Ataxias and cerebellar dysfunction: involvement
of synaptic plasticity deficits?
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Summary

Adaptive processes within cerebellar circuits, such as
long-term depression and long-term potentiation at
parallel fiber-Purkinje cell synapses, have long been
seen as important to cerebellar motor learning, and yet
little attention has been given to any possible signifi-
cance of these processes for cerebellar dysfunction
and disease. Several forms of ataxia are caused by mu-
tations in genes encoding for ion channels located at
key junctures in pathways that lead to the induction of
synaptic plasticity, suggesting that there might be an
association between deficits in plasticity and the ataxic
phenotype. Herein we explore this possibility and ex-
amine the available evidence linking the two together,
highlighting specifically the role of P/Q-type calcium
channels and their downstream effector small-conduc-
tance calcium-sensitive (SK2) potassium channels in
the regulation of synaptic gain and intrinsic excitability,
and reviewing their connections to ataxia.
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Motor coordination and plasticity

Ataxia, as generally defined, is a deficit in motor coordi-
nation that manifests itself as unsteadiness in gait and is
often accompanied by neurological deficits such as dys-
metria, asynergy, and nystagmus. The origin of many
forms of ataxia can be traced back to deficits in the cere-
bellum, which plays a role in motor coordination and the
fine adjustment of movements. It is widely assumed that
gain control within cerebellar circuits is made possible
by forms of synaptic plasticity, for example long-term de-
pression (LTD) at parallel fiber (PF)-Purkinje cell
synapses, and its counterpart, long-term potentiation
(LTP; 1,2). PF-LTD is observed after paired PF and
climbing fiber (CF) activity and results in a reduction of
the excitatory drive to Purkinje cells, which in turn re-
duces the overall level of inhibition that the GABAergic
Purkinje cells deliver to the deep cerebellar and
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vestibular nuclei (3). In contrast, PF-LTP is induced by
PF stimulation alone and might act as a reversal mech-
anism for LTD (4,5). PF-LTD depends on large calcium
transients and the activation of PKC and aCaMKIl (2,6),
while PF-LTP depends on more moderate calcium tran-
sients and the activation of protein phosphatases 1, 2A,
and 2B (7,8). LTD and LTP also exist at other types of
synapses within the cerebellar circuit, for example in the
granule cell layer (9), but this review focuses on bidirec-
tional plasticity at PF-Purkinje cell synapses (Fig. 1
over).

Deficits in cerebellar synaptic plasticity, for example
resulting from genetic manipulations in mice, have
been shown to result in an impairment of cerebellar
motor learning (1). Here, we wish to address the ques-
tion of whether synaptic plasticity/learning deficits re-
sult in ataxia. In other words, are the fast gain adapta-
tion mechanisms likely mediated by the synaptic plas-
ticity required for proper cerebellar processing and,
consequently, motor coordination? In this paper we
examine the available evidence on the link between
plasticity dysfunction and ataxia, focusing specifically
on those ataxias caused by deficits in signaling factors
known to play a role in synaptic transmission and
plasticity.

P/Q-type channels and synaptic integration

While many forms of ataxia are polyglutamine dis-
eases (for example, the spinocerebellar ataxias or
SCAs) that affect nuclear signaling and developmental
pathways (10,11), a few qualify as channelopathies,
which affect synaptic integration and plasticity. Among
these are spinocerebellar ataxia type 6 (SCA6), which
is at the same time a polyglutamine disease and a
channelopathy (for discussion see 11,12), and episod-
ic ataxia type 2 (EA2), both of which result from a mu-
tation in CACNA1A, the gene encoding for the o-1a
subunit of the P/Q-type voltage-gated calcium channel
(13). These calcium channels are abundantly ex-
pressed in Purkinje cells and gate ~90% of their high-
voltage activated calcium influx (14,15). P/Q-type
channels are involved in transmitter release at synap-
tic terminals and play a role in adjusting spike firing
properties in neurons. For example, fottering mice (tg),
which suffer from a spontaneous point mutation in the
CACNA1A gene, show a dramatic disruption in the
regularity of Purkinje cell spike firing and exhibit gross
motor deficits similar to those seen in human patients
suffering from the CACNA1A-related ataxias SCA6
and EA2 (16).

Purkinje cells provide the sole output of the cerebellar
cortex, and thus the regulation of synaptic efficacy at the
thousands of excitatory PF synapses that a Purkinje cell

135



L. Rinaldo & C. Hansel

receives is critical for adjusting the gain of motor con-
trol. The role of P/Q-type calcium channels in PF-LTD
and -LTP induction has not been specifically addressed
yet, which is partially due to the fact that genetic or phar-
macological reduction of P/Q-type channel activity
would have unspecific effects such as reduction of
transmitter release, in addition to its effects on dendritic
calcium signaling. Nevertheless, it has been shown that
P/Q-type channels contribute to calcium transients/com-
plex spikes that result from CF activity (17,18; for review
see 19). Although under high activity conditions PF-LTD
can result from PF stimulation alone (e.g. 20), isolated
PF activity more typically results in LTP induction, and
the switch towards LTD occurs upon CF co-activation
and the associated larger calcium transients (5). Given
the proposed importance of LTD to various forms of
cerebellar-dependent motor learning, it is indeed plausi-
ble that P/Q-type channels are an important component
of the cellular machinery that drives these processes.

Synaptic plasticity and motor coordination

Are LTD- and LTP-like processes necessary for proper
motor coordination? In other words, can ataxia result
from impaired synaptic plasticity? Genetically modified
mice allow us to address these questions by correlating
synaptic plasticity deficits studied in vitro with motor co-
ordination/motor learning deficits monitored in vivo. It
has been shown that genetically modified mice with de-
ficient P/Q-type channel function (1A knock-outs; tot-
tering; leaner) are ataxic (for example, 21). The vestibu-
lo-ocular reflex (VOR) performance is normal in het-
erozygotes, but strongly affected in homozygotes (a.1A
knock-outs; leaner, 22). However, as mentioned above,
these mouse models have not been tested with regard
to LTD/LTP deficits. Table | summarizes mouse models

targeting other molecules that play a role in LTD (or LTP)
induction. Basic motor performance was tested using
simple tests such as the rotorod test. In addition, in all
these studies eye (VOR) and/or eyelid movements
(eyeblink) were examined. These tests were applied to
monitor motor learning deficits in cerebellar motor
learning tasks, such as VOR gain adaptation and asso-
ciative eyeblink conditioning. Here, we focus on basic
motor performance. LTD was impaired or entirely
blocked in mice with deficits in the function of type 1
metabotropic glutamate receptors (mGluR1; 23), pro-
tein kinase C (24), cGMP-dependent protein kinase |
(25), aCaMKIl (6) and BCaMKII (26). All these recep-
tors/enzymes play a significant role in LTD induction.
Surprisingly, the majority of these different types of
mice are not ataxic. Exceptions are mGluR1 knock-out
mice, which are ataxic, but show normal eyeblink re-
sponses, and BCaMKIl knock-out mice, which are se-
verely ataxic. Thus, impairment of LTD does not neces-
sarily result in ataxia. Likewise, selective LTP impair-
ment in mice with a Purkinje cell-specific knock-out of
the protein phosphatase 2B (calcineurin) does not re-
sult in outright ataxia (8).

Synaptic plasticity mechanisms, such as LTD and LTP,
are generally considered cellular correlates of cerebellar
procedural learning, in very much the same way that
their counterparts in hippocampal and neocortical cir-
cuits are seen as responsible for forms of declarative
learning. It thus comes as a surprise that there is no ob-
vious correlation between deficits in LTD/LTP and motor
coordination. It is very possible that in these mice, ge-
netic manipulations lead to compensatory upregulation
of signaling factors that can partially take over the role
of the affected proteins. Still, this compensatory upregu-
lation, if present, is seemingly insufficient to restore
synaptic plasticity, and yet there is no reliable impair-
ment of motor coordination. It seems more likely that in-
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Figure 1 - P/Q-type voltage-gated calcium channels affect synaptic plasticity and intrinsic excitability. P/Q channel-mediated calcium
influx plays a role in controlling the direction of synaptic gain change at parallel fiber synapses onto cerebellar Purkinje cells. At the
same time, small-conductance calcium-activated SK2-type potassium channels are selectively activated by calcium influx through
P/Q channels. SK2 channels modulate the spike output of Purkinje cells and put a ‘brake’ on spine calcium signaling which, in turn,
plays a role in synaptic plasticity.
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Table | - Motor coordination in LTD/LTP-deficient mice

Mouse LTD LTP Ataxia Eyeblink VOR Reference

mGluR1 no yes no Aiba et al., Cell 1994 (23)
L7-PKCI no no no no De Zeeuw et al., Neuron 1998 (24)
cGKI no no no Feil et al., J Cell Biol 2003 (25)
oCaMKII no yes no no Hansel et al., Neuron 2006 (6)
BCaMKIl no no yes van Woerden et al., Nat Neurosci 2009 (26)
L7-PP2B yes no no no no Schonewille et al., Neuron 2010 (8)

Note that the term ‘ataxia’ is not used as clinically defined. Here, this term is used whenever general motor coordination
deficits are observed (for example in the rotorod test), thus reflecting the level at which ataxia can be assessed in mouse
models. In the ‘eyeblink’ and ‘VOR’ groups, ‘no’ indicates that motor performance was not affected. In the other three groups,
a ‘no’ describes the absence of LTD/LTP or ataxia, respectively. Abbreviations: mGluR1=type 1 metabotropic glutamate re-
ceptor; PKCl=protein kinase C inhibitor; cGKI=cGMP-dependent protein kinase |; CaMKIll=calcium/calmodulin-dependent ki-

nase |l; PP2B=protein phosphatase 2B

tact motor coordination requires adaptation processes
that are not equivalent to LTD/LTP, for example by oper-
ating on a significantly slower time scale (weeks/months
rather than minutes). This hypothesis is supported by
the observation that in most mouse models shown in
Table | motor learning (as assessed by VOR gain condi-
tioning and/or eyeblink conditioning) is affected (not
shown). Basic motor performance seems to be unaffect-
ed by the absence of mechanisms that allow for fast
adaptation of motor gains. In any case, we have to con-
clude that ataxia does not seem to result from impaired
synaptic plasticity. It is still possible that deficits in
LTD/LTP contribute to specific ataxia components, such
as the inability to adapt to sudden environmental pertu-
bations, fast VOR gain changes (27) or, in a specifically
human context, disturbances in verbal fluency. Clearly,
more study is required on this issue.

SK2 channels and ataxia

P/Q-type channel-mediated calcium influx not only plays
a key role in synaptic plasticity at PF-Purkinje cell
synapses, but also regulates Purkinje cell excitability
and spike firing by activating calcium-sensitive potassi-
um channels. Small-conductance calcium-activated
SK2-type potassium channels affect Purkinje cell in-
trinsic excitability and have been shown to shape the
spike firing output of these cells (Fig. 1; 28). As Purkinje
cells provide the sole output of the cerebellar cortex,
SK2 channels thus have a direct impact on cerebellar
function. Several lines of evidence suggest that subopti-
mal SK2 channel activation could be involved in the
pathogenesis of EA2, which as previously mentioned is
a P/Q-type channelopathy. First, SK2 channels are ex-
clusively activated by calcium influx through P/Q-type
calcium channels (29). Second, the application of SK
channel activators EBIO and chlorzoxazone leads to a
significant improvement in motor coordination in ataxic
tottering and ducky mice, which have mutations in the
P/Q-type channel subunit genes o.1A and 0252, respec-
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tively (30,31). Previous studies in both tottering and
ducky mice have shown motor coordination deficits
roughly equivalent to those in patients suffering from
EA2. Moreover, it has also been shown that both types
of mice exhibit irregular Purkinje cell spike firing, sug-
gesting abnormalities in cerebellar cortical output. Taken
together, these facts strongly point to a role of subopti-
mal SK2 channel activity in EA2. Recent evidence sug-
gests that large-conductance voltage- and calcium-acti-
vated BK-type potassium channels are also essential for
proper motor coordination (32), but BK channels will not
be discussed in detail in this review.

While the involvement of SK2 channels points to a role
of spike firing precision and regularity in motor coordi-
nation, it also suggests that adaptive plasticity might
play a part in ataxia after all. A recent study on hip-
pocampal plasticity has implicated SK2 channels as
important for hippocampal LTP as well as hippocam-
pus-dependent forms of learning and memory (33). By
using mice overexpressing SK2 channels, this study
depicted SK2 channels as a ‘gatekeeper’ to the induc-
tion of LTP, with SK2-overexpressing mice exhibiting a
higher threshold for LTP induction than wild-type con-
trols. These mice were also deficient in spatial learning
and performed poorly in fear-conditioning tasks, rein-
forcing the importance of neural plasticity for the modi-
fication of behavior. SK2 channel blockade enhances
spine calcium signaling in CA1 pyramidal neurons (34),
resulting in a higher probability of LTP induction (35). In
cerebellar Purkinje cells, SK2 channels might play an
equally important role in synaptic plasticity. PF
tetanization or repeated injection of depolarizing cur-
rents enhances the intrinsic excitability of Purkinje
cells. This form of intrinsic plasticity is at least partially
mediated by a down-regulation of SK2 channel func-
tion, which enhances spine calcium signaling but in the
cerebellum lowers the probability of LTP induction (36).
It remains possible that this form of intrinsic plasticity is
crucial for proper motor coordination, directly through
its effect on Purkinje cell spike firing, or indirectly
through its effect on LTP.
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Concluding remarks

In this paper we addressed the question of whether
cerebellar ataxias can result from impaired synaptic
plasticity processes, such as LTD at PF-Purkinje cell
synapses. LTD, and its counterpart, LTP, have been de-
scribed as fast, activity-dependent mechanisms of con-
trolling synaptic efficacy. It thus appears conceivable
that one of the most prominent tasks of the cerebellum,
the fine adjustment of motor coordination, requires intact
LTD and LTP processes. In line with these considera-
tions, mutant mice with LTD deficits show impaired mo-
tor learning, as assessed in motor learning tasks such
as associative eyeblink conditioning or VOR gain condi-
tioning. However, basic motor performance is unaffect-
ed in some of these mouse models, suggesting that LTD
is not strictly required to develop normal motor perform-
ance. Recent studies show that EA2, in which P/Q-type
calcium channels are affected, results from suboptimal
activation of calcium-sensitive SK2 potassium channels.
These channels are key players in the control of Purkin-
je cell excitability and spike firing precision, suggesting
that ataxia might result from irregular spike output. At
the same time, SK2 channels control spine calcium sig-
naling and synaptic plasticity. Thus, while fast synaptic
plasticity mechanisms do not seem to be needed to ac-
quire general motor skKills, it remains possible that they
play a role in specific aspects of fine adjustment. The
observation that motor learning is impaired in LTD/LTP-
deficient mice suggests that one important function of
synaptic plasticity is to allow for fast adaptation of motor
output gains in response to system perturbations.
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