille, M., Voges, K., Galliano, E., Renier, N., Gao, Z., et al.
(2013). Climbing fiber input shapes reciprocity of Purkinje cell firing. Neuron
78, 700–713. doi: 10.1016/j.neuron.2013.03.018

Barclay, J., Balaguero, N., Mione, M., Ackerman, S. L., Letts, V. A., Brodbeck, J.,
et al. (2001). Ducky mouse phenotype of epilepsy and ataxia is associated with
mutations in the Cacna2d2 gene and decreased calcium channel current in
cerebellar Purkinje cells. J. Neurosci. 21, 6095–6104. doi: 10.1523/JNEUROSCI.
21-16-06095.2001

Barnes, J. A., Ebner, B. A., Duvick, L. A., Gao, W., Chen, G., Orr, H. T., et al.
(2011). Abnormalities in the climbing fiber-purkinje cell circuitry contribute
to neuronal dysfunction in ATXN1[82Q] mice. J. Neurosci. 31, 12778–12789.
doi: 10.1523/JNEUROSCI.2579-11.2011

Batchelor, A. M., and Garthwaite, J. (1997). Frequency detection and temporally
dispersed synaptic signal association through a metabotropic glutamate
receptor pathway. Nature 385, 74–77. doi: 10.1038/385074a0

Batchelor, A. M., Madge, D. J., and Garthwaite, J. (1994). Synaptic activation
of metabotropic glutamate receptors in the parallel fibre-Purkinje cell
pathway in rat cerebellar slices. Neuroscience 63, 911–915. doi: 10.1016/0306-
4522(94)90558-4

Becker, E. B. (2014). The moonwalker mouse: new insights into
TRPC3 function, cerebellar development, and ataxia. Cerebellum 13, 628–636.
doi: 10.1007/s12311-014-0564-5

Becker, E. B. E., Oliver, P. L., Glitsch, M. D., Banks, G. T., Achilli, F., Hardy, A.,
et al. (2009). A point mutation in TRPC3 causes abnormal Purkinje cell
development and cerebellar ataxia in Moonwalker mice. Proc. Natl. Acad. Sci.
U S A 106, 6706–6711. doi: 10.1073/pnas.0810599106

Begum, R., Bakiri, Y., Volynski, K. E., and Kullmann, D. M. (2016). Action
potential broadening in a presynaptic channelopathy. Nat. Commun. 7:12102.
doi: 10.1038/ncomms12102

Bell, C. C., and Grimm, R. J. (1969). Discharge properties of Purkinje cells
recorded on single and double microelectrodes. J. Neurophysiol. 32, 1044–1055.
doi: 10.1152/jn.1969.32.6.1044

Benton, M. D., Lewis, A. H., Bant, J. S., and Raman, I. M. (2013).
Iberiotoxin-sensitive and -insensitive BK currents in Purkinje neuron somata.
J. Neurophysiol. 109, 2528–2541. doi: 10.1152/jn.00127.2012

Boda, E., Hoxha, E., Pini, A., Montarolo, F., and Tempia, F. (2012). Brain
expression of Kv3 subunits during development, adulthood and aging and
in a murine model of Alzheimer’s disease. J. Mol. Neurosci. 46, 606–615.
doi: 10.1007/s12031-011-9648-6

Bosch, M. K., Carrasquillo, Y., Ransdell, J. L., Kanakamedala, A., Ornitz, D. M.,
and Nerbonne, J. M. (2015). Intracellular FGF14 (iFGF14) is required
for spontaneous and evoked firing in cerebellar purkinje neurons and for

motor coordination and balance. J. Neurosci. 35, 6752–6769. doi: 10.1523/
JNEUROSCI.2663-14.2015

Bosman, L. W., Takechi, H., Hartmann, J., Eilers, J., and Konnerth, A.
(2008). Homosynaptic long-term synaptic potentiation of the ‘‘winner’’
climbing fiber synapse in developing Purkinje cells. J. Neurosci. 28, 798–807.
doi: 10.1523/JNEUROSCI.4074-07.2008

Browne, D. L., Gancher, S. T., Nutt, J. G., Brunt, E. R., Smith, E. A., Kramer, P.,
et al. (1994). Episodic ataxia/myokymia syndrome is associated with point
mutations in the human potassium channel gene, KCNA1. Nat. Genet. 8,
136–140. doi: 10.1038/ng1094-136

Burgess, D. L., Jones, J. M., Meisler, M. H., and Noebels, J. L. (1997). Mutation
of the Ca2+ channel β subunit gene Cchb4 is associated with ataxia and
seizures in the lethargic (textitlh) mouse. Cell 88, 385–392. doi: 10.1016/s0092-
8674(00)81877-2

Burgess, D. L., Kohrman, D. C., Galt, J., Plummer, N. W., Jones, J. M., Spear, B.,
et al. (1995). Mutation of a new sodium channel gene, Scn8a, in the mouse
mutant ‘motor endplate disease’. Nat. Genet. 10, 461–465. doi: 10.1038/ng08
95-461

Caldwell, J. H., Schaller, K. L., Lasher, R. S., Peles, E., and Levinson, S. R.
(2000). Sodium channel NaV1.6 is localized at nodes of Ranvier, dendrites,
and synapses. Proc. Natl. Acad. Sci. U S A 97, 5616–5620. doi: 10.1073/pnas.
090034797

Casabona, G., Knöpfel, T., Kuhn, R., Gasparini, F., Baumann, P., Sortino, M. A.,
et al. (1997). Expression and coupling to polyphosphoinositide hydrolysis of
group I metabotropic glutamate receptors in early postnatal and adult rat brain.
Eur. J. Neurosci. 9, 12–17. doi: 10.1111/j.1460-9568.1997.tb01348.x

Chen, C., Kano, M., Abeliovich, A., Chen, L., Bao, S., Kim, J. J., et al. (1995).
Impaired motor coordination correlates with persistent multiple climbing fiber
innervation in PKC γ mutant mice. Cell 83, 1233–1242. doi: 10.1016/0092-
8674(95)90148-5

Chen, X., Kovalchuk, Y., Adelsberger, H., Henning, H. A., Sausbier, M.,
Wietzorrek, G., et al. (2010). Disruption of the olivo-cerebellar circuit by
Purkinje neuron-specific ablation of BK channels. Proc. Natl. Acad. Sci. U S A
107, 12323–12328. doi: 10.1073/pnas.1001745107

Choo, M., Miyazaki, T., Yamazaki, M., Kawamura, M., Nakazawa, T., Zhang, J.,
et al. (2017). Retrograde BDNF to TrkB signaling promotes synapse elimination
in the developing cerebellum. Nat. Commun. 8:195. doi: 10.1038/s41467-017-
00260-w

Chung, Y. H., Shin, C., Kim, M. J., Lee, B. K., and Cha, C. I. (2001).
Immunohistochemical study on the distribution of six members of the
Kv1 channel subunits in the rat cerebellum. Brain Res. 895, 173–177.
doi: 10.1016/s0006-8993(01)02068-6

Clark, H. B., Burright, E. N., Yunis, W. S., Larson, S., Wilcox, C., Hartman, B.,
et al. (1997). Purkinje cell expression of a mutant allele of SCA1 in transgenic
mice leads to disparate effects on motor behaviors, followed by a progressive
cerebellar dysfunction and histological alterations. J. Neurosci. 17, 7385–7395.
doi: 10.1523/JNEUROSCI.17-19-07385.1997

Coetzee, W. A., Amarillo, Y., Chiu, J., Chow, A., Lau, D., McCormack, T., et al.
(1999). Molecular diversity of K+ channels. Ann. N Y Acad. Sci. 868, 233–285.
doi: 10.1111/j.1749-6632.1999.tb11293.x

Conquet, F., Bashir, Z. I., Davies, C. H., Daniel, H., Ferraguti, F., Bordi, F., et al.
(1994). Motor deficit and impairment of synaptic plasticity in mice lacking
mGluR1. Nature 372, 237–243. doi: 10.1038/372237a0

Coutelier, M., Burglen, L., Mundwiller, E., Abada-Bendib, M., Rodriguez, D.,
Chantot-Bastaraud, S., et al. (2015). GRID2 mutations span from congenital to
mild adult-onset cerebellar ataxia. Neurology 84, 1751–1759. doi: 10.1212/wnl.
0000000000001524

Craig, P. J., McAinsh, A. D., McCormack, A. L., Smith, W., Beattie, R. E.,
Priestley, J. V., et al. (1998). Distribution of the voltage-dependent
calcium channel α1A subunit throughout the mature rat brain and its
relationship to neurotransmitter pathways. J. Comp. Neurol. 397, 251–267.
doi: 10.1002/(sici)1096-9861(19980727)397:2<251::aid-cne7>3.0.co;2-#

Crepel, F. (1982). Regression of functional synapses in the immature mammalian
cerebellum. Trends Neurosci. 5, 266–269. doi: 10.1016/0166-2236(82)90168-0

Crepel, F., Delhaye-Bouchaud, N., Guastavino, J. M., and Sampaio, I. (1980).
Multiple innervation of cerebellar Purkinje cells by climbing fibres in staggerer
mutant mouse. Nature 283, 483–484. doi: 10.1038/283483a0

Dickie, M. M. (1965). Jolting.Mouse News Lett. 32:44.

Frontiers in Synaptic Neuroscience | www.frontiersin.org 12 April 2018 | Volume 10 | Article 6

https://doi.org/10.1074/jbc.M801492200
https://doi.org/10.1002/embr.201337371
https://doi.org/10.1002/embr.201337371
https://doi.org/10.1523/JNEUROSCI.5204-05.2006
https://doi.org/10.1186/s12881-017-0504-6
https://doi.org/10.1523/JNEUROSCI.5384-12.2013
https://doi.org/10.1523/JNEUROSCI.5384-12.2013
https://doi.org/10.1523/JNEUROSCI.0876-14.2014
https://doi.org/10.1016/j.neuron.2013.03.018
https://doi.org/10.1523/JNEUROSCI.21-16-06095.2001
https://doi.org/10.1523/JNEUROSCI.21-16-06095.2001
https://doi.org/10.1523/JNEUROSCI.2579-11.2011
https://doi.org/10.1038/385074a0
https://doi.org/10.1016/0306-4522(94)90558-4
https://doi.org/10.1016/0306-4522(94)90558-4
https://doi.org/10.1007/s12311-014-0564-5
https://doi.org/10.1073/pnas.0810599106
https://doi.org/10.1038/ncomms12102
https://doi.org/10.1152/jn.1969.32.6.1044
https://doi.org/10.1152/jn.00127.2012
https://doi.org/10.1007/s12031-011-9648-6
https://doi.org/10.1523/JNEUROSCI.2663-14.2015
https://doi.org/10.1523/JNEUROSCI.2663-14.2015
https://doi.org/10.1523/JNEUROSCI.4074-07.2008
https://doi.org/10.1038/ng1094-136
https://doi.org/10.1016/s0092-8674(00)81877-2
https://doi.org/10.1016/s0092-8674(00)81877-2
https://doi.org/10.1038/ng0895-461
https://doi.org/10.1038/ng0895-461
https://doi.org/10.1073/pnas.090034797
https://doi.org/10.1073/pnas.090034797
https://doi.org/10.1111/j.1460-9568.1997.tb01348.x
https://doi.org/10.1016/0092-8674(95)90148-5
https://doi.org/10.1016/0092-8674(95)90148-5
https://doi.org/10.1073/pnas.1001745107
https://doi.org/10.1038/s41467-017-00260-w
https://doi.org/10.1038/s41467-017-00260-w
https://doi.org/10.1016/s0006-8993(01)02068-6
https://doi.org/10.1523/JNEUROSCI.17-19-07385.1997
https://doi.org/10.1111/j.1749-6632.1999.tb11293.x
https://doi.org/10.1038/372237a0
https://doi.org/10.1212/wnl.0000000000001524
https://doi.org/10.1212/wnl.0000000000001524
https://doi.org/10.1002/(sici)1096-9861(19980727)397:2<251::aid-cne7>3.0.co;2-
https://doi.org/10.1016/0166-2236(82)90168-0
https://doi.org/10.1038/283483a0
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


Hoxha et al. Purkinje Cell Signaling in Ataxia

Donato, R., Page, K. M., Koch, D., Nieto-Rostro, M., Foucault, I., Davies, A., et al.
(2006). The ducky2J mutation in Cacna2d2 results in reduced spontaneous
Purkinje cell activity and altered gene expression. J. Neurosci. 26, 12576–12586.
doi: 10.1523/JNEUROSCI.3080-06.2006

Duarri, A., Jezierska, J., Fokkens, M., Meijer, M., Schelhaas, H. J., den
Dunnen, W. F., et al. (2012). Mutations in potassium channel KCND3 cause
spinocerebellar ataxia type 19. Ann. Neurol. 72, 870–880. doi: 10.1002/ana.
23700

Duarri, A., Lin, M. C., Fokkens, M. R., Meijer, M., Smeets, C. J., Nibbeling, E. A.,
et al. (2015). Spinocerebellar ataxia type 19/22 mutations alter heterocomplex
Kv4.3 channel function and gating in a dominant manner. Cell Mol. Life Sci. 72,
3387–3399. doi: 10.1007/s00018-015-1894-2

Duchen, L. W., and Searle, A. G. (1970). Hereditary motor endplate disease in
the mouse: light and electron microscopic studies. J. Neurosurg. Psychiatry 33,
238–250. doi: 10.1136/jnnp.33.2.238

Duchen, L. W., and Stefani, E. (1971). Electrophysiological studies of
neuromuscular transmission in hereditary ‘motor endplate disease of the
mouse’. J. Physiol. 212, 535–548. doi: 10.1113/jphysiol.1971.sp009340

Ebner, B. A., Ingram, M. A., Barnes, J. A., Duvick, L. A., Frisch, J. L., Clark, H. B.,
et al. (2013). Purkinje cell ataxin-1 modulates climbing fiber synaptic input
in developing and adult mouse cerebellum. J. Neurosci. 33, 5806–5820.
doi: 10.1523/JNEUROSCI.6311-11.2013

Eccles, J. C., Llinás, R., and Sasaki, K. (1966). The excitatory synaptic action of
climbing fibres on the Purkinje cells of the cerebellum. J. Physiol. 182, 268–296.
doi: 10.1113/jphysiol.1966.sp007824

Edgerton, J. R., and Reinhart, P. H. (2003). Distinct contributions of small
and large conductance Ca2+-activated K+ channels to rat Purkinje neuron
function. J. Physiol. 548, 53–69. doi: 10.1113/jphysiol.2002.027854

Engbers, J. D., Anderson, D., Zamponi, G. W., and Turner, R. W. (2013a). Signal
processing by T-type calcium channel interactions in the cerebellum. Front.
Cell. Neurosci. 7:230. doi: 10.3389/fncel.2013.00230

Engbers, J. D., Fernandez, F. R., and Turner, R. W. (2013b). Bistability in Purkinje
neurons: ups and downs in cerebellar research. Neural Netw. 47, 18–31.
doi: 10.1016/j.neunet.2012.09.006

Figueroa, K. P., Minassian, N. A., Stevanin, G., Waters, M., Garibyan, V.,
Forlani, S., et al. (2010). KCNC3: phenotype, mutations, channel
biophysics—a study of 260 familial ataxia patients. Hum. Mutat. 31, 191–196.
doi: 10.1002/humu.21165

Figueroa, K. P., Waters, M. F., Garibyan, V., Bird, T. D., Gomez, C. M.,
Ranum, L. P., et al. (2011). Frequency of KCNC3 DNA variants as causes of
spinocerebellar ataxia 13 (SCA13). PLoS One 6:e17811. doi: 10.1371/journal.
pone.0017811

Finch, E. A., and Augustine, G. J. (1998). Local calcium signalling by
inositol-1,4,5-trisphosphate in Purkinje cell dendrites. Nature 396, 753–756.
doi: 10.1038/25541

Fletcher, C. F., Lutz, C. M., O’Sullivan, T. N., Shaughnessy, J. D. Jr., Hawkes, R.,
Frankel, W. N., et al. (1996). Absence epilepsy in tottering mutant mice is
associated with calcium channel defects. Cell 87, 607–617. doi: 10.1016/s0092-
8674(00)81381-1

Füllekrug, J., Boehm, J., Röttger, S., Nilsson, T., Mieskes, G., and Schmitt, H. D.
(1997). Human Rer1 is localized to the Golgi apparatus and complements
the deletion of the homologous Rer1 protein of Saccharomyces cerevisiae. Eur.
J. Cell Biol. 74, 31–40.

Gähwiler, B. H., and Llano, I. (1989). Sodium and potassium conductances in
somatic membranes of rat Purkinje cells from organotypic cerebellar cultures.
J. Physiol. 417, 105–122. doi: 10.1113/jphysiol.1989.sp017793

Goldin, A. L., Barchi, R. L., Caldwell, J. H., Hofmann, F., Howe, J. R., Hunter, J. C.,
et al. (2000). Nomenclature of voltage-gated sodium channels. Neuron 28,
365–368. doi: 10.1016/S0896-6273(00)00116-1

Goldman-Wohl, D. S., Chan, E., Baird, D., and Heintz, N. (1994). Kv3.3b: a
novel Shaw type potassium channel expressed in terminally differentiated
cerebellar Purkinje cells and deep cerebellar nuclei. J. Neurosci. 14, 511–522.
doi: 10.1523/JNEUROSCI.14-02-00511.1994

Granit, R., and Phillips, C. G. (1956). Excitatory and inhibitory processes acting
upon individual Purkinje cells of the cerebellum in cats. J. Physiol. 133,
520–547. doi: 10.1113/jphysiol.1956.sp005606

Grieco, T. M., Malhotra, J. D., Chen, C., Isom, L. L., and Raman, I. M. (2005).
Open-channel block by the cytoplasmic tail of sodium channel β4 as a

mechanism for resurgent sodium current. Neuron 45, 233–244. doi: 10.1016/j.
neuron.2004.12.035

Gruol, D. L., and Franklin, C. L. (1987). Morphological and physiological
differentiation of Purkinje neurons in cultures of rat cerebellum. J. Neurosci.
7, 1271–1293. doi: 10.1523/JNEUROSCI.07-05-01271.1987

Gruol, D. L., Jacquin, T., and Yool, A. J. (1991). Single-channel K+ currents
recorded from the somatic and dendritic regions of cerebellar Purkinje neurons
in culture. J. Neurosci. 11, 1002–1015. doi: 10.1523/JNEUROSCI.11-04-010
02.1991

Guastavino, J. M., Sotelo, C., and Damez-Kinselle, I. (1990). Hot-foot murine
mutation: behavioral effects and neuroanatomical alterations. Brain Res. 523,
199–210. doi: 10.1016/0006-8993(90)91488-3

Guasti, L., Cilia, E., Crociani, O., Hofmann, G., Polvani, S., Becchetti, A., et al.
(2005). Expression pattern of the ether-a-go-go-related (ERG) family proteins
in the adult mouse central nervous system: evidence for coassembly of different
subunits. J. Comp. Neurol. 491, 157–174. doi: 10.1002/cne.20721

Guergueltcheva, V., Azmanov, D. N., Angelicheva, D., Smith, K. R., Chamova, T.,
Florez, L., et al. (2012). Autosomal-recessive congenital cerebellar ataxia is
caused by mutations in metabotropic glutamate receptor 1. Am. J. Hum. Genet.
91, 553–564. doi: 10.1016/j.ajhg.2012.07.019

Gugger, O. S., Hartmann, J., Birnbaumer, L., and Kapfhammer, J. P. (2012). P/Q-
type and T-type calcium channels, but not type 3 transient receptor potential
cation channels, are involved in inhibition of dendritic growth after chronic
metabotropic glutamate receptor type 1 and protein kinase C activation in
cerebellar Purkinje cells. Eur. J. Neurosci. 35, 20–33. doi: 10.1111/j.1460-9568.
2011.07942.x

Harris, J. B., Boakes, R. J., and Court, J. A. (1992). Physiological and biochemical
studies on the cerebellar cortex of the murine mutants ‘‘jolting’’ and
‘‘motor endplate disease’’. J. Neurol. Sci. 110, 186–194. doi: 10.1016/0022-
510x(92)90027-i

Hartmann, J., Dragicevic, E., Adelsberger, H., Henning, H. A., Sumser, M.,
Abramowitz, J., et al. (2008). TRPC3 channels are required for synaptic
transmission and motor coordination. Neuron 59, 392–398. doi: 10.1016/j.
neuron.2008.06.009

Hashimoto, K., and Kano, M. (2013). Synapse elimination in the developing
cerebellum. Cell Mol. Life Sci. 70, 4667–4680. doi: 10.1007/s00018-013-1405-2

Häusser, M., and Clark, B. A. (1997). Tonic synaptic inhibition modulates
neuronal output pattern and spatiotemporal synaptic integration. Neuron 19,
665–678. doi: 10.1016/s0896-6273(00)80379-7

Herson, P. S., Virk, M., Rustay, N. R., Bond, C. T., Crabbe, J. C., Adelman, J. P.,
et al. (2003). A mouse model of episodic ataxia type-1. Nat. Neurosci. 6,
378–383. doi: 10.1038/nn1025

Hille, B. (2001). Ion Channels of Excitable Membranes. 3rd Edn. Sunderland:
Sinauer Associates Inc.

Hills, L. B., Masri, A., Konno, K., Kakegawa, W., Lam, A. T., Lim-Melia, E.,
et al. (2013). Deletions in GRID2 lead to a recessive syndrome of cerebellar
ataxia and tonic upgaze in humans.Neurology 81, 1378–1386. doi: 10.1212/wnl.
0b013e3182a841a3

Hirai, H., Launey, T., Mikawa, S., Torashima, T., Yanagihara, D., Kasaura, T., et al.
(2003). New role of δ 2-glutamate receptors in AMPA receptor trafficking and
cerebellar function. Nat. Neurosci. 6, 869–876. doi: 10.1038/nn1086

Hirai, H., Miyazaki, T., Kakegawa, W., Matsuda, S., Mishina, M., Watanabe, M.,
et al. (2005). Rescue of abnormal phentypes of the δ 2 glutamate receptor-null
mice by mutant δ 2 transgenes. EMBO Rep. 6, 90–95. doi: 10.1038/sj.embor.
7400312

Hirano, T., Kasono, K., Araki, K., Shinozuka, K., and Mishina, M. (1994).
Involvement of the glutamate receptor 82 subunit in the long term depression
of glutamate responsiveness in cultured rat Purkinje cells. Neurosci. Lett. 182,
172–176. doi: 10.1016/0304-3940(94)90790-0

Hirono, M., Ogawa, Y., Misono, K., Zollinger, D. R., Trimmer, J. S.,
Rasband, M. N., et al. (2015). BK channels localize to the paranodal junction
and regulate action potentials in myelinated axons of cerebellar Purkinje cells.
J. Neurosci. 35, 7082–7094. doi: 10.1523/JNEUROSCI.3778-14.2015

Hoffman, D. A., Magee, J. C., Colbert, C. M., and Johnston, D. (1997). K+ channel
regulation of signal propagation in dendrites of hippocampal pyramidal
neurons. Nature 387, 869–875. doi: 10.1038/36632

Hourez, R., Servais, L., Orduz, D., Gall, D., Millard, I., de Kerchove
d’Exaerde, A., et al. (2011). Aminopyridines correct early dysfunction and

Frontiers in Synaptic Neuroscience | www.frontiersin.org 13 April 2018 | Volume 10 | Article 6

https://doi.org/10.1523/JNEUROSCI.3080-06.2006
https://doi.org/10.1002/ana.23700
https://doi.org/10.1002/ana.23700
https://doi.org/10.1007/s00018-015-1894-2
https://doi.org/10.1136/jnnp.33.2.238
https://doi.org/10.1113/jphysiol.1971.sp009340
https://doi.org/10.1523/JNEUROSCI.6311-11.2013
https://doi.org/10.1113/jphysiol.1966.sp007824
https://doi.org/10.1113/jphysiol.2002.027854
https://doi.org/10.3389/fncel.2013.00230
https://doi.org/10.1016/j.neunet.2012.09.006
https://doi.org/10.1002/humu.21165
https://doi.org/10.1371/journal.pone.0017811
https://doi.org/10.1371/journal.pone.0017811
https://doi.org/10.1038/25541
https://doi.org/10.1016/s0092-8674(00)81381-1
https://doi.org/10.1016/s0092-8674(00)81381-1
https://doi.org/10.1113/jphysiol.1989.sp017793
https://doi.org/10.1016/S0896-6273(00)00116-1
https://doi.org/10.1523/JNEUROSCI.14-02-00511.1994
https://doi.org/10.1113/jphysiol.1956.sp005606
https://doi.org/10.1016/j.neuron.2004.12.035
https://doi.org/10.1016/j.neuron.2004.12.035
https://doi.org/10.1523/JNEUROSCI.07-05-01271.1987
https://doi.org/10.1523/JNEUROSCI.11-04-01002.1991
https://doi.org/10.1523/JNEUROSCI.11-04-01002.1991
https://doi.org/10.1016/0006-8993(90)91488-3
https://doi.org/10.1002/cne.20721
https://doi.org/10.1016/j.ajhg.2012.07.019
https://doi.org/10.1111/j.1460-9568.2011.07942.x
https://doi.org/10.1111/j.1460-9568.2011.07942.x
https://doi.org/10.1016/0022-510x(92)90027-i
https://doi.org/10.1016/0022-510x(92)90027-i
https://doi.org/10.1016/j.neuron.2008.06.009
https://doi.org/10.1016/j.neuron.2008.06.009
https://doi.org/10.1007/s00018-013-1405-2
https://doi.org/10.1016/s0896-6273(00)80379-7
https://doi.org/10.1038/nn1025
https://doi.org/10.1212/wnl.0b013e3182a841a3
https://doi.org/10.1212/wnl.0b013e3182a841a3
https://doi.org/10.1038/nn1086
https://doi.org/10.1038/sj.embor.7400312
https://doi.org/10.1038/sj.embor.7400312
https://doi.org/10.1016/0304-3940(94)90790-0
https://doi.org/10.1523/JNEUROSCI.3778-14.2015
https://doi.org/10.1038/36632
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


Hoxha et al. Purkinje Cell Signaling in Ataxia

delay neurodegeneration in a mouse model of spinocerebellar ataxia type 1.
J. Neurosci. 31, 11795–11807. doi: 10.1523/JNEUROSCI.0905-11.2011

Hoxha, E., Lippiello, P., Scelfo, B., Tempia, F., Ghirardi, M., and Miniaci, M. C.
(2017). Maturation, refinement, and serotonergic modulation of cerebellar
cortical circuits in normal development and in murine models of autism.
Neural Plast. 2017:6595740. doi: 10.1155/2017/6595740

Hoxha, E., Tempia, F., Lippiello, P., and Miniaci, M. C. (2016). Modulation,
plasticity and pathophysiology of the parallel fiber-purkinje cell synapse. Front.
Synaptic Neurosci. 8:35. doi: 10.3389/fnsyn.2016.00035

Hoxha, E., Tonini, R., Montarolo, F., Croci, L., Consalez, G. G., and Tempia, F.
(2013). Motor dysfunction and cerebellar Purkinje cell firing impairment in
Ebf2 null mice.Mol. Cell. Neurosci. 52, 51–61. doi: 10.1016/j.mcn.2012.09.002

Hurlock, E. C., McMahon, A., and Joho, R. H. (2008). Purkinje-cell-
restricted restoration of Kv3.3 function restores complex spikes and
rescues motor coordination in Kcnc3 mutants. J. Neurosci. 28, 4640–4648.
doi: 10.1523/JNEUROSCI.5486-07.2008

Ichikawa, R., Miyazaki, T., Kano, M., Hashikawa, T., Tatsumi, H., Sakimura, K.,
et al. (2002). Distal extension of climbing fiber territory and multiple
innervation caused by aberrant wiring to adjacent spiny branchlets in cerebellar
Purkinje cells lacking glutamate receptor δ2. J. Neurosci. 22, 8487–8503.
doi: 10.1523/JNEUROSCI.22-19-08487.2002

Ichise, T., Kano, M., Hashimoto, K., Yanagihara, D., Nakao, K., Shigemoto, R.,
et al. (2000). mGluR1 in cerebellar Purkinje cells essential for long-term
depression, synapse elimination and motor coordination. Science 288,
1832–1835. doi: 10.1126/science.288.5472.1832

Indriati, D. W., Kamasawa, N., Matsui, K., Meredith, A. L., Watanabe, M., and
Shigemoto, R. (2013). Quantitative localization of Cav2.1 (P/Q-type) voltage-
dependent calcium channels in Purkinje cells: somatodendritic gradient and
distinct somatic coclustering with calcium-activated potassium channels.
J. Neurosci. 33, 3668–3678. doi: 10.1523/JNEUROSCI.2921-12.2013

Irie, T., Matsuzaki, Y., Sekino, Y., and Hirai, H. (2014). Kv3.3 channels harbouring
a mutation of spinocerebellar ataxia type 13 alter excitability and induce
cell death in cultured cerebellar Purkinje cells. J. Physiol. 592, 229–247.
doi: 10.1113/jphysiol.2013.264309

Ito, M. (1984). The Cerebellum and Neural Control. New York, NY: Raven Press.
Ito-Ishida, A., Miura, E., Emi, K., Matsuda, K., Iijima, T., Kondo, T., et al. (2008).

Cbln1 regulates rapid formation and maintenance of excitatory synapses in
mature cerebellar Purkinje cells in vitro and in vivo. J. Neurosci. 28, 5920–5930.
doi: 10.1523/JNEUROSCI.1030-08.2008

Jaeger, D., and Bower, J. M. (1999). Synaptic control of spiking in cerebellar
Purkinje cells: dynamic current clamp based on model conductances.
J. Neurosci. 19, 6090–6101. doi: 10.1523/JNEUROSCI.19-14-06090.1999

Jan, L. Y., and Jan, Y. N. (2012). Voltage-gated potassium channels
and the diversity of electrical signalling. J. Physiol. 590, 2591–2599.
doi: 10.1113/jphysiol.2011.224212

Jayabal, S., Chang, H. H. V., Cullen, K. E., andWatt, A. J. (2016). 4-aminopyridine
alleviates ataxia and reverses cerebellar output deficiency in a mouse model of
spinocerebellar ataxia type 6. Sci. Rep. 6:29489. doi: 10.1038/srep29489

Jayabal, S., Ljungberg, L., Erwes, T., Cormier, A., Quilez, S., El Jaouhari, S., et al.
(2015). Rapid onset of motor deficits in amousemodel of spinocerebellar ataxia
type 6 precedes late cerebellar degeneration. eNeuro 2:ENEURO.0094-15.2015.
doi: 10.1523/ENEURO.0094-15.2015

Jenkins, S. M., and Bennett, V. (2001). Ankyrin-G coordinates assembly of
the spectrin-based membrane skeleton, voltage-gated sodium channels, and
L1 CAMs at Purkinje neuron initial segments. J. Cell. Biol. 155, 739–746.
doi: 10.1083/jcb.200109026

Jeromin, A., Huganir, R. L., and Linden, D. J. (1996). Suppression of the glutamate
receptor δ 2 subunit produces a specific impairment in cerebellar long-term
depression. J. Neurophysiol. 76, 3578–3583. doi: 10.1152/jn.1996.76.5.3578

Joho, R. H., Street, C., Matsushita, S., and Knöpfel, T. (2006). Behavioral motor
dysfunction in Kv3-type potassium channel-deficient mice.Genes Brain Behav.
5, 472–482. doi: 10.1111/j.1601-183x.2005.00184.x

Kakegawa, W., Miyazaki, T., Kohda, K., Matsuda, K., Emi, K., Motohashi, J.,
et al. (2009). The N-terminal domain of GluD2 (GluRδ2) recruits presynaptic
terminals and regulates synaptogenesis in the cerebellum in vivo. J. Neurosci.
29, 5738–5748. doi: 10.1523/JNEUROSCI.6013-08.2009

Kalume, F., Yu, F. H., Westenbroek, R. E., Scheuer, T., and Catterall, W. A. (2007).
Reduced sodium current in Purkinje neurons from Nav1.1 mutant mice:

implications for ataxia in severe myoclonic epilepsy in infancy. J. Neurosci. 27,
11065–11074. doi: 10.1523/JNEUROSCI.2162-07.2007

Kamp, M. A., Hänggi, D., Steiger, H. J., and Schneider, T. (2012). Diversity of
presynaptic calcium channels displaying different synaptic properties. Rev.
Neurosci. 23, 179–190. doi: 10.1515/revneuro-2011-0070

Kano, M., Hashimoto, K., Kurihara, H., Watanabe, M., Inoue, Y., Aiba, A.,
et al. (1997). Persistent multiple climbing fiber innervation of cerebellar
Purkinje cells in mice lacking mGluR1. Neuron 18, 71–79. doi: 10.1016/s0896-
6273(01)80047-7

Kano, M., Hashimoto, K., and Tabata, T. (2008). Type-1 metabotropic
glutamate receptor in cerebellar Purkinje cells: a key molecule responsible for
long-term depression, endocannabinoid signalling and synapse elimination.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 2173–2186. doi: 10.1098/rstb.
2008.2270

Kano, M., Hashimoto, K., Watanabe, M., Kurihara, H., Offermanns, S., Jiang, H.,
et al. (1998). Phospholipase Cβ4 is specifically involved in climbing fiber
synapse elimination in the developing cerebellum. Proc. Natl. Acad. Sci. U S A
95, 15724–15729. doi: 10.1073/pnas.95.26.15724

Kashiwabuchi, N., Ikeda, K., Araki, K., Hirano, T., Shibuki, K., Takayama, C., et al.
(1995). Impairment of motor coordination Purkinje cell synapse formation and
cerebellar long-term depression in GluRO2 mutant mice. Cell 81, 245–252.
doi: 10.1016/0092-8674(95)90334-8

Kasumu, A. W., Liang, X., Egorova, P., Vorontsova, D., and Bezprozvanny, I.
(2012). Chronic suppression of inositol 1,4,5-triphosphate receptor-mediated
calcium signaling in cerebellar purkinje cells alleviates pathological
phenotype in spinocerebellar ataxia 2 mice. J. Neurosci. 32, 12786–12796.
doi: 10.1523/JNEUROSCI.1643-12.2012

Kato, A. S., Knierman, M. D., Siuda, E. R., Isaac, J. T., Nisenbaum, E. S., and
Bredt, D. S. (2012). Glutamate receptor δ2 associates with metabotropic
glutamate receptor 1 (mGluR1), protein kinase Cγ, and canonical
transient receptor potential 3 and regulates mGluR1-mediated synaptic
transmission in cerebellar Purkinje neurons. J. Neurosci. 32, 15296–15308.
doi: 10.1523/JNEUROSCI.0705-12.2012

Khavandgar, S., Walter, J. T., Sageser, K., and Khodakhah, K. (2005). Kv1 channels
selectively prevent dendritic hyperexcitability in rat Purkinje cells. J. Physiol.
569, 545–557. doi: 10.1113/jphysiol.2005.098053

Knaus, H.-G., Schwarzer, C., Koch, R. O., Eberhart, A., Kaczorowski, G. J.,
Glossmann, H., et al. (1996). Distribution of high-conductance Ca2+-activated
K+ channels in rat brain: targeting to axons and nerve terminals. J. Neurosci.
16, 955–963.

Kohda, K., Wang, Y., and Yuzaki, M. (2000). Mutation of a glutamate receptor
motif reveals its role in gating and δ2 receptor channel properties. Nat.
Neurosci. 3, 315–322. doi: 10.1038/73877

Kohrman, D. C., Harris, J. B., and Meisler, M. H. (1996a). Mutation detection in
the med and medJ alleles of the sodium channel Scn8a: unusual patterns of
exon skipping are influenced by a minor class AT-AC intron. J. Biol. Chem.
271, 17576–17581. doi: 10.1074/jbc.271.29.17576

Kohrman, D. C., Smith, M. R., Goldin, A. L., Harris, J., andMeisler, M. H. (1996b).
A missense mutation in the sodium channel Scn8a is responsible for cerebellar
ataxia in the mouse mutant jolting. J. Neurosci. 16, 5993–5999.

Kohrman, D. C., Plummer, N. W., Schuster, T., Jones, J. M., Jang, W.,
Burgess, D. L., et al. (1995). Insertional mutation of the motor endplate
disease (med) locus on mouse chromosome 15. Genomics 26, 171–177.
doi: 10.1016/0888-7543(95)80198-u

Konno, A., Shuvaev, A. N., Miyake, N., Miyake, K., Iizuka, A., Matsuura, S., et al.
(2014). Mutant ataxin-3 with an abnormally expanded polyglutamine chain
disrupts dendritic development and metabotropic glutamate receptor signaling
in mouse cerebellar Purkinje cells. Cerebellum 13, 29–41. doi: 10.1007/s12311-
013-0516-5

Krzemien, D. M., Schaller, K. L., Levinson, S. R., and Caldwell, J. H.
(2000). Immunolocalization of sodium channel isoform NaCh6 in the
nervous system. J. Comp. Neurol. 420, 70–83. doi: 10.1002/(sici)1096-
9861(20000424)420:1<70::aid-cne5>3.3.co;2-g

Kurihara, H., Hashimoto, K., Kano, M., Takayama, C., Sakimura, K., Mishina, M.,
et al. (1997). Impaired parallel fiber→Purkinje cell synapse stabilization
during cerebellar development of mutant mice lacking the glutamate receptor
δ2 subunit. J. Neurosci. 17, 9613–9623. doi: 10.1523/JNEUROSCI.17-24-09613.
1997

Frontiers in Synaptic Neuroscience | www.frontiersin.org 14 April 2018 | Volume 10 | Article 6

https://doi.org/10.1523/JNEUROSCI.0905-11.2011
https://doi.org/10.1155/2017/6595740
https://doi.org/10.3389/fnsyn.2016.00035
https://doi.org/10.1016/j.mcn.2012.09.002
https://doi.org/10.1523/JNEUROSCI.5486-07.2008
https://doi.org/10.1523/JNEUROSCI.22-19-08487.2002
https://doi.org/10.1126/science.288.5472.1832
https://doi.org/10.1523/JNEUROSCI.2921-12.2013
https://doi.org/10.1113/jphysiol.2013.264309
https://doi.org/10.1523/JNEUROSCI.1030-08.2008
https://doi.org/10.1523/JNEUROSCI.19-14-06090.1999
https://doi.org/10.1113/jphysiol.2011.224212
https://doi.org/10.1038/srep29489
https://doi.org/10.1523/ENEURO.0094-15.2015
https://doi.org/10.1083/jcb.200109026
https://doi.org/10.1152/jn.1996.76.5.3578
https://doi.org/10.1111/j.1601-183x.2005.00184.x
https://doi.org/10.1523/JNEUROSCI.6013-08.2009
https://doi.org/10.1523/JNEUROSCI.2162-07.2007
https://doi.org/10.1515/revneuro-2011-0070
https://doi.org/10.1016/s0896-6273(01)80047-7
https://doi.org/10.1016/s0896-6273(01)80047-7
https://doi.org/10.1098/rstb.2008.2270
https://doi.org/10.1098/rstb.2008.2270
https://doi.org/10.1073/pnas.95.26.15724
https://doi.org/10.1016/0092-8674(95)90334-8
https://doi.org/10.1523/JNEUROSCI.1643-12.2012
https://doi.org/10.1523/JNEUROSCI.0705-12.2012
https://doi.org/10.1113/jphysiol.2005.098053
https://doi.org/10.1038/73877
https://doi.org/10.1074/jbc.271.29.17576
https://doi.org/10.1016/0888-7543(95)80198-u
https://doi.org/10.1007/s12311-013-0516-5
https://doi.org/10.1007/s12311-013-0516-5
https://doi.org/10.1002/(sici)1096-9861(20000424)420:1<70::aid-cne5>3.3.co;2-g
https://doi.org/10.1002/(sici)1096-9861(20000424)420:1<70::aid-cne5>3.3.co;2-g
https://doi.org/10.1523/JNEUROSCI.17-24-09613.1997
https://doi.org/10.1523/JNEUROSCI.17-24-09613.1997
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


Hoxha et al. Purkinje Cell Signaling in Ataxia

Laezza, F., Gerber, B. R., Lou, J. Y., Kozel, M. A., Hartman, H., Craig, A. M., et al.
(2007). The FGF14(F145S) mutation disrupts the interaction of FGF14 with
voltage-gated Na+ channels and impairs neuronal excitability. J. Neurosci. 27,
12033–12044. doi: 10.1523/JNEUROSCI.2282-07.2007

Lalouette, A., Guénet, J. L., and Vriz, S. (1998). Hotfoot mouse mutations affect
the δ 2 glutamate receptor gene and are allelic to lurcher. Genomics 50, 9–13.
doi: 10.1006/geno.1998.5314

Lalouette, A., Lohof, A., Sotelo, C., Guenet, J., and Mariani, J. (2001).
Neurobiological effects of a null mutation depend on genetic context:
comparison between two hotfoot alleles of the δ-2 ionotropic glutamate
receptor. Neuroscience 105, 443–455. doi: 10.1016/s0306-4522(01)
00193-2

Landsend, A. S., Amiry-Moghaddam, M., Matsubara, A., Bergersen, L., Usami, S.,
Wenthold, R. J., et al. (1997). Differential localization of δ glutamate receptors
in the rat cerebellum: coexpression with AMPA receptors in parallel fiber-
spine synapses and absence from climbing fiber-spine synapses. J. Neurosci. 17,
834–842. doi: 10.1523/JNEUROSCI.17-02-00834.1997

Laube, G., Röper, J., Pitt, J. C., Sewing, S., Kistner, U., Garner, C. C.,
et al. (1996). Ultrastructural localization of Shaker-related potassium channel
subunits and synapse-associated protein 90 to septate-like junctions in rat
cerebellar Pinceaux. Mol. Brain Res. 42, 51–61. doi: 10.1016/s0169-328x(96)
00120-9

Lee, Y. C., Durr, A., Majczenko, K., Huang, Y. H., Liu, Y. C., Lien, C. C., et al.
(2012). Mutations in KCND3 cause spinocerebellar ataxia type 22.Ann. Neurol.
72, 859–869. doi: 10.1002/ana.23701

Levin, S. I., Khaliq, Z. M., Aman, T. K., Grieco, T. M., Kearney, J. A., Raman, I. M.,
et al. (2006). Impaired motor function in mice with cell-specific knockout of
sodium channel Scn8a (NaV1.6) in cerebellar Purkinje neurons and granule
cells. J. Neurophysiol. 96, 785–793. doi: 10.1152/jn.01193.2005

Lippiello, P., Hoxha, E., Speranza, L., Volpicelli, F., Ferraro, A., Leopoldo, M.,
et al. (2016). The 5-HT7 receptor triggers cerebellar long-term synaptic
depression via PKC-MAPK. Neuropharmacology 101, 426–438. doi: 10.1016/j.
neuropharm.2015.10.019

Lippiello, P., Hoxha, E., Volpicelli, F., Lo Duca, G., Tempia, F., and Miniaci, M. C.
(2015). Noradrenergic modulation of the parallel fiber-Purkinje cell synapse in
mouse cerebellum. Neuropharmacology 89, 33–42. doi: 10.1016/j.neuropharm.
2014.08.016

Liu, C.-J., Dib-Hajj, S. D., and Waxman, S. G. (2001). Fibroblast growth
factor homologous factor 1B binds to the C terminus of the tetrodotoxin-
resistant sodium channel rNaV1.9a (NaN). J. Biol. Chem. 276, 18925–18933.
doi: 10.1074/jbc.M101606200

Liu, J., Tang, T. S., Tu, H., Nelson, O., Herndon, E., Huynh, D. P., et al. (2009).
Deranged calcium signaling and neurodegeneration in spinocerebellar ataxia
type 2. J. Neurosci. 29, 9148–9162. doi: 10.1523/JNEUROSCI.0660-09.2009

Llinás, R., and Sugimori, M. (1980). Electrophysiological properties of in vitro
Purkinje cell somata in mammalian cerebellar slices. J. Physiol. 305, 171–195.
doi: 10.1113/jphysiol.1980.sp013357

Loewenstein, Y., Mahon, S., Chadderton, P., Kitamura, K., Sompolinsky, H.,
Yarom, Y., et al. (2005). Bistability of cerebellar Purkinje cells modulated by
sensory stimulation. Nat. Neurosci. 8, 202–211. doi: 10.1038/nn1393

Lohof, A. M., Delhaye-Bouchaud, N., and Mariani, J. (1996). Synapse elimination
in the central nervous system: functional significance and cellular mechanisms.
Rev. Neurosci. 7, 85–101. doi: 10.1515/revneuro.1996.7.2.85

Lorenzetto, E., Caselli, L., Feng, G., Yuan, W., Nerbonne, J. M., Sanes, J. R.,
et al. (2009). Genetic perturbation of postsynaptic activity regulates synapse
elimination in developing cerebellum. Proc. Natl. Acad. Sci. U S A 106,
16475–16480. doi: 10.1073/pnas.0907298106

Ly, R., Bouvier, G., Szapiro, G., Prosser, H. M., Randall, A. D., Kano, M.,
et al. (2016). Contribution of postsynaptic T-type calcium channels to
parallel fibre-Purkinje cell synaptic responses. J. Physiol. 594, 915–936.
doi: 10.1113/JP271623

Maier, A., Klopocki, E., Horn, D., Tzschach, A., Holm, T., Meyer, R., et al.
(2014). De novo partial deletion in GRID2 presenting with complicated spastic
paraplegia.Muscle Nerve. 49, 289–292. doi: 10.1002/mus.24096

Martina, M., Yao, G. L., and Bean, B. P. (2003). Properties and functional role of
voltage-dependent potassium channels in dendrites of rat cerebellar Purkinje
neurons. J. Neurosci. 23, 5698–5707. doi: 10.1523/JNEUROSCI.23-13-05698.
2003

Matsuda, K., Miura, E., Miyazaki, T., Kakegawa, W., Emi, K., Narumi, S., et al.
(2010). Cbln1 is a ligand for an orphan glutamate receptor δ2, a bidirectional
synapse organizer. Science 328, 363–368. doi: 10.1126/science.1185152

McMahon, A., Fowler, S. C., Perney, T. M., Akemann, W., Knöpfel, T.,
and Joho, R. H. (2004). Allele-dependent changes of olivocerebellar circuit
properties in the absence of the voltage-gated potassium channels Kv3.1 and
Kv3.3. Eur. J. Neurosci. 19, 3317–3327. doi: 10.1111/j.0953-816x.2004.03385.x

McNamara, N. M., Muniz, Z. M., Wilkin, G. P., and Dolly, J. O. (1993). Prominent
location of a K+ channel containing the α subunit Kv 1.2 in the basket cell nerve
terminals of rat cerebellum. Neuroscience 57, 1039–1045. doi: 10.1016/0306-
4522(93)90047-j

Meera, P., Pulst, S., and Otis, T. (2017). A positive feedback loop linking enhanced
mGluR function and basal calcium in spinocerebellar ataxia type 2. Elife
6:e26377. doi: 10.7554/elife.26377

Mikuni, T., Uesaka, N., Okuno, H., Hirai, H., Deisseroth, K., Bito, H.,
et al. (2013). Arc/Arg3.1 is a postsynaptic mediator of activity-dependent
synapse elimination in the developing cerebellum. Neuron 78, 1024–1035.
doi: 10.1016/j.neuron.2013.04.036

Miyazaki, T., Hashimoto, K., Shin, H. S., Kano, M., and Watanabe, M. (2004).
P/Q-type Ca2+ channel α1A regulates synaptic competition on developing
cerebellar Purkinje cells. J. Neurosci. 24, 1734–1743. doi: 10.1523/jneurosci.
4208-03.2004

Miyoshi, Y., Yoshioka, Y., Suzuki, K., Miyazaki, T., Koura, M., Saigoh, K.,
et al. (2014). A new mouse allele of glutamate receptor δ 2 with cerebellar
atrophy and progressive ataxia. PLoSOne 9:e107867. doi: 10.1371/journal.pone.
0107867

Motohashi, J., Kakegawa, W., and Yuzaki, M. (2007). Ho15J: a new hotfoot allele
in a hot spot in the gene encoding the δ2 glutamate receptor. Brain Res. 1140,
153–160. doi: 10.1016/j.brainres.2006.03.068

Nam, S. C., and Hockberger, P. E. (1997). Analysis of spontaneous electrical
activity in cerebellar Purkinje cells acutely isolated from postnatal rats.
J. Neurobiol. 33, 18–32. doi: 10.1002/(sici)1097-4695(199707)33:1<18::aid-
neu3>3.0.co;2-g

Niwa, N., Wang, W., Sha, Q., Marionneau, C., and Nerbonne, J. M. (2008).
Kv4.3 is not required for the generation of functional Ito, f channels in adult
mouse ventricles. J. Mol. Cell. Cardiol. 44, 95–104. doi: 10.1016/j.yjmcc.2007.
10.007

Notartomaso, S., Zappulla, C., Biagioni, F., Cannella, M., Bucci, D., Mascio, G.,
et al. (2013). Pharmacological enhancement of mGlu1 metabotropic glutamate
receptors causes a prolonged symptomatic benefit in a mouse model of
spinocerebellar ataxia type 1.Mol. Brain 6:48. doi: 10.1186/1756-6606-6-48

Oda, S. (1973). The observation of rolling mouse Nagoya (rol), a new
neurological mutant, and its maintenance. Jikken Dobutsu 22, 281–288.
doi: 10.1538/expanim1957.22.4_281

Offermanns, S., Hashimoto, K., Watanabe, M., Sun, W., Kurihara, H.,
Thompson, R. F., et al. (1997). Impaired motor coordination and persistent
multiple climbing fiber innervation of cerebellar Purkinje cells in mice lacking
Gαq. Proc. Natl. Acad. Sci. U S A 94, 14089–14094. doi: 10.1073/pnas.94.25.
14089

Ophoff, R. A., Terwindt, G. M., Vergouwe, M. N., van Eijk, R., Oefner, P. J.,
Hoffman, S. M., et al. (1996). Familial hemiplegic migraine and episodic ataxia
type-2 are caused by mutations in the Ca2+ channel gene CACNL1A4. Cell 87,
543–552. doi: 10.1016/s0092-8674(00)81373-2

Orr, H. T. (2012). SCA1-phosphorylation, a regulator of Ataxin-1 function and
pathogenesis. Prog. Neurobiol. 99, 179–185. doi: 10.1016/j.pneurobio.2012.
04.003

Ovsepian, S. V., LeBerre, M., Steuber, V., O’Leary, V. B., Leibold, C., and
Dolly, J. O. (2016). Distinctive role of KV1.1 subunit in the biology and
functions of low threshold K+ channels with implications for neurological
disease. Pharmacol. Ther. 159, 93–101. doi: 10.1016/j.pharmthera.2016.01.005

Pietrobon, D. (2010). CaV2.1 channelopathies. Pflugers Arch. 460, 375–393.
doi: 10.1007/s00424-010-0802-8

Raman, I. M., and Bean, B. P. (1997). Resurgent sodium current and action
potential formation in dissociated cerebellar Purkinje neurons. J. Neurosci. 17,
4517–4526. doi: 10.1523/jneurosci.17-12-04517.1997

Raman, I.M., and Bean, B. P. (1999). Ionic currents underlying spontaneous action
potentials in isolated cerebellar Purkinje neurons. J. Neurosci. 19, 1663–1674.
doi: 10.1523/jneurosci.19-05-01663.1999

Frontiers in Synaptic Neuroscience | www.frontiersin.org 15 April 2018 | Volume 10 | Article 6

https://doi.org/10.1523/JNEUROSCI.2282-07.2007
https://doi.org/10.1006/geno.1998.5314
https://doi.org/10.1016/s0306-4522(01)00193-2
https://doi.org/10.1016/s0306-4522(01)00193-2
https://doi.org/10.1523/JNEUROSCI.17-02-00834.1997
https://doi.org/10.1016/s0169-328x(96)00120-9
https://doi.org/10.1016/s0169-328x(96)00120-9
https://doi.org/10.1002/ana.23701
https://doi.org/10.1152/jn.01193.2005
https://doi.org/10.1016/j.neuropharm.2015.10.019
https://doi.org/10.1016/j.neuropharm.2015.10.019
https://doi.org/10.1016/j.neuropharm.2014.08.016
https://doi.org/10.1016/j.neuropharm.2014.08.016
https://doi.org/10.1074/jbc.M101606200
https://doi.org/10.1523/JNEUROSCI.0660-09.2009
https://doi.org/10.1113/jphysiol.1980.sp013357
https://doi.org/10.1038/nn1393
https://doi.org/10.1515/revneuro.1996.7.2.85
https://doi.org/10.1073/pnas.0907298106
https://doi.org/10.1113/JP271623
https://doi.org/10.1002/mus.24096
https://doi.org/10.1523/JNEUROSCI.23-13-05698.2003
https://doi.org/10.1523/JNEUROSCI.23-13-05698.2003
https://doi.org/10.1126/science.1185152
https://doi.org/10.1111/j.0953-816x.2004.03385.x
https://doi.org/10.1016/0306-4522(93)90047-j
https://doi.org/10.1016/0306-4522(93)90047-j
https://doi.org/10.7554/elife.26377
https://doi.org/10.1016/j.neuron.2013.04.036
https://doi.org/10.1523/jneurosci.4208-03.2004
https://doi.org/10.1523/jneurosci.4208-03.2004
https://doi.org/10.1371/journal.pone.0107867
https://doi.org/10.1371/journal.pone.0107867
https://doi.org/10.1016/j.brainres.2006.03.068
https://doi.org/10.1002/(sici)1097-4695(199707)33:1<18::aid-neu3>3.0.co;2-g
https://doi.org/10.1002/(sici)1097-4695(199707)33:1<18::aid-neu3>3.0.co;2-g
https://doi.org/10.1016/j.yjmcc.2007.10.007
https://doi.org/10.1016/j.yjmcc.2007.10.007
https://doi.org/10.1186/1756-6606-6-48
https://doi.org/10.1538/expanim1957.22.4_281
https://doi.org/10.1073/pnas.94.25.14089
https://doi.org/10.1073/pnas.94.25.14089
https://doi.org/10.1016/s0092-8674(00)81373-2
https://doi.org/10.1016/j.pneurobio.2012.04.003
https://doi.org/10.1016/j.pneurobio.2012.04.003
https://doi.org/10.1016/j.pharmthera.2016.01.005
https://doi.org/10.1007/s00424-010-0802-8
https://doi.org/10.1523/jneurosci.17-12-04517.1997
https://doi.org/10.1523/jneurosci.19-05-01663.1999
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


Hoxha et al. Purkinje Cell Signaling in Ataxia

Raman, I. M., Sprunger, L. K., Meisler, M. H., and Bean, B. P. (1997). Altered
subthreshold sodium currents and disrupted firing patterns in Purkinje
neurons of Scn8a mutant mice. Neuron 19, 881–891. doi: 10.1016/s0896-
6273(00)80969-1

Ransdell, J. L., Dranoff, E., Lau, B., Lo, W. L., Donermeyer, D. L., Allen, P. M.,
et al. (2017). Loss of Navβ4-mediated regulation of sodium currents in adult
purkinje neurons disrupts firing and impairs motor coordination and balance.
Cell Rep. 19, 532–544. doi: 10.1016/j.celrep.2017.03.068

Regan, L. J. (1991). Voltage-dependent calcium currents in Purkinje cells from
rat cerebellar vermis. J. Neurosci. 11, 2259–2269. doi: 10.1523/jneurosci.11-07-
02259.1991

Ross, W. N., and Werman, R. (1987). Mapping calcium transients in the dendrites
of Purkinje cells from the guinea-pig cerebellum in vitro. J. Physiol. 389,
319–336. doi: 10.1113/jphysiol.1987.sp016659

Rudy, B., and McBain, C. J. (2001). Kv3 channels: voltage-gated K+ channels
designed for high-frequency repetitive firing. Trends Neurosci. 24, 517–526.
doi: 10.1016/s0166-2236(00)01892-0

Ruegsegger, C., Stucki, D. M., Steiner, S., Angliker, N., Radecke, J., Keller, E.,
et al. (2016). Impaired mTORC1-dependent expression of homer-3 influences
SCA1 pathophysiology.Neuron 89, 129–146. doi: 10.1016/j.neuron.2015.11.033

Sacco, T., Bruno, A., Wanke, E., and Tempia, F. (2003). Functional roles of an ERG
current isolated in cerebellar Purkinje neurons. J. Neurophysiol. 90, 1817–1828.
doi: 10.1152/jn.00104.2003

Sacco, T., De Luca, A., and Tempia, F. (2006). Properties and expression of
Kv3 channels in cerebellar Purkinje cells. Mol. Cell. Neurosci. 33, 170–179.
doi: 10.1016/j.mcn.2006.07.006

Sacco, T., and Tempia, F. (2002). A-type potassium currents active at subthreshold
potentials in mouse cerebellar Purkinje cells. J. Physiol. 543, 505–520.
doi: 10.1113/jphysiol.2002.022525

Sausbier, M., Hu, H., Arntz, C., Feil, S., Kamm, S., Adelsberger, H., et al.
(2004). Cerebellar ataxia and Purkinje cell dysfunction caused by Ca2+-
activated K+ channel deficiency. Proc. Natl. Acad. Sci. U S A 101, 9474–9478.
doi: 10.1073/pnas.0401702101

Sausbier, U., Sausbier, M., Sailer, C. A., Arntz, C., Knaus, H. G., Neuhuber, W.,
et al. (2006). Ca2+ -activated K+ channels of the BK-type in the mouse brain.
Histochem. Cell Biol. 125, 725–741. doi: 10.1007/s00418-005-0124-7

Savio, T., and Tempia, F. (1985). On the Purkinje cell activity increase induced
by suppression of inferior olive activity. Exp. Brain Res. 57, 456–463.
doi: 10.1007/bf00237832

Scelfo, B., and Strata, P. (2005). Correlation between multiple climbing fibre
regression and parallel fibre response development in the postnatal mouse
cerebellum. Eur. J. Neurosci. 21, 971–978. doi: 10.1111/j.1460-9568.2005.
03933.x

Schmid, S. M., Kott, S., Sager, C., Huelsken, T., and Hollmann, M. (2009). The
glutamate receptor subunit δ2 is capable of gating its intrinsic ion channel as
revealed by ligand binding domain transplantation. Proc. Natl. Acad. Sci. U S A
106, 10320–10325. doi: 10.1073/pnas.0900329106

Serôdio, P., and Rudy, B. (1998). Differential expression of Kv4 K+ channel
subunits mediating subthreshold transient K+ (A-type) currents in rat brain.
J. Neurophysiol. 79, 1081–1091. doi: 10.1152/jn.1998.79.2.1081

Serra, H. G., Byam, C. E., Lande, J. D., Tousey, S. K., Zoghbi, H. Y., and
Orr, H. T. (2004). Gene profiling links SCA1 pathophysiology to glutamate
signaling in Purkinje cells of transgenic mice.Hum. Mol. Genet. 13, 2535–2543.
doi: 10.1093/hmg/ddh268

Serra, H. G., Duvick, L., Zu, T., Carlson, K., Stevens, S., Jorgensen, N., et al. (2006).
RORα-mediated Purkinje cell development determines disease severity in adult
SCA1 mice. Cell 127, 697–708. doi: 10.1016/j.cell.2006.09.036

Shakkottai, V. G., Xiao, M., Xu, L., Wong, M., Nerbonne, J. M., Ornitz, D. M., et al.
(2009). FGF14 regulates the intrinsic excitability of cerebellar Purkinje neurons.
Neurobiol. Dis. 33, 81–88. doi: 10.1016/j.nbd.2008.09.019

Shuvaev, A. N., Horiuchi, H., Seki, T., Goenawan, H., Irie, T., Iizuka, A., et al.
(2011). Mutant PKCγ in spinocerebellar ataxia type 14 disrupts synapse
elimination and long-term depression in Purkinje cells in vivo. J. Neurosci. 31,
14324–14334. doi: 10.1523/JNEUROSCI.5530-10.2011

Shuvaev, A. N., Hosoi, N., Sato, Y., Yanagihara, D., and Hirai, H. (2017).
Progressive impairment of cerebellar mGluR signalling and its therapeutic
potential for cerebellar ataxia in spinocerebellar ataxia type 1 model mice.
J. Physiol. 595, 141–164. doi: 10.1113/JP272950

Sillevis Smitt, P., Kinoshita, A., De Leeuw, B., Moll, W., Coesmans, M.,
Jaarsma, D., et al. (2000). Paraneoplastic cerebellar ataxia due to
autoantibodies against a glutamate receptor. N. Engl. J. Med. 342, 21–27.
doi: 10.1056/nejm200001063420104

Smart, S. L., Lopantsev, V., Zhang, C. L., Robbins, C. A., Wang, H., Chiu, S. Y.,
et al. (1998). Deletion of the KV1.1 potassium channel causes epilepsy in mice.
Neuron 20, 809–819. doi: 10.1016/s0896-6273(00)81018-1

Smeets, C. J., and Verbeek, D. S. (2016). Climbing fibers in spinocerebellar
ataxia: a mechanism for the loss of motor control. Neurobiol. Dis. 88, 96–106.
doi: 10.1016/j.nbd.2016.01.009

Smets, K., Duarri, A., Deconinck, T., Ceulemans, B., van de Warrenburg, B. P.,
Züchner, S., et al. (2015). First de novo KCND3 mutation causes
severe Kv4.3 channel dysfunction leading to early onset cerebellar ataxia,
intellectual disability, oral apraxia and epilepsy. BMC Med. Genet. 16:51.
doi: 10.1186/s12881-015-0200-3

Sugawara, T., Mazaki-Miyazaki, E., Fukushima, K., Shimomura, J., Fujiwara, T.,
Hamano, S., et al. (2002). Frequent mutations of SCN1A in severe
myoclonic epilepsy in infancy. Neurology 58, 1122–1124. doi: 10.1212/wnl.58.
7.1122

Takayama, C., Nakagawa, S., Watanabe, M., Mishina, M., and Inoue, Y. (1996).
Developmental changes in expression and distribution of the glutamate
receptor channel δ2 subunit according to the Purkinje cell maturation. Brain
Res. Dev. Brain Res. 92, 147–155. doi: 10.1016/0165-3806(95)00212-x

Takechi, H., Eilers, J., and Konnerth, A. (1998). A new class of synaptic
response involving calcium release in dendritic spines. Nature 396, 757–760.
doi: 10.1038/25547

Tank, D. W., Sugimori, M., Connor, J. A., and Llinás, R. R. (1988). Spatially
resolved calcium dynamics of mammalian Purkinje cells in cerebellar slice.
Science 242, 773–777. doi: 10.1126/science.2847315

Tempia, F., Alojado, M. E., Strata, P., and Knöpfel, T. (2001). Characterization
of the mGluR1-mediated electrical and calcium signaling in Purkinje cells of
mouse cerebellar slices. J. Neurophysiol. 86, 1389–1397. doi: 10.1152/jn.2001.
86.3.1389

Tempia, F., Hoxha, E., Negro, G., Alshammari, M. A., Alshammari, T. K., Panova-
Elektronova, N., et al. (2015). Parallel fiber to Purkinje cell synaptic impairment
in a mouse model of spinocerebellar ataxia type 27. Front. Cell. Neurosci. 9:205.
doi: 10.3389/fncel.2015.00205

Tempia, F., Miniaci, M. C., Anchisi, D., and Strata, P. (1998). Postsynaptic current
mediated by metabotropic glutamate receptors in cerebellar Purkinje cells.
J. Neurophysiol. 80, 520–528. doi: 10.1152/jn.1998.80.2.520

Trimmer, J. S. (2015). Subcellular localization of K+ channels in mammalian
brain neurons: remarkable precision in the midst of extraordinary complexity.
Neuron 85, 238–256. doi: 10.1016/j.neuron.2014.12.042

Trimmer, J. S., and Rhodes, K. J. (2004). Localization of voltage-gated ion channels
in mammalian brain. Annu. Rev. Physiol. 66, 477–519. doi: 10.1146/annurev.
physiol.66.032102.113328

Trudeau, M. M., Dalton, J. C., Day, J. W., Ranum, L. P., and Meisler, M. H. (2006).
Heterozygosity for a protein truncation mutation of sodium channel SCN8A in
a patient with cerebellar atrophy, ataxia, and mental retardation. J. Med. Genet.
43, 527–530. doi: 10.1136/jmg.2005.035667

Tsuji, S., and Meier, H. (1971). Evidence for allelism of leaner and tottering in the
mouse. Genet. Res. 17, 83–88. doi: 10.1017/s0016672300012040

Tu, J. C., Xiao, B., Yuan, J. P., Lanahan, A. A., Leoffert, K., Li, M., et al. (1998).
Homer binds a novel proline-rich motif and links group 1 metabotropic
glutamate receptors with IP3 receptors. Neuron 21, 717–726. doi: 10.1016/
s0896-6273(00)80589-9

Uemura, T., Lee, S. J., Yasumura, M., Takeuchi, T., Yoshida, T., Ra, M.,
et al. (2010). Trans-synaptic interaction of GluRδ2 and Neurexin through
Cbln1 mediates synapse formation in the cerebellum. Cell 141, 1068–1079.
doi: 10.1016/j.cell.2010.04.035

Uesaka, N., Uchigashima, M., Mikuni, T., Nakazawa, T., Nakao, H., Hirai, H., et al.
(2014). Retrograde semaphorin signaling regulates synapse elimination in the
developing mouse brain. Science 344, 1020–1023. doi: 10.1126/science.1252514

Usowicz, M. M., Sugimori, M., Cherksey, B., and Llinás, R. (1992). P-type calcium
channels in the somata and dendrites of adult cerebellar Purkinje cells. Neuron
9, 1185–1199. doi: 10.1016/0896-6273(92)90076-p

Utine, G. E., Haliloglu, G., Salanci, B., Çetinkaya, A., Kiper, P. O., Alanay, Y.,
et al. (2013). A homozygous deletion in GRID2 causes a human

Frontiers in Synaptic Neuroscience | www.frontiersin.org 16 April 2018 | Volume 10 | Article 6

https://doi.org/10.1016/s0896-6273(00)80969-1
https://doi.org/10.1016/s0896-6273(00)80969-1
https://doi.org/10.1016/j.celrep.2017.03.068
https://doi.org/10.1523/jneurosci.11-07-02259.1991
https://doi.org/10.1523/jneurosci.11-07-02259.1991
https://doi.org/10.1113/jphysiol.1987.sp016659
https://doi.org/10.1016/s0166-2236(00)01892-0
https://doi.org/10.1016/j.neuron.2015.11.033
https://doi.org/10.1152/jn.00104.2003
https://doi.org/10.1016/j.mcn.2006.07.006
https://doi.org/10.1113/jphysiol.2002.022525
https://doi.org/10.1073/pnas.0401702101
https://doi.org/10.1007/s00418-005-0124-7
https://doi.org/10.1007/bf00237832
https://doi.org/10.1111/j.1460-9568.2005.03933.x
https://doi.org/10.1111/j.1460-9568.2005.03933.x
https://doi.org/10.1073/pnas.0900329106
https://doi.org/10.1152/jn.1998.79.2.1081
https://doi.org/10.1093/hmg/ddh268
https://doi.org/10.1016/j.cell.2006.09.036
https://doi.org/10.1016/j.nbd.2008.09.019
https://doi.org/10.1523/JNEUROSCI.5530-10.2011
https://doi.org/10.1113/JP272950
https://doi.org/10.1056/nejm200001063420104
https://doi.org/10.1016/s0896-6273(00)81018-1
https://doi.org/10.1016/j.nbd.2016.01.009
https://doi.org/10.1186/s12881-015-0200-3
https://doi.org/10.1212/wnl.58.7.1122
https://doi.org/10.1212/wnl.58.7.1122
https://doi.org/10.1016/0165-3806(95)00212-x
https://doi.org/10.1038/25547
https://doi.org/10.1126/science.2847315
https://doi.org/10.1152/jn.2001.86.3.1389
https://doi.org/10.1152/jn.2001.86.3.1389
https://doi.org/10.3389/fncel.2015.00205
https://doi.org/10.1152/jn.1998.80.2.520
https://doi.org/10.1016/j.neuron.2014.12.042
https://doi.org/10.1146/annurev.physiol.66.032102.113328
https://doi.org/10.1146/annurev.physiol.66.032102.113328
https://doi.org/10.1136/jmg.2005.035667
https://doi.org/10.1017/s0016672300012040
https://doi.org/10.1016/s0896-6273(00)80589-9
https://doi.org/10.1016/s0896-6273(00)80589-9
https://doi.org/10.1016/j.cell.2010.04.035
https://doi.org/10.1126/science.1252514
https://doi.org/10.1016/0896-6273(92)90076-p
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


Hoxha et al. Purkinje Cell Signaling in Ataxia

phenotype with cerebellar ataxia and atrophy. J. Child Neurol. 28, 926–932.
doi: 10.1177/0883073813484967

Valkova, C., Albrizio, M., Röder, I. V., Schwake, M., Betto, R., Rudolf, R.,
et al. (2011). Sorting receptor Rer1 controls surface expression of muscle
acetylcholine receptors by ER retention of unassembled α-subunits. Proc. Natl.
Acad. Sci. U S A 108, 621–625. doi: 10.1073/pnas.1001624108

Valkova, C., Liebmann, L., Krämer, A., Hübner, C. A., and Kaether, C. (2017). The
sorting receptor Rer1 controls Purkinje cell function via voltage gated sodium
channels. Sci. Rep. 7:41248. doi: 10.1038/srep41248

Van Alphen, A. M., Schepers, T., Luo, C., and De Zeeuw, C. I. (2002). Motor
performance and motor learning in Lurcher mice. Ann. N Y Acad. Sci. 978,
413–424. doi: 10.1111/j.1749-6632.2002.tb07584.x

Van Schil, K., Meire, F., Karlstetter, M., Bauwens, M., Verdin, H., Coppieters, F.,
et al. (2015). Early-onset autosomal recessive cerebellar ataxia associated with
retinal dystrophy: new human hotfoot phenotype caused by homozygous
GRID2 deletion. Genet. Med. 17, 291–299. doi: 10.1038/gim.2014.95

Walter, J. T., Alviña, K., Womack, M. D., Chevez, C., and Khodakhah, K.
(2006). Decreases in the precision of Purkinje cell pacemaking cause cerebellar
dysfunction and ataxia. Nat. Neurosci. 9, 389–397. doi: 10.1038/nn1648

Wang, H., Kunkel, D. D., Martin, T. M., Schwartzkroin, P. A., and Tempel, B. L.
(1993). Heteromultimeric K+ channels in terminal and juxtaparanodal regions
of neurons. Nature 365, 75–79. doi: 10.1038/365075a0

Wang, H., Kunkel, D. D., Schwartzkroin, P. A., and Tempel, B. L. (1994).
Localization of Kv1.1 and Kv1.2, two K channel proteins, to synaptic terminals,
somata, and dendrites in the mouse brain. J. Neurosci. 14, 4588–4599.
doi: 10.1523/jneurosci.14-08-04588.1994

Wang, Y., Matsuda, S., Drews, V., Torashima, T., Meisler, M. H., and Yuzaki, M.
(2003). A hot spot for hotfoot mutations in the gene encoding the δ2 glutamate
receptor. Eur. J. Neurosci. 17, 1581–1590. doi: 10.1046/j.1460-9568.2003.
02595.x

Wang, D., and Schreurs, B. G. (2006). Characteristics of IA currents in adult rabbit
cerebellar Purkinje cells. Brain Res. 1096, 85–96. doi: 10.1016/j.brainres.2006.
04.048

Watanabe, E., Fujikawa, A., Matsunaga, H., Yasoshima, Y., Sako, N.,
Yamamoto, T., et al. (2000). Nav2/NaG channel is involved in control of
salt-intake behavior in the CNS. J. Neurosci. 20, 7743–7751. doi: 10.1016/s0168-
0102(00)81344-9

Watase, K., Barrett, C. F., Miyazaki, T., Ishiguro, T., Ishikawa, K., Hu, Y.,
et al. (2008). Spinocerebellar ataxia type 6 knockin mice develop a
progressive neuronal dysfunction with age-dependent accumulation of
mutant CaV2.1 channels. Proc. Natl. Acad. Sci. U S A 105, 11987–11992.
doi: 10.1073/pnas.0804350105

Watase, K., Weeber, E. J., Xu, B., Antalffy, B., Yuva-Paylor, L., Hashimoto, K., et al.
(2002). A long CAG repeat in the mouse Sca1 locus replicates SCA1 features
and reveals the impact of protein solubility on selective neurodegeneration.
Neuron 34, 905–919. doi: 10.1016/s0896-6273(02)00733-x

Waters, M. F., Minassian, N. A., Stevanin, G., Figueroa, K. P., Bannister, J. P.,
Nolte, D., et al. (2006). Mutations in voltage-gated potassium channel
KCNC3 cause degenerative and developmental central nervous system
phenotypes. Nat. Genet. 38, 447–451. doi: 10.1038/ng1758

Watson, L. M., Bamber, E., Schnekenberg, R. P., Williams, J., Bettencourt, C.,
Lickiss, J., et al. (2017). Dominant mutations in GRM1 cause spinocerebellar
ataxia type 44. Am. J. Hum. Genet. 101:866. doi: 10.1016/j.ajhg.2017.
10.008

Weiser, M., Vega-Saenz de Miera, E., Kentros, C., Moreno, H., Franzen, L.,
Hillman, D., et al. (1994). Differential expression of Shaw-related K+

channels in the rat central nervous system. J. Neurosci. 14, 949–972.
doi: 10.1523/jneurosci.14-03-00949.1994

Westenbroek, R. E., Merrick, D. K., and Catterall, W. A. (1989). Differential
subcellular localization of the RI and RII Na+ channel subtypes in central
neurons. Neuron 3, 695–704. doi: 10.1016/0896-6273(89)90238-9

Westenbroek, R. E., Noebels, J. L., and Catterall, W. A. (1992). Elevated expression
of type II Na+ channels in hypomyelinated axons of shiverer mouse brain.
J. Neurosci. 12, 2259–2267. doi: 10.1523/jneurosci.12-06-02259.1992

Westenbroek, R. E., Sakurai, T., Elliott, E. M., Hell, J. W., Starr, T. V., Snutch, T. P.,
et al. (1995). Immunochemical identification and subcellular distribution of
the α1A subunits of brain calcium channels. J. Neurosci. 15, 6403–6418.
doi: 10.1523/jneurosci.15-10-06403.1995

Willard, S. S., and Koochekpour, S. (2013). Glutamate, glutamate receptors, and
downstream signaling pathways. Int. J. Biol. Sci. 9, 948–959. doi: 10.7150/ijbs.
6426

Williams, S. R., Christensen, S. R., Stuart, G. J., and Häusser, M. (2002). Membrane
potential bistability is controlled by the hyperpolarization-activated current
IH in rat cerebellar Purkinje neurons in vitro. J. Physiol. 539, 469–483.
doi: 10.1113/jphysiol.2001.013136

Womack, M. D., Chevez, C., and Khodakhah, K. (2004). Calcium-activated
potassium channels are selectively coupled to P/Q-type calcium channels in
cerebellar Purkinje neurons. J. Neurosci. 24, 8818–8822. doi: 10.1523/jneurosci.
2915-04.2004

Womack, M. D., Hoang, C., and Khodakhah, K. (2009). Large conductance
calcium-activated potassium channels affect both spontaneous firing
and intracellular calcium concentration in cerebellar Purkinje neurons.
Neuroscience 162, 989–1000. doi: 10.1016/j.neuroscience.2009.05.016

Xie, G., Clapcote, S. J., Nieman, B. J., Tallerico, T., Huang, Y., Vukobradovic, I.,
et al. (2007). Forward genetic screen of mouse reveals dominant missense
mutation in the P/Q-type voltage-dependent calcium channel, CACNA1A.
Genes Brain Behav. 6, 717–727. doi: 10.1111/j.1601-183x.2007.00302.x

Xie, G., Harrison, J., Clapcote, S. J., Huang, Y., Zhang, J. Y., Wang, L. Y., et al.
(2010). A new Kv1.2 channelopathy underlying cerebellar ataxia. J. Biol. Chem.
285, 32160–32173. doi: 10.1074/jbc.m110.153676

Yamazaki, M., Araki, K., Shibata, A., and Mishina, M. (1992). Molecular cloning
of a cDNA encoding a novel member of the mouse glutamate receptor channel
family. Biochem. Biophys. Res. Commun. 183, 886–892. doi: 10.1016/0006-
291x(92)90566-4

Yawata, S., Tsuchida, H., Kengaku, M., and Hirano, T. (2006). Membrane-
proximal region of glutamate receptor δ2 subunit is critical for
long-term depression and interaction with protein interacting with C
kinase 1 in a cerebellar Purkinje neuron. J. Neurosci. 26, 3626–3633.
doi: 10.1523/JNEUROSCI.4183-05.2006

Yokoyama, C. T., Westenbroek, R. E., Hell, J. W., Soong, T. W., Snutch, T. P., and
Catterall, W. A. (1995). Biochemical properties and subcellular distribution of
the neuronal class E calcium channel α 1 subunit. J. Neurosci. 15, 6419–6432.
doi: 10.1523/jneurosci.15-10-06419.1995

Yu, F. H., and Catterall, W. A. (2004). The VGL-chanome: a protein superfamily
specialized for electrical signaling and ionic homeostasis. Sci. STKE 2004:re15.
doi: 10.1126/stke.2532004re15

Zhang, C. L., Messing, A., and Chiu, S. Y. (1999). Specific alteration of spontaneous
GABAergic inhibition in cerebellar Purkinje cells in mice lacking the potassium
channel Kv1.1. J. Neurosci. 19, 2852–2864. doi: 10.1523/jneurosci.19-08
-02852.1999

Zhuchenko, O., Bailey, J., Bonnen, P., Ashizawa, T., Stockton, D. W., Amos, C.,
et al. (1997). Autosomal dominant cerebellar ataxia (SCA6) associated with
small polyglutamine expansions in the α 1A-voltage dependent calcium
channel. Nat. Genet. 15, 62–69. doi: 10.1038/ng0197-62

Zu, T., Duvick, L. A., Kaytor, M. D., Berlinger, M. S., Zoghbi, H. Y., Clark, H. B.,
et al. (2004). Recovery from polyglutamine-induced neurodegeneration
in conditional SCA1 transgenic mice. J. Neurosci. 24, 8853–8861.
doi: 10.1523/JNEUROSCI.2978-04.2004

Zuo, J., De Jager, P. L., Takahashi, K. A., Jiang, W., Linden, D. J., and
Heintz, N. (1997). Neurodegeneration in Lurcher mice caused by mutation in
δ2 glutamate receptor. Nature 388, 769–773. doi: 10.1038/42009

Zwingman, T. A., Neumann, P. E., Noebels, J. L., and Herrup, K. (2001). Rocker
is a new variant of the voltage-dependent calcium channel gene Cacna1a.
J. Neurosci. 21, 1169–1178. doi: 10.1523/JNEUROSCI.21-04-01169.2001

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Hoxha, Balbo, Miniaci and Tempia. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Synaptic Neuroscience | www.frontiersin.org 17 April 2018 | Volume 10 | Article 6

https://doi.org/10.1177/0883073813484967
https://doi.org/10.1073/pnas.1001624108
https://doi.org/10.1038/srep41248
https://doi.org/10.1111/j.1749-6632.2002.tb07584.x
https://doi.org/10.1038/gim.2014.95
https://doi.org/10.1038/nn1648
https://doi.org/10.1038/365075a0
https://doi.org/10.1523/jneurosci.14-08-04588.1994
https://doi.org/10.1046/j.1460-9568.2003.02595.x
https://doi.org/10.1046/j.1460-9568.2003.02595.x
https://doi.org/10.1016/j.brainres.2006.04.048
https://doi.org/10.1016/j.brainres.2006.04.048
https://doi.org/10.1016/s0168-0102(00)81344-9
https://doi.org/10.1016/s0168-0102(00)81344-9
https://doi.org/10.1073/pnas.0804350105
https://doi.org/10.1016/s0896-6273(02)00733-x
https://doi.org/10.1038/ng1758
https://doi.org/10.1016/j.ajhg.2017.10.008
https://doi.org/10.1016/j.ajhg.2017.10.008
https://doi.org/10.1523/jneurosci.14-03-00949.1994
https://doi.org/10.1016/0896-6273(89)90238-9
https://doi.org/10.1523/jneurosci.12-06-02259.1992
https://doi.org/10.1523/jneurosci.15-10-06403.1995
https://doi.org/10.7150/ijbs.6426
https://doi.org/10.7150/ijbs.6426
https://doi.org/10.1113/jphysiol.2001.013136
https://doi.org/10.1523/jneurosci.2915-04.2004
https://doi.org/10.1523/jneurosci.2915-04.2004
https://doi.org/10.1016/j.neuroscience.2009.05.016
https://doi.org/10.1111/j.1601-183x.2007.00302.x
https://doi.org/10.1074/jbc.m110.153676
https://doi.org/10.1016/0006-291x(92)90566-4
https://doi.org/10.1016/0006-291x(92)90566-4
https://doi.org/10.1523/JNEUROSCI.4183-05.2006
https://doi.org/10.1523/jneurosci.15-10-06419.1995
https://doi.org/10.1126/stke.2532004re15
https://doi.org/10.1523/jneurosci.19-08-02852.1999
https://doi.org/10.1523/jneurosci.19-08-02852.1999
https://doi.org/10.1038/ng0197-62
https://doi.org/10.1523/JNEUROSCI.2978-04.2004
https://doi.org/10.1038/42009
https://doi.org/10.1523/JNEUROSCI.21-04-01169.2001
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

	Purkinje Cell Signaling Deficits in Animal Models of Ataxia
	INTRODUCTION
	ATAXIA DUE TO ALTERATIONS OF PURKINJE CELL INTRINSIC MEMBRANE PROPERTIES
	Physiological Mechanisms of Purkinje Cell Firing
	Purkinje Cell Sodium Channel Mutations
	Purkinje Cell Potassium Channel Mutations
	High Threshold Potassium Channels
	Subthreshold Potassium Channels
	Calcium- and Voltage-Dependent BK Potassium Channels

	Purkinje Cell Calcium Channel Mutations

	ATAXIA DUE TO ALTERATIONS OF THE PARALLEL-FIBER/PURKINJE CELL SYNAPSE
	Alterations of the Purkinje Cell GluD2 Receptor Pathway
	Alterations of the Purkinje Cell mGlu1 Receptor Pathway

	ATAXIA DUE TO ALTERATIONS OF THE CLIMBING-FIBER/PURKINJE CELL SYNAPSE
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	REFERENCES


