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INTRODUCTION






Introduction

General introduction

The cerebellum, which means little brain in Latin, occupies most of the posterior cranial
fossa and connects with the dorsal brainstem (Kandel et al., 2000). The cerebellar cortex is
one of the most foliated brain structures, which accounts for 10% of the total volume and
over half of the total neurons in the central nervous system of higher vertebrates (Llinas
et al., 2004). The unique position and structure of cerebellum has inspired neuroscientists
over the past century to dedicate their research and imagination to uncover the function
of the cerebellum. In the late 19" century, the cerebellum was suggested to be involved
in controlling the spatial accuracy and temporal coordination of motor movement, based
on clinical studies on cerebellar specific lesion patients. Further studies suggested that the
learning and memory of motor movements may also be stored in cerebellum (for review
see Dow and Moruzzi, 1958). Meanwhile, in the late 19" and early 20" century, the Italian
scientist Camillo Golgi as well as his Spanish colleague and life-long competitor Santiago
Ramoén y Cajal (who shared the Nobel Prize for Physiology and Medicine in 1906) carried
out their pioneer research on the detailed cellular organization of the cerebellum (and other
parts of the central nervous system). Their studies provided the initial description of the
cerebellar circuit.

In the 1960’s a legendary group of scientists, including John C. Eccles, David
Marr, James S. Albus, and Masao Ito, compiled the emerging anatomical and electrophysi-
ological data of various cerebellar neurons and proposed an influential theory about how
the cerebellum functions. This theory suggests that the cerebellum functions as a neuronal
machine that decodes and encodes vast amount of inputs at high spatial and temporal reso-
lution (Eccles, 1967; Marr, 1969; Albus, 1971; Ito, 2006). The essence of this theory, which
is best known as the Marr-Albus-Ito hypothesis, has inspired new generations of cerebel-
lar scientists to focus their research on the cellular and molecular mechanisms that enable
motor learning in the cerebellum. Over the years, various types of short- and long-term
synaptic plasticity as well as intrinsic plasticity have been revealed and most of them play a
role in motor learning. Genetically manipulated animal models proved valuable in dissect-
ing the molecular pathways that control these forms of synaptic plasticity. Such studies not
only complement but also challenge the classic cerebellar learning theory, which promote
the future discussion on how the cerebellum encodes information and changes this process-
ing of inputs such that the output is adapted to the novel situation.

One of the fundamental features of various synaptic plasticity and neuronal ac-
tivity during motor learning is calcium dependency. The calcium ion (Ca?") is one of the
common second messengers in the central nervous system. How Ca?* dependent signaling
cascades control synaptic transmission and synaptic plasticity are probably two of the most
studied topics in current neuroscience research. The current thesis will focus on how Ca*
-dependent signaling affects synaptic and cellular functions in the cerebellum thereby this
thesis contributes to the discussion of cerebellar functioning in a wide spectrum, ranging
from Ca?*-dependent signaling cascades to cerebellar motor performance and learning. Sub-
sequently, this thesis will focus on the deficits of one of the main Ca**-sources in neurons:
the voltage-gated Ca®-channels, and explain the consequences of Ca*-channelopathy in a



Chapter 1

Ca?"-channel mutant mouse model. Finally, this thesis will summarize our recent research
and discuss the current scopes of the role of Ca**-dependent cascades in cerebellar learning
and functions.

1.1 Cerebellum circuitry and functions

The cerebellum as a whole consists of three functional regions: the outermost is the cer-
ebellar cortex, which contains most of the cerebellar neurons and connections; the middle
is the white matter that consists of the input and output fibers; and the innermost cerebellar
nuclei. The cerebellar cortex in higher vertebrates can be divided into three anatomical
and functional distinct regions. The central part, which is called vermis, receives visual,
auditory, vestibular and somatosensory inputs and projects the fastigial nucleus to the ce-
rebral cortex and brain stem. The cerebellar hemispheres, which are located aside from the
vermis, receive inputs from the cerebral cortex and send output to various motor related
regions. The most primitive and phylogenetically preserved part of the cerebellum is the
flocculonodular lobe. The nodulus receives input directly from vestibular projections and
the flocculonodular lobe sends its output primarily to the vestibular nuclei. It is generally
believed that the flocculonodular region is involved exclusively in controlling body balance
and eye movement in high vertebrates. The anatomy and connectivity of flocculonodular
cerebellum is one of the most extensively studied cerebellar regions, and is also one of the
regions of interest in this thesis (Figure 1).

1.1.1 Anatomical pathways within the cerebellar cortex

Despite some anatomical variations, the cerebellar cortex consists of a well-organized ho-
mogenous neuronal circuitry that can be divided in three layers: the granular layer, the
molecular layer and the Purkinje cell layer. The main input-output pathway in the cer-
ebellar cortex travels these three layers: mossy fibers (MF) that derive from various brain
regions contact granule cells (GrCs) in the granular layer, GrCs and climbing fiber (CF)
from inferior olive contact Purkinje cells (PCs) in the molecular layer and the output of the
cerebellar cortex is formed in the Purkinje cell layer. In addition to these excitatory connec-
tions, local inhibitory interneurons like stellate cells, basket cells, Golgi cells and Lugaro
cells are superimposed in various layers of the cerebellar cortex (Figure 1). Although some
variations have been reported, such as the presence of excitatory unipolar-brush cells in the
granule layer, each neuronal component has a predetermined location in the cortical struc-
ture. The granular layer consists of GrCs, Golgi cells and Lugaro cells. The molecular layer
is populated by the fan-shaped dendritic trees of PCs, stellate/basket cells (i.e., molecular
layer interneurons (MLI)), vast amounts of GrC axons (ascending GrC axons and parallel
fibers (PFs)) and the axons of olivary neurons (e.g., CFs). The Purkinje cell layer consists
almost exclusively of PC somata. In addition to the neuronal components all three cortical
layers contain glia and astrocytes, which are believed not only to support the function of the
network, but also to control neuronal activity at various levels (Lee et al., 2010). Overall,
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Figure 1. Cerebellar cotical neurons are organized into three distinct layers

The mossy fiber and climbing fiber pathways are the two inputs into the cerebellum. Granule cells and Purkinje cells form
the major input-output pathway in the cerebellar cortex, whereas inhibitory interneurons, stellate cells, basket cells and Golgi
cells are superimposed into the main pathway. The detail of a cerebellar glomerulus in the granular layer that contains a mossy
fiber terminal as well as granule cell and Golgi cell terminals is also shown. Adapted form Kandel et al., 2000.

the granule layer is seen as the input layer, the molecular layer as the intermediate layer and
the Purkinje cell layer as the output layer.

The granular layer

In rodents and higher-order mammals, GrCs account for more than half of all neurons in
the central nervous system to even more than 70% (~10'") of the total neurons in humans
(Eccles, 1969). Surprisingly, the morphological features of the GrCs, e.g., small neurons
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Chapter 1

(~5-10 pum), 4 short claw-like dendrites and a single axon that bifurcates into parallel fibers,
have been highly preserved during phylogeny (Eccles, 1969). The connectivity of GrCs is
consistent across several species. The dendritic claws of several GrCs wrap around single
MEF axon terminals (‘rosettes’), which together with glia and GoC axon terminals form a
glomerulus. Each cerebellar GrC receives on average input from 4 MFs; one MF per GrC
dendrite. It is most likely this limited input per GrC that accounts for their abundance: in
order to cope with all the information encoded by MFs the cerebellar cortex needs a great
number of GrCs. The output of the GrC is formed by both its ascending part and the bi-
furcated PFs, which contact Golgi cell dendrites, PC spiny branchlets and molecular layer
interneurons.

The excitatory (glutamatergic) input from MFs to GrCs is balanced by inhibitory
input (GABAergic) from Golgi cells. Activity in Golgi cells induces release of GABA
into the confined space of the glomerulus. Postsynaptically, GABA is bound by both syn-
aptic and extrasynaptic GABA | receptors, which are thought to mediate phasic and tonic
inhibition, respectively (Brickley et al., 1996; Nusser et al., 1998). Thus, whereas most
neurons receive inhibitory input (peri-) somatically, GrC are actively inhibited by main-
taining GABA conductance at their dendrites by Golgi cells. In turn, Golgi cells are excited
directly by GrCs through their ascending axon terminals and PFs. This excitatory drive is
often characterized as the slow excitatory input to GoCs, whereas the direct innervations
of Golgi cell by MFs is referred to as the fast excitatory input. This connectivity functions
as an inhibitory feedback loop, in that MF activity first elicits GrC and Golgi cell activity,
but then the Golgi cell activity suppresses the GrC activity, which eventually reduces the
excitatory input from GrCs to Golgi cells (see also Chapter 2). In addition to this inhibitory
feedback loop, the granular layer of vermal regions and vestibulocerebellar lobules is also
characterized by feed-forward excitation from unipolar-brush cells. These neurons are ex-
cited by glutamate released from MF terminals and in turn excite various GrCs by release
of glutamate. In addition to GrCs, Golgi cells and unipolar-brush cells, Lugaro cells are
also positioned in the granular layer, albeit the most superior part. Lugaro cells contact ~5-
15 PCs somata in the near vicinity by means of bi-polarly organized dendrites. Lugaro cell
axons run perpendicular to PFs and are believed to contact GoCs dendrites in the proximal
half of the molecular layer (Dieudonne and Dumoulin, 2000) and also PC dendrites (Dean
et al., 2003). The sparse spontaneous activity of Lugaro cells is controlled by serotonin
and evokes a mixed GABA-ergic / glycinergic inhibition of target neurons (Dieudonne and
Dumoulin, 2000; Dumoulin et al., 2001).

The molecular layer

Several axonal structures arise from the granular layer into the molecular layer to contact
dendrites of Molecular layer interneurons, Golgi cells and / or PCs. The most predominant
axon in the molecular layer is the GrC axon. Both the ascending GrC axon and the result-
ing PFs travel through the molecular layer. PFs transverse through the molecular layer and
form only few synapses per target neurons (i.e., <2 per PC), whereas ascending GrC axons
form various contacts per target neuron (i.e., ~10-20 per PC) (Harvey and Napper, 1991;
Gundappa-Sulur et al., 1999). This difference in connectivity founded the dispute between
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the beam-theory and patch-theory (Braitenberg and Atwood, 1958; Eccles, 1967; Eccles et
al., 1972; Bower and Woolston, 1983). Although some consensus has been reached due to
detailed anatomical and electrophysiological characterization of these synapses, it remains
unclear how the output of GrCs is transmitted to Purkinje cells. Also the anatomical and
functional connectivity to the other GrC target neurons is not yet clarified. Imaging stud-
ies may prove the best way to decipher how GrC activity affects other neurons, as recently
shown by the Ebner lab (Wang et al., 2011).

Another predominant axon in the molecular layer is the CFs, which arises from
the inferior olivary nucleus in the ventral brainstem. Each inferior olive axon forms ~10
collaterals, all of which innervate sagitally-oriented strips of cerebellar cortex (Voogd et
al., 1996) and branch intensely. In the adult brain, each Purkinje cell is contacted by ~1500
CF synapses formed by a single collateral of the inferior olive axon (Dittman and Regehr,
1998). As a result of this widespread branching, the activation of a CF results in the release
of glutamate from hundreds of presynaptic sites and the subsequent postsynaptic depolar-
ization that covers large parts of the PC dendritic tree (Konnerth et al., 1992; Miyakawa
et al., 1992; Midtgaard et al., 1993). Despite the presence of glutamate transporters like
vesicular glutamate transporter type 2 (vGlut2) and excitatory amino acid transporter 4
(EAAT4) near CF-PC synapses (Satake et al., 2010; Miyazaki and Watanabe, 2011) the
glutamate spills over from the synaptic cleft. Outside of the CF-PC synapse, glutamate is
believed not only to activate dendritic glutamate receptors of MLIs (Szapiro and Barbour,
2007), but also to suppress GABA-release from axon terminals of MLIs on PCs (Satake et
al., 2010). In addition, CF collaterals may also contact with Golgi cell soma or dendrites
(Palay and Chan-Palay, 1974). Although this collateral connection is currently unexplored,
its impact for cerebellar scientists would be substantial and thus worthwhile investigating.

Molecular layer interneurons can be subdivided in stellate and basket cells. Al-
though some reports indicate that both cell types are electrophysiologically similar (Krein-
er and Jaeger, 2004; Barmack and Yakhnitsa, 2008; Ruigrok, 2010), their connectivity in-
dicates otherwise: Stellate cells synapse upon distal PC dendrites, whereas basket cells
synapse upon the PC soma and form a specialized terminal that wraps the axon hillock. The
activity of stellate and basket cell are driven by intrinsic pacemaking activity (Hausser and
Clark, 1997) and modulated by excitatory input from GrCs and via spillover from climbing
fiber terminals (Szapiro and Barbour, 2007) and by inhibitory input from other Molecular
layer interneurons. The output of Molecular layer interneurons controls the timing of action
potential firing in PCs (Hausser and Clark, 1997).

The Purkinje cell layer

The PC somata form a mono-layer between the granular layer and molecular layer. This
position indicates that numerous fibers pass through of which the GrC axons and CFs are
the most predominant. The dendrites of Lugaro and Golgi cells penetrate the PC layer, as
well as recurrent PC axon collaterals. The latter fibers branch off to innervate neighbor-
ing PCs in young (<P18) mice, but are believed to innervate mostly non-PCs, like basket
cells, in older mice and cats (O’Donoghue et al., 1989; Watt et al., 2009). In turn, basket
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cells axons also transverse the PC layer to form a pinceau-like axon terminal (e.g., basket)
around the perisomatic axonal region of PCs. Together the PC axon collaterals and basket
cell axons could form an inhibitory feed-back and feed-forward loop in adult mice, since
the innervated basket cells could very well innervate the initial PCs, or its direct neighbors,
respectively.

1.1.2 Neuronal activity in the cerebellar cortex

The activity patterns of the various types of neurons in rodents have recently been de-
scribed in detail (Barmack and Yakhnitsa, 2008; Ruigrok et al., 2011). These studies show
that all types of neurons in the cerebellar cortex have specific firing patterns and respond
in different ways to, for instance, sensory input from the eye. Each of these firing patterns
will have a distinct effect on target neurons. The detailed discussion of all such effects is
outside the scope of this thesis. Instead, we will focus on how the output of the cerebellar
cortex is shaped by the PCs spiking activity.

PCs are intrinsically active; even freshly dissociated PCs somata fire action poten-
tials at frequencies comparable to those recorded in slices and in vivo (Hausser and Clark,
1997; Raman and Bean, 1999; Goossens et al., 2001). This pronounced pacemaking activ-
ity is driven by a specific mixture of transient, persistent and resurgent Na*-currents, which
are counterbalanced by voltage-gated K*-currents (Raman and Bean, 1999). In addition,
voltage-gated Ca**-influx and the resulting Ca*-dependent K*-currents also shape action
potential firing patterns (Edgerton and Reinhart, 2003; Womack et al., 2004) (see section
1.2.2 for a more detailed description). Inhibition-activated cation-mediated depolarizing
currents (‘I’-currents) are reported to modulate PC activity (Nolan et al., 2003).

Action potential firing in adult PCs is modulated by excitatory GrC and olivary
input and by inhibitory stellate and basket cell inputs. All of these afferents except for the
latter synapse in the PC dendritic tree. To exert their effects on action potential generation,
which occurs in the axon hillock, these synaptic events need to propagate from the den-
dritic site. The effect of specific distributions of voltage-gated cation channels on propa-
gation from dendrite to soma is complemented by an effect of dendritic morphology (and
vice versa) (Roth and Hausser, 2001; Branco and Hausser, 2009; Branco et al., 2010) and
the continuous bombardment of the PC dendritic tree by numerous synaptic inputs. For in-
stance, the propagation of the CF induced depolarization in the PC dendritic tree is severely
affect by inhibitory inputs (Callaway et al., 1995). This inhibitory shunt conductance has
been shown to shape the precision and spike rate of PCs (Hausser and Clark, 1997; Jaeger
et al., 1997). Thus, propagation in the PC dendritic tree is dependent on the origin of the
signal as well as the morphology and the electrophysiological status of the dendritic struc-
ture (i.e., depolarized or hyperpolarized membrane potential). In other words, the incorpo-
ration of dendritic signaling into the spontaneous pacemaking activity greatly increases the
information content of each action potential (and each pause).

Despite the vast amount of information that is encoded into each PC action po-
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tential, these events are named ‘simple spikes’ when recorded extracellularly in vivo. The
true meaning of this nomenclature becomes evident when one considers the other type of
activity that characterizes PCs in vivo, which is called ‘complex spike’ (Figure 2). This lat-
ter spiking event is not related to the intrinsic pacemaking activity, but originates from the
activation of a CF. Upon the activation of a CF, the PC receives vast amount of excitatory
synaptic input in the perisomatic area of PCs, which initiates a cascade of events in an all-
or-none fashion (see (Schmolesky et al., 2002) for review). Upon the depolarization of the

* 100 ms Figure 2. Simple spike and complex spike (*)
— firing in the extracellular Purkinje cell activity
recordings.
* 15 ms

dendritic tree due to the opening of voltage-gated Ca?*- channels, NMDA-mediated Ca?*-
influx and Ca?"-release from internal Ca?*-store. In soma, this input generates an initial
fast, Na"-mediated action potential in the axon hillock. Recent evidence indicates that the
subsequent spikelets that seem to ride the Ca?"-mediated plateau, which is caused by the
dendritic depolarization, also originate from the axon hillock (Davie et al., 2008). Complex
spikes in PCs faithfully represent each signal in the CF, especially since CF axons tend to
fire in high-frequency burst (Maruta et al., 2007; Mathy et al., 2009). The local dendritic ef-
fects of each complex spike, however, tend to differ extensively due to the inhibitory input
from stellate cells (Callaway et al., 1995) and regional differences in expression of metabo-
tropic glutamate receptors (Wang et al., 2011). Together with the differential expression of
ion-channels and variation in dendritic morphology these variables may also account for
the differential complex spike waveforms recorded in the soma (see (Schmolesky et al.,
2002) for examples).

1.1.3 Cerebellar motor control and learning paradigms

The cerebellum is involved in many types of behavior and more functions are ascribed to
the hindbrain every year. Yet, the core function of the cerebellum is sensorimotor control.
The cerebellum receives vast amounts of sensory data through the MF and CF systems,
which is subsequently processed and forwarded via the cerebellar and/or vestibular nuclei
to, for instance, premotor nuclei in the brain stem like the red nucleus (Teune et al., 2000).
Also parts of the thalamus that are related to motor function (ventro-anterior and ventro-
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lateral nuclei) and connected to the motor cortices are innervated by the cerebellar nuclei
(Sawyer et al., 1994; Teune et al., 2000).

One of the most investigated motor functions is the compensatory eye movements.
Species with a retinal fovea (area of retina with increased density of specialized cells) are
equipped with other types of eye movements, like smooth pursuit, that are related to com-
pensatory eye movements. In species that lack a fovea, like rodents, the most studied com-
pensatory eye movements are optokinetic reflex (OKR), vestibulo-ocular reflex (VOR) and
visually-enhanced VOR (VVOR) (Figure 3a). OKR is performed when the surrounding is
in motion — the eyes follow the surrounding. VOR is performed when the rodent is in mo-
tion in darkness — the eyes move in the opposite direction as the head. VVOR is performed
when the rodent is in motion in a lighted surrounding — the eyes follow the surrounding and
compensate for the movement of the head. The neuronal circuit of these responses centers
on the vestibulocerebellar cortex (Figure 3b), e.g., lobules IX and X. More specifically, the
two visual reflexes (OKR and VVOR) are dependent on the flocculus, whereas the VOR
can be performed without the flocculus (Takemori, 1975; Robinson, 1976; Zee et al., 1981;
Ito, 1982; Lisberger et al., 1984; Barmack and Pettorossi, 1985; Nagao, 1989). Rodents’
lobules IX and X receive MF inputs from pontine nuclei as well as from primary (only uvu-
la and nodulus) and secondary vestibular afferents (Voogd et al., 1996). The information
propagated by these MFs is mixed with the intrinsic activity of neurons in the cerebellar
cortex and the activity in the inferior olive nucleus via the CFs. PCs in the vestibulocerebel-
lum innervate neurons in the vestibular nuclei either directly or via neurons in the lateral
cerebellar (dentate) nuclei (Voogd et al., 1996; Figure 3).

The flocculus is subdivided in several zones; vertical axis zones and horizontal
axis zones. These zones are functionally different in that the neurons of each zone pre-
dominantly encode eye movement around the vertical axis and a horizontal axis (Stahl
and Simpson, 1995; Schonewille et al., 2006). The orientation of these axes is related to
the position of the vestibular sensory organs, e.g., the semicircular canals in the inner ear.
The anterior and posterior semicircular canals innervate superior and inferior rectus and
oblique eye muscles to evoke eye movements in the vertical plane around horizontal axes.
The horizontal canals innervate the medial and lateral rectus muscles and thereby evoke
eye movements in the horizontal plane around the vertical axis. Whereas the vertical axis
is predefined, the horizontal axis can be rotated. Rotations of the head around horizontal
axes that are perpendicular to the orientation of the anterior (45° ipsilateral azimuth) and
posterior (135° ipsilateral azimuth) semicircular canal are most effective in evoking an eye
movement. The floccular PCs in the horizontal axes zones (HA PCs) respond with modu-
lation of spiking frequency most sensitively to eye movements around a horizontal axis
135° ipsilateral azimuth. Similarly, rotations of the eye around a vertical axis also evoke a
response in PCs within vertical axes zones (VA PCs). As natural eye movements will be a
mixture of horizontal and vertical axes, both HA and VA PCs will be involved in the coor-
dination of such complex movements.

The optokinetic and vestibular stimuli that we use in our experiments are oriented
around the vertical axis. To evoke optokinetic reflexes we rotate a black-and-white check-
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Figure 3.

A. Schematic drawings of the eye movements of the
mouse in response to VOR and OKR stimulation
paradigms.

B. Schematic drawing of intra- and extracerebellar
connections that are involved in vestibuloocular and
optokinetic reflexes. Floccular Purkinje cells receive
inputs from the vestibular and ocular systems via
mossy fiber projections during vestibuloocular and/
or optokinetic reflexes. The climbing fiber activity,
which is triggered by retinal slip signal, through the
inferior olive projections, is also involved. AOS (ac-
cessory optic system), 1O (inferior olive), OM (ocu-
lomotor neurons), PA (Potine areas),VG (vestibular
ganglion cells) and VN (vestibular nuclei).

ered surrounding around the head-fixed mouse with a constant amplitude (5°) or constant
velocity (8°/s) at various frequencies (0.1 — 1.6 Hz). In mice the OKR acts as a low-pass
filter, in that at low frequencies the responses are near optimal, but start lagging when the
frequencies increase. In contrast, the VOR, which we record in the dark by rotating the
mouse around the vertical axis with a constant amplitude (5°) at various frequencies (0.1
— 1.0 Hz), acts as a high-pass filter; at high frequencies the responses are better than at low
frequencies. When mice are rotated in a lighted, stable surrounding, their OKR and VOR
response are combined; their visually-enhanced VOR (VVOR) performs almost equally
well at all tested frequencies (0.1 — 1.0 Hz) and amplitudes (5° and 10°). The amplitude
of VOR can be modified to adapt the combination of such visual and vestibular input. The
details of the VOR adaptation will be described in later chapters.

1.2 The role of calcium in cerebellar functions

Ca?"entry into the cytoplasm is critical for a variety of neuronal functions, including action
potential firing, neurotransmitter release, induction of short- and long-term synaptic plas-
ticity, as well as gene transcription (Ahn et al., 1999; Raman and Bean, 1999; Coesmans
et al., 2004; Catterall and Few, 2008; Fioravante and Regehr, 2011). The Ca?*-signaling
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cascades that control these neuronal functions are generally initiated by a transient increase
of the cytoplasmic Ca?'-concentration that can occur via three main sources: the Ca?*-influx
through Ca*-permeable glutamate receptors, release of Ca?* from internal Ca**-stores and
through voltage-gated Ca**-(Ca,) channels.

In this thesis we will primarily focus on the Ca**-signaling cascades mediated by
Ca,-channels and will discuss the functional importance for synaptic transmission, synaptic
plasticity, action potential firing and, finally, the pathogenesis of Ca, -channel malfunction.
The Ca-channels can be categorized based on their physiological and pharmacological
properties into P/Q-type, N-type, R-type, L-type and T-type of Ca,, channels (Dunlap et al.,
1995). P/Q-, N-, L- and R-type Ca,-channels require a strong depolarization of the mem-
brane potential to be activated and thus are high-voltage-activated Ca,-channels. In con-
trast, T-type Ca,-channels are more readily activated at near resting membrane potentials,

A Figure 4

A. Scheme showing the subunits of a voltage
gated calcium channel. The a1 subunit forms the
pore of Ca" entry.

B. Mutations in the cacnala gene which are as-
sociated with ataxia in mouse models. S2/8L
(S218L knock-in mutant), tg (Tottering), rkr
(Rocker), rol (Rolling Nagoya) and /a (Leaner).

and thus are low-voltage-activated
Ca-channels. Despite the variety of
channel properties, all Ca,-channel
subtypes share similar structural
features. They are composed by four

B o.. subunit or five distinct subunits (Dunlap. et
1 al., 1995; Catterall, 2000), which
! I fh v include a single ol-subunit. Al-

tg rkr

cahp ealp 9000 phal-subunits of Ca -channels are
I 8182 3+4 5 6 8182 3S+4SS 81 SZSSS: 5 6 formed by four homOlOgous trans-
| X x membrane sections, each of which

v v v v v

X ~ ol la  consists of six transmembrane (S1-
_NB st U U U c S6) helices and an intracellular loop
between S5 and S6. The S1 to S4

helices serve as the voltage sensor, whereas the four transmembrane domains between S5
and S6 form the pore of the channel. The al-subunits are encoded by a group of distinct
genes in mammals (for review see Snutch and Reiner, 1992; Catterall, 2000): cacnala
encodes the al-subunit of P/Q-type channels; cacnalb encodes the al-subunit of N-type
channels, cacnalc/d/f encode the al-subunit of L-type channels, cacnale encodes the al-

subunit of R-type channels and cncnalg/h/i encode for the a.1-subunit of T-type channels.

6

+ +

P/Q-type channels can be effectively blocked by spider venom w-Agatoxin-IVA
(Mintz et al., 1992b). It is predominantly expressed at presynaptic terminals and somato-
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dendritic membranes (Westenbroek et al., 1995). In the cerebellar cortex, P/Q-type chan-
nels are particularly enriched in PC, GrC and other neurons; the P-type, which in fact
represents cerebellar Purkinje type, gates the majority of Ca**-influx in PCs (Llinas and
Sugimori, 1980; Llinas et al., 1989; Mintz et al., 1992b); whereas the splicing variant Q-
type channels are highly abundant in cerebellar GrCs (Randall and Tsien, 1995; Bourinet et
al., 1999). Cav2.2-channels gate N-type Ca?*-currents that can be sensitive to @-Conotoxin-
GVIA (Dubel et al., 1992; Williams et al., 1992); whereas Ca, 2.3-channels mediate R-type
Ca?"-currents that can be effectively inhibited by SNX-482 (Tottene et al., 2000). Both
N-type and R-type Ca*" -channels are widely expressed in the synaptic terminals and neu-
ronal dendrites of various cerebellar neurons that control the neurotransmitter release and
Ca?'-transients in the dendrites (Tottene et al., 2000; Matsushita et al., 2002; Cavelier et al.,
2008; Myoga and Regehr, 2011).

1.2.1 The role of calcium in synaptic transmission

It has been shown that P/Q-type Ca,-channels mediate the bulk of fast transmitter release
at various synapses in the cerebellum. At PF-PC synapses, blockage of P/Q-type Ca,-chan-
nels suppresses more than 90% of the total synaptic transmission, whereas the remaining
component is primarily mediated by N-type Ca,-channels (Mintz et al., 1995; Matsushita
etal., 2002). Previous studies estimated that P/Q-type Ca,-channels account for more than
half of the total number Ca,-channels at presynaptic terminals and are extremely efficient
in triggering transmitter release, probably due to their close physical association with
SNARE proteins (Kaeser et al., 2011). However the release probability at PF-PC synapses
remains relatively low (Dittman and Regehr, 1998; Dittman et al., 2000; Isope and Barbour,
2002), compared to more reliable CF-PC synapses (Dittman and Regehr, 1998). This low
release probability at PF-PC synapses is likely due to the relatively low level of Ca?*-influx
at presynaptic terminals, because artificially elevating the external Ca**-concentration sig-
nificantly increases PF-EPSC amplitudes (Matsushita et al., 2002). In line with these data,
high frequency PFs stimulation results in a paired-pulse facilitation of Ca?*-influx (Adams
et al., 2010). Considering that GrCs remain silent most of the times and operate in short
bursts at high frequency when activated (Chadderton et al., 2004; Barmack and Yakhnitsa,
2008; Ruigrok, 2010), it seems plausible to hypothesize that the PF-PC synapses are de-
signed to work as a high pass filter, in that only high-frequency bursts of granule cell activ-
ity would have a direct impact on PCs. Interestingly, although P/Q-type Ca,-channels are
highly abundant throughout the soma, dendrite and axonal terminals of PCs, in adult GrC
they are exclusively located at GrC axonal terminals but not in soma or dendrite (D’ Angelo
etal., 1997).

At CF-PC synapses, P/Q-type Ca,, channels also account for more than half of the
transmitter release (Mintz et al., 1995; Matsushita et al., 2002). At this synapse, simulta-
neous transmitter release upon presynaptic Ca?*-influx results in an all-or-none excitatory
postsynaptic potential that can reach up to several nA in PCs. A consecutive stimulation
results in a significant reduction in the CF-EPSC amplitude, due to fast depletion of readily
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release pool and/or desensitization of post-synaptic AMPA receptors (Dittman and Regehr,
1998; Harrison and Jahr, 2003). Thus, it is likely that at this synapses fluctuations in the
presynaptic calcium influx have less impact on the final transmitter release. This is in line
with the data that alternating the external Ca?*-concentration from 2 to 4 mM only induces
minor change in the CF-EPSC amplitude (Matsushita et al., 2002). In addition, in various
loss-of-function Ca,, channel mutants (see section 1.2.4), CF-EPSCs often do not change or
even paradoxical increased amplitude, whereas PF-EPSCs are consistently reduced (Mat-
sushita et al., 2002). These differences in the transmitter release properties are in line with
the specific functions of PF and CF to PC synapses.

PC typically receives vast amounts of PF inputs but only a single CF input. As
GrCs often fire action potentials in bursts, a graded Ca**-transient in response to alternating
firing frequencies and durations could considerably change the synaptic transmission and
thus the input strength of individual GrCs. CF input, on the other hand, occurs at relatively
low frequency (~1 Hz on average). Also, the all-or-none response of CF input into PCs
seems to implicate that modulation of the Ca?*-transient is likely to have a minimal impact
on the synaptic transmission and thus spiking output of PCs. However, we cannot fully
exclude the significance of Ca**-modulation in CF-PC synaptic transmission due to the
influence of post-synaptic Ca**-influx based on the following reasons: First, PCs respond
to CF input as complex spikes. The generation and modulation of complex spike wave-
forms largely depend on the Ca?*-influx in PCs (as reviewed by Schmolesky et al., 2002);
although any change in the Ca?*-influx might have small impact on transmitter release, it
may dramatically change the complex spike waveforms. Second, it has been shown that
CF-PC input can also undergo long-term plasticity (Hansel and Linden, 2000) and thereby
alter the CF-mediated Ca**-influx in PCs. Third, inferior olivary neurons also tend to fire
in bursts (Maruta et al., 2007; Mathy et al., 2009). The burst firing of olivary neurons may
serve as a fail proof mechanism that ensures a complex spike in PCs. Although recently
data also suggests that such burst firing also results in changes in complex spike length and
probably also heterosynaptic influences on LTD at PF-PC synapses (Mathy et al., 2009).

Similar to excitatory synapses in cerebellum, synaptic transmission at various
inhibitory synapses is also mediated by P/Q-type Ca,-channels. Ca**-dependent GABA
release is predominantly mediated by P/Q type Ca -channels at the molecular layer in-
terneuron-PC, the molecular layer interneuron-molecular layer interneuron and adult PC-
cerebellar nuclei synapses (Forti et al., 2000; Iwasaki et al., 2000; Stephens et al., 2001;
Lonchamp et al., 2009; Bouhours et al., 2011; Mark et al., 2011). The detailed description
of transmitter release at these synapses is out of the scope of this thesis. In summary, the
dense expressions of P/Q-type CaV-channels at various cerebellar synapses emphasize the
importance of P/Q-type Ca,-channels in proper cerebellar function. More details about
malfunction of Ca,-channels and pathological consequences will be discussed in section
1.2.4.

1.2.2 The role of calcium in neuronal spiking patterns
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The P/Q-type Ca,-channels carry more than 90% of the total high-voltage-activated Ca**-
currents in PCs (Mintz et al., 1992a). The impact of such Ca*-current on Purkinje cell
spiking patterns has been extensively studied. Raman and Bean described the ionic mecha-
nisms of spontaneous spiking in dissociated PCs (Raman and Bean, 1999). One interesting
phenomenon is that although Ca**-influx via P/Q-type Ca,-channels during action potential
firing has a depolarizing force on membrane potential, the net effect of this current is out-
ward (hyperpolarizing) (Raman and Bean, 1999). Thus, the electrical effect of Ca?*-current
is apparently dominated by rapidly activated Ca**-dependent K*-currents. This net hyper-
polarizing effect of Ca,2.1-channels is confirmed in acute cerebellar slices and shown to
be mediated by large-conductance (BK) and small-conductance (SK) Ca?"-dependent K*-
channels (Schmolesky et al., 2002; Edgerton and Reinhart, 2003; Swensen and Bean, 2003;
Womack and Khodakhah, 2003; Davie et al., 2008).

Detailed models that combine morphological and electrophysiological features of
PCs suggest that the interaction between Ca**- and Ca?*-dependent K*-channels have to be
well balanced to maintain PC firing patterns (De Schutter and Bower, 1994; Anwar et al.,
2010). Blockage of Ca?*-influx disrupts the continuous spiking from PCs by inducing an
initial burst of action potentials and a subsequent depolarizing plateau that prevents action
potential firing (Edgerton and Reinhart, 2003; Walter et al., 2006). Pharmacological block-
age of either SK or BK channels reveals similar effects in PC spiking. When SK channels
are blocked, the PC firing pattern becomes irregular, alternating between bursts of sponta-
neous action potentials and quiescent periods (Edgerton and Reinhart, 2003; Womack and
Khodakhah, 2003). Affecting BK channels also disrupts the PC firing, by increasing the
spontaneous firing frequency and promoting the occurrence of burst firing patterns (Edger-
ton and Reinhart, 2003; Womack et al., 2009). Both the SK- and BK-channels control Pur-
kinje cell spiking patterns by modulating the after-hyperpolarization (AHP). BK-channels
probably contribute to the majority of the fast AHP whereas the SK-channels are involved
in both the fast and slow AHP. The involvement of Ca*-dependent K*-channels in main-
taining proper cerebellar function also holds true in vivo. Both the global and PC-specific
deletion of BK-channels results in irregular PC firing and pronounced ataxia (Sausbier et
al., 2004; Chen et al., 2010), much alike the phenotypes found in various cacnala loss-
of-function mutants (see section 1.2.4). Both the irregular PC firing patterns and ataxic
phenotypes in cacnala loss-of-function mutants can be partially rescued by enhancing
Ca?"-dependent K*-channel functions (Walter et al., 2006; Alvina and Khodakhah, 2010),
which indicates that an optimal balance between Ca?"- and Ca?*-dependent K*-channels is
critical for proper functioning of the cerebellar cortex.

In addition to the impact on PC intrinsic spike firing, which originates primarily
in the peri-somatic region, BK-channels also participate in regulating dendritic activities
in PCs. The spontaneous burst firing in PCs from acute slices can be modulated by locally
affecting dendritic BK-channels (Womack and Khodakhah, 2004). Blocking BK-channels
also increases the intracellular Ca’*-concentration in PCs by promoting Ca’*-spreading in
the dendrites, which in turn enhances the release of endocannabinoid from dendrites and
thereby promote short-term plasticity at PF-PC synapses (Rancz and Hausser, 2006).
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1.2.3 The role of calcium in synaptic plasticity

Both parallel and climbing fiber activity induces Ca?*-transients in Purkinje cells that trig-
ger various types of synaptic plasticity. PF inputs induce local Ca**-transient that are often
restricted within spines or small sections of dendrites (Eilers et al., 1995a; Eilers et al.,
1995b). Synaptic transmission at PF-PC synapses is mainly mediated by GluR2 containing,
Ca?"-impermeable types of AMPA receptors (Tempia et al., 1996). Thus the Ca**-transient in
response to PF input is primarily mediated by Ca**-influx through P/Q-type Ca,-channels,
in response to local depolarization after AMPA receptor activation (Eilers et al., 1995a).
At low stimulation intensities, the Ca?-transients have a linear correlation with the strength
of PF input (Wang et al., 2000). Such a local signaling of PF input provides significant
benefits of input specificity, considering a single PC is designed to receive and process >
150,000 GrC-inputs. However, it has been shown that with more intense stimulation, PF in-
puts also result in a supralinear increase in Ca?*-concentration (Hartell, 1996; Canepari and
Vogt, 2008), which was previously considered to only occur in response to conjunct PF and
CF inputs (Wang et al., 2000). This PF-only supralinear Ca?*-influx is probably controlled
by mGluR 1-induced Ca**-release from internal Ca**-store. Several studies showed that re-
petitive PF stimulation produces a complex Ca?-signal, with a fast component dependent
on AMPA receptor induced depolarization, and a slower component that requires mGluR1
activation (Finch and Augustine, 1998; Takechi et al., 1998). Whether the supralinear Ca*'-
transients in responses to PF input can be observed in vivo remains to be elucidated.

CF input elicits all-or-none responses, e.g., complex spikes, in PCs, which are
manifested by high amplitude Ca**-transients that spread throughout the entire PC dendrit-
ic tree (Tank et al., 1988). The climbing fiber induced Ca*'-transients originate primarily
from P/Q-type Ca,-channels, whereas NMDA-mediated Ca**-influx as well as Ca**-release
from internal stores also contribute to this postsynaptic response (Dzubay and Otis, 2002;
Piochon et al., 2010). The global Ca*-influx after CF stimulation is initially generated
in the soma and spreads into PCs dendrites and spines. Because of the high Ca, -channel
density in the dendritic spines, the peak concentration of Ca®* occurs in the spines even
earlier than in the dendrite (Schmidt et al., 2003). During conjunctive PF and CF stimula-
tion, Ca**-transients saturate in the spines in response to the mGluR1 activation induced
Ca?*-release from endoplasmic reticulum (ER) (Wang et al., 2000). It has been shown that
mGluR1 physically binds with type-1 IP, receptors, which plays a dominant role in gating
Ca?*-release from the ER in PCs (Tu et al., 1998; Sharp et al., 1999). Since IP.Rs and ER
are not evenly distributed in PC dendrites (Volpe et al., 1993), the mGluR 1-induced Ca**-
release from internal stores could act locally. Thus, ER may serve as a remote Ca?*-supplier
throughout PC dendrites for regional Ca**-release. Support for this theory comes from the
fact that Myosin5a-dependent translocation of ER into PC spines is essential for mGluR1-
dependent Ca*-transient modulations and PF-PC LTD (Miyata et al., 2000; Wagner et al.,
2011). The regional specificity of Ca**-transients in spines and dendrites determines the in-
put specificity of long-term plasticity in neurons. In PCs, CF-induced Ca**-transients alone
does not induce long term plasticity at PF-PC synapses, however LTD can be regionally
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induced only at those synapses when coincident PF and CF inputs are applied (Reynolds
and Hartell, 2000). Similarly, restriction of dendritic Ca**-transients result in input specific
LTD at PF-stellate cell synapses (Soler-Llavina and Sabatini, 2006).

Ca?-transients facilitate synaptic plasticity by activating several key enzymes
in neurons, such as protein kinase-C (PKC), Ca?*/Calmodulin-dependent kinase type 11
(CaMKII) and protein-phosphatase 2B (PP2B; calcineurin). The former two enzymes are
essential for the expression of PF-PC LTD and the latter is essential for LTP. PKC-depen-
dent phosphorylation of the S880 amino acid residue at the C terminal of GluR2-subunits
of AMPA receptors is essential for LTD induction at PF-PC synapses (De Zeeuw et al.,
1998). The recognition of such phosphorylation is mediated by the binding of protein in-
teracting with C-kinase 1 (PICK1) to AMPA receptors (Steinberg et al., 2006). Both a- and
BCaMKII have been shown to be essential molecules for PF-PC LTD (Hansel et al., 2006;
chapter 6.1). PP2B on the other hand competes with CaMKII and promotes LTP in PCs
(Belmeguenai and Hansel, 2005; Belmeguenai et al., 2010).

Although the involvement of Ca**-activated CaMKII cascades in cerebellar learn-
ing and plasticity has only been characterized in the last decade, CaMKII has been identi-
fied as one of the best candidates being the ‘memory molecule’ 20 years ago (Silva et al.,
1992a; Silva et al., 1992b; Lisman et al., 1997; Lisman et al., 2002). CaMKII is one of
the most abundant proteins in the central nervous system and accounts for more than 2%
of the total amount of protein (Erondu and Kennedy, 1985). Four different isoforms of
CaMKIl, o, B, y and § are found in the brain, among which the a- and B-isoforms are the
most prominent forms (for review see Colbran and Brown, 2004). Alpha- and BCaMKII
are almost completely homologous in that they both contain: a catalytic domain that fulfills
the enzymatic role of CaMKII; a regulatory domain that controls the activation/inactiva-
tion of CaMKII; and an association domain (Hudmon and Schulman, 2002). The enzymatic
role of CaMKII is characterized by its ability of self-activate by autophosphorylation. The
activation of CaMKII is triggered by phosphorylation of Thr286 (for aCaMKII) or Thr287
(for BCaMKII) in the regulatory domain, which converts each CaMKII isoform into its ac-
tive state that subsequently phosphorylates the neighbor subunits within the holoenzyme
(Hanson et al., 1994). The autophosphorylation extends the activation state well beyond the
duration of the Ca**-transient (Lisman et al., 2002; Colbran and Brown, 2004).

Alpha- and BCaMKII also show functional differences. For instance, BCaMKII
has an F-actin binding domain (Shen et al., 1998) and slower translocation time constant in
the postsynaptic density (Shen and Meyer, 1999). Also, the Ca?**-sensitivity of pCaMKIT is
~6-fold higher than of aCaMKII (Brocke et al., 1999) and the distribution pattern of both
isoforms is different in various brain regions. For instance, aCaMKII is the most abundant
isoform in forebrain (the ratio of a to fCaMKII is 3:1), whereas BCaMKII dominates in the
cerebellum (a:p of 1:4) (Miller and Kennedy, 1985). The peculiar ratio of o and 3 isoforms
in the cerebellum is due to the neuronal type specific distribution of CaMKII isoforms.
aCaMKII is present exclusively in PCs and BCaMKII is commonly found in various cer-
ebellar neurons (Hansel et al., 2006). The unique combination of a and BCaMKII in PCs is
likely to serve particular functions in synaptic plasticity.
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1.2.4 How deficits in calcium homeostasis mediate ataxia

Since the P/Q-type Ca, -channels play a vital role in maintaining normal neuronal function,
aberrations in the P/Q-type Ca,-channel function could lead to a severe dysfunction of
neuronal networks. In the cerebellum, such Ca*-channelopathy is manifested by various
groups of ataxias. For instance, episodic ataxia type 2 (EA2) and Spinal cereberal ataxia
type 6 (SCA6) have been tightly linked with a group of mutations in the cacnala gene
(Figure 4). Several mouse models that harbor aberrant P/Q-type Ca, -channels have been
extensively studied. The most extreme models are the mouse strains that lack expression of
the a1 A subunit, which results in severe phenotypes including ataxia and dystonia. In the
first strain mice die at 3—4 weeks (Jun et al., 1999). The second strain permitted observation
of late-onset cerebellar neurodegeneration (Fletcher et al., 2001). It has been shown that
the morphology of the cerebellum, the connectivity between PF-PC and CF-PC synapses,
the synaptic transmission at PF-PC, CF-PC, MLI-PC and PC-CN synapses is altered in the
Ca 2.1 mice (Miyazaki et al., 2004; Lonchamp et al., 2009; Mark et al., 2011).

The early onset of cerebellar phenotypes in the Ca, 2.1"-mice makes it difficult to
study the development and pathological consequences of Ca,, channelopathies and to cor-
relate with the clinical data from EA2 patients. A group of spontaneous cacnala mutant
mice has proven to be more relevant for the translation of results from mice to human.
These mutant mice, e.g., tottering (¢g), rolling Nagoya (rol), rocker (rkr) and leaner (/a),
each harbor a missense mutation in the voltage-sensing domain of the a1 A-subunit (for ¢g,
rol and rkr), or a splicing variance that altered the c-terminal of the alA-subunit (for /a).
In these mutants, consequently, the P/Q-type Ca,-channel functions are impaired to various
extents. The reductions of Ca?'-current densities in PCs vary from 40% to 70% compared
with wild type littermates (Wakamori et al., 1998; Mori et al., 2000; Zwingman et al.,
2001). In concordance, these mutants all show certain levels of progressive ataxia. 7g and
rkr mice have relative mild form of ataxia, ro/ mice are more severely affected and /a mice
show the most pronounced ataxia phenotype (for review see (Plomp J 2009)). In addition
to the cerebellar ataxia these mutants show a mixture of other neurological symptoms, like
dystonia, paroxysmal dyskinesia and absence seizures.

Previous studies show that the mutants with mild forms of ataxia, like those in zg
and rol/ mice, are not associated with early onset of neuronal degeneration. No change in
the PCs densities are found in tg, rol or rkr mice at 4 month of age, however a progressive
loss of PCs in parasagittal patterns has been reported in /a mutants at similar age (Herrup
and Wilczynski, 1982). A late onset progressive form of PC degeneration has been found
in older than 1 year g mice (Sawada et al., 2009). Interestingly, the PC degeneration in
both /a and tg are not homogeneous but rather colocalized with zebrin expression patterns.
Thus the susceptibility of PC degeneration might be determined by various other protein
expression patterns. To what extent the ataxic phenotypes associate with degenerating PCs
or malfunction of neurons remain to be determined, although it is obvious that ataxia can
be found without clear loss of PCs.

At the ultrastructural level, loss-of-function cacnala mutants often have dys-
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morphed PC synapses. Similar to what was found in global Ca 2./ mice (Jun et al., 1999),
in tg, rol and la mice the PF-PC synapses are formed in unnatural locations, like on sec-
ondary Purkinje cell dendrites and multiple PC spines contact single PF varicosity (Rhyu et
al., 1999). In addition, adult PCs receive input from multiple CFs, of which all but one CF
should have been eliminated during the second post-natal week (Hashimoto et al., 2009). In
addition to the effects on synaptic connectivity, these cacnala mutations also affect the PC
morphology, in that the branching of the PC dendritic tree is reduced and PC axons form
swellings (Rhyu et al., 1999; Ovsepian and Friel, 2008).

Electrophysiological evidences provide more details on the relation between aber-
rant neuronal activities in loss-of-function cacnala mutants and ataxia. Presynaptic reduc-
tions in P/Q-type Ca?'-currents result in smaller amplitudes of PF-EPSCs in tg, rol, rkr and
la Purkinje cells, whereas increased paired pulse facilitation ratio of two consecutive PF-
EPSCs are found in rol and /a, but not g and rkr mice (Matsushita et al., 2002; Kodama et
al., 2006; Liu and Friel, 2008). Although synaptic transmission between CF and PC is also
mediated by P/Q-type Ca,, channels, the amplitude of CF-EPSC is normal in tg and even
enhanced in rol and /a mice (Matsushita et al., 2002; Kodama et al., 2006; Liu and Friel,
2008). This is probably due, to a large extent, to a saturated release probability and an in-
creased postsynaptic AMPA receptor density at this synapses (Matsushita et al., 2002). Phe-
notypes of synaptic transmission at inhibitory MLI to PC synapses show a more complex
mixture of alterations, varying from probably normal input in ducky mutant to enhanced
inhibitory input in /a mice (Walter et al., 2006; Ovsepian and Friel, 2008; Lonchamp et
al., 2009). These variable effects may well be induced by both pre- and post-synaptic fac-
tors. Presynaptically, inhibiting Ca?" influx using cadium does not completely abolish the
GABA release, but rather reduces it to ~ 50%. This is probably due to the Ca?* independent,
BESTI1 channel mediated GABA release from glia cells (Lee et al., 2010). Postsynapti-
cally, alterations in the Purkinje cell dendritic morphology significantly increase the input
resistance of PCs, result in larger inhibitory currents (Ovsepian and Friel, 2008). Beside the
alterations in synaptic transmission, irregular PC pacemaking activity has also been shown
to be associated with ataxic behavior. (Walter et al., 2006) showed more irregular of PC
intrinsic firing patterns in /a and ducky mice, due to the altered balance between Ca?*-influx
and Ca?"-activated K'-channels. Interestingly enough, enhancing SK-channel function by
EBIO application not only improved the regularity of PC intrinsic firing pattern, but also
improved the motor performance in /a and ducky and reduced the occurrence of dyskinesia
in g mice. These findings are consistent with increased irregularity of simple spike firing of
floccular PCs in awake ¢g mice (Hoebeek et al., 2005). Although zg PCs showed a normal
average simple spike modulation during optokinetic stimulation, the irregularity of simple
spike firing minimized the precision of compensatory eye movements in 7g mice (Hoebeek
et al., 2005).

In summary, recent studies unambiguously show the strong correlation between
the reduction of Ca**-influx in various mutants and ataxic phenotypes. The alteration of
P/Q-type Ca,-channel function results in a series of morphological and electrophysiologi-
cal aberrations that cause behavioral deficits. Those mouse mutant models all, despite the
phenotypical variances, share similar pathological origins, in that all these mutations lead
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to severe reduction in Ca**-current density in neurons. Such a compromised channel func-
tion has been thought to be a predominant cause of ataxia. Interestingly enough, a recently
generated knock-in mouse mutant, which harbors a single mutation of serine 218 to leucine
(S218L) in the al A subunit, show prominent ataxic phenotype but an increased Ca**-influx
through mutant channels (van den Maagdenberg et al., 2010 and Ch. 7). Apparently the
suboptimal functioning of Ca, 2.1 channels induces ataxia, regardless of whether the muta-
tion induces a loss- or gain-of-function.
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1.3 Scope of the Thesis

The current thesis centers on the role of calcium in cerebellar functioning; how calcium
influx in axon terminals mediates neurotransmitter release, how calcium influx postsyn-
aptically controls several forms of synaptic plasticity and how aberrant calcium channel
functioning disrupts the output of the cerebellar cortex. Chapter 2 introduces and reviews
the currently known forms of synaptic plasticity in the cerebellar cortex and their molecu-
lar mechanisms. In addition, the functional connections between all types of neurons are
reviewed. From the discussed literature it becomes evident that calcium homeostasis has a
central role in each of these plastic events.

In Chapter 3 we use the fact that neurotransmission between GrCs and PCs is par-
ticularly dependent on Ca**-influx through P/Q-type voltage-gated Ca?*-channels to study
the essence of such a vast amount of GrCs when most of these neurons is known to be si-
lent most of the time. By GrC-specific deletion we found that we can selectively block the
output of ~70% of all GrCs. Surprisingly, these mice show now behavioral deficits or gross
abnormalities in GrC excitability or of any downstream target neuron. /n vivo we found that
the PCs showed more regular PC firing patterns, which we relate to the absence of motor
learning consolidation.

Chapter 4 describes what the role is of synaptic plasticity of the GrC—PC synapses
in controlling the core function of the cerebellum, like motor behavior. Since more than 4
decades one of the leading hypotheses is that long-term depression at the PF-PC synapses
accounts for the adaptation of motor behavior. This well-known Marr-Albus-Ito hypothesis
is challenged in this chapter by two studies, which show that not long-term depression but
long-term potentiation at the GrC-PC synapses is essential for motor learning in adult mice.

Chapter 5 identifies the synaptic inhibitory input from molecular layer interneurons
to PC as one of the main neuronal substrates of consolidation of motor learning. Previously,
the inhibitory input from stellate and basket cells was thought to control the timing of ac-
tion potential firing in PCs, and although this synapse was known to be plastic in a Ca*'-
dependent manner, a true role in motor learning was not yet described. Here we show that
the lack of synaptic inhibitory input to PC enhances the regularity of PC firing and thereby
disrupts that consolidation of newly acquired motor tasks.

Chapter 6 explores the molecular pathways of the abovementioned forms of plastic-
ity in the PCs and thereby focuses on the role of CaMKII. The a-isoform of this particular
enzyme was shown to control long-term depression at the excitatory GrC-PC synapse, but
it role in inhibitory plasticity, or that of the B-isoform in both types of plasticity remained
unclear. Our results reveal how the lack of fCaMKII alters the function of the residual
aCaMKII in PCs. For both excitatory and inhibitory plasticity the effect of aCaMKII ac-
tivation reversed; GrC-PC LTP protocols induced LTD and vice versa and SC-PC LTP
suppression protocols induced LTP. For both synaptic contacts the absence of BCaMKII
switched the plasticity induction rules from cerebellar to hippocampal.

Chapter 7 describes how a gain-of-function mutation in the pore-forming subunit of
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P/Q-type calcium channels disrupts the output of the cerebellar cortex and thereby medi-
ates cerebellar ataxia. Previous studies showed a similar pathogenesis for loss-of-function
mutations. Our study reveals a remarkable similarity in the effects of gain-of-function mu-
tations and loss-of-function mutations and also describes how these opposite effects even-
tually both induce cerebellar malfunctioning and ataxia.

Chapter 8 discusses the results described in the current thesis.
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Cerebellar Cortical Plasticity

General introduction

Voluntary movements are initiated in the cerebral cortex, while involuntary movements
are mostly reflexes triggered by events that evoke responses in one of our sensory organs.
Both types of movements can be initiated without a cerebellum, but proper execution of
these movements as well as adaptive modification of them requires an intact cerebellum.
These functions are in line with the position and connectivity of the cerebellum in that it
is superimposed on, but not an essential part of, the brain systems that are required for the
initiation and occurrence of movements (Figure 1). The cerebellum itself is also composed
of layered networks: The cerebellar cortex is superimposed on the cerebellar and vestibular
nuclei to which it projects and via which it exerts all its effects (Figure 1); the granular layer
of the cerebellar cortex contains the mossy fiber - granule cell pathway on which the Golgi
cells and unipolar brush cells (UBCs) are superimposed; and in the molecular layer there is
another group of interneurons formed by the stellate cells and basket cells that are superim-
posed on the Purkinje cells. The layered character of the networks in the cerebellar cortex
makes it ideal to dissect them into cellular components and to subsequently analyze their
individual contributions at the level of the functional network involved. Such an approach
follows the concepts that implementing new functions during evolution of the central ner-
vous system is often realized by imposing new networks onto existing circuitries and/or by
expanding their development (Nieuwenhuys, 1967; Simat et al., 2007b). Specific teleologi-
cal functions may thus well be attributed to the separate network layers in the cerebellar
cortex and their target neurons in the cerebellar and vestibular nuclei. Interestingly, both the
neurons in the cerebellar cortex and the neurons in the cerebellar and vestibular nuclei are
with various forms of synaptic and intrinsic plasticity (for reviews see (Hansel et al., 2001;
Bagnall and du Lac, 2006; Pugh and Raman, 2009), and both are innervated by axons from
the mossy fiber and climbing fiber system (Figure 1). This configuration raises the intrigu-
ing possibility that the various forms of plasticity induced in the cortex and nuclei are not
independent, but finely regulated in a coordinated and temporally related fashion (Pugh
and Raman, 2009) and that some of the processing and memory formation in the cerebel-
lar cortex ultimately is also consolidated and stored in the cerebellar and vestibular nuclei
(Kassardjian et al., 2005; Shutoh et al., 2006; Kellett et al., 2010).

Plasticity at granule cells and superimposed interneurons
Mossy fiber to granule cell synapse

The mossy fibers form one of the two main afferent systems to the cerebellar cortex (Figure
1; connections indicated in brown). They are derived from a large variety of nuclei in the
brainstem (Voogd et al., 2010). A single mossy fiber can divide across different folia into
multiple branches, each of which provides multiple rosettes, and a single mossy fiber ro-
sette targets tens of granule cells within the cerebellar glomerulus (Palay and Chan-Palay,
1974; Jakab and Hamori, 1988). Thereby the mossy fiber system provides a source of enor-
mous divergence creating a sparse and diverse distribution of information to the granular
layer in the cerebellar cortex. The mossy fiber to granule cell synapse shows robust plas-
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ticity in that long-term potentiation (LTP) can be readily induced (D’Angelo et al., 1997).
This form of LTP is presynaptic, dependent on activation of NMDA and metabotropic glu-
tamate receptors, and can be reversed by presynaptic long-term depression (LTD) (Maffei
etal., 2002; Gall et al., 2005) for review see (D’Angelo and De Zeeuw, 2009). Mossy fiber
to granule cell LTP and LTD are both Hebbian in that they depend on persistent presynap-
tic activity and subsequent Ca?" influx in the postsynaptic granule cell (Figure 2). Mossy
fiber bursts with a duration longer than 250 ms generally lead to a large Ca?" increase and
LTP, whereas those with shorter durations result in small Ca*" increases and LTD (Gall et
al., 2005) (Table 1). Hence, plasticity at the mossy fiber to granule cell synapse follows a
Ca*"-dependent, bidirectional induction mechanism according to the Bienenstock-Cooper-
Munro (BCM) rule (Bienenstock et al., 1982). The balance between LTP and LTD may
have important implications for the timing and duration of spike activity in the granule cells
(Nieus et al., 2006). According to the Time-Window hypothesis (Kistler and De Zeeuw,
2003; D’ Angelo and De Zeeuw, 2009), a higher level of LTP will result in an earlier and
more precise onset and a higher number of spikes in the window of granule cell activ-
ity following mossy fiber activation. Importantly, the high-frequency transmission at the
mossy fiber to granule cell synapse can be sustained despite prominent spillover effects in
the glomerulus, the surrounding of which is formed by enwrapping glial sheaths (Palay and
Chan-Palay, 1974; DiGregorio et al., 2002). Normally, an accumulation of glutamate leads
to desensitization of a-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA) re-
ceptors, but this synapse shows a relatively strong resistance to desensitization and does
not show prominent signs of postsynaptic short-term depression (DiGregorio et al., 2007).

Inputs to Golgi cells

Golgi cells, which form a heterogeneous group of interneurons in the granular layer, have
long apical, often sagittally oriented, dendrites that arborize far into the molecular layer,
and shorter proximal dendrites that remain within the granular layer (Palay and Chan-
Palay, 1974; Simat et al., 2007a; Sillitoe et al., 2008). Their activity is directly controlled by
synaptic inputs from mossy fibers, parallel fibers and molecular layer interneurons (Palay
and Chan-Palay, 1974; Dieudonne, 1998; Dumoulin et al., 2001; Nakanishi, 2009), and
probably influenced more indirectly by climbing fibers (Schulman and Bloom, 1981; Xu
and Edgley, 2008). Whereas plasticity at the mossy fiber to Golgi cell synapse and that at
the molecular layer interneuron to Golgi cell synapse remain to be investigated (Kanichay
and Silver, 2008; Nakanishi, 2009), the parallel fiber to Golgi cell synapse has been sub-
ject of studies on both short-term and long-term plasticity. Paired-pulse facilitation (PPF)
and short-term depression (STD) can be induced presynaptically following short bursts
of parallel fiber stimulation, but endocannabinoid (eCB) - dependent synaptically-evoked
suppression of excitation (SSE), depolarization-induced suppression of excitation (DSE),
and posttetanic potentiation (PTP) are difficult to obtain at the parallel fiber to Golgi cell
synapse (Beierlein et al., 2007). Instead, high-frequency parallel fiber burst stimulation
results in mGIluR2 and PKA, but not NMDA, dependent LTD that is postsynaptically ex-
pressed (Robberechts et al., 2010) (Table 1). Whether this form of homosynaptic LTD
is sufficiently potent to modulate the spiking output of Golgi cells in vivo remains to be
shown, especially since the efficacy of the parallel fiber to Golgi cell input is already rela-
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Figure 1 Schematic overview depicting the position of the cerebellum with respect to other parts of the central nervous
system.

Pathways directly involved in olivocerebellar processing are shown in individual colors, while the remaining pathways are
indicated in dark grey. Input to the cerebellum (dashed border) is conveyed by mossy fibers (brown) and climbing fibers
(yellow). Ultimately, these two pathways converge within the cerebellar cortex, from which Purkinje cells project to the
cerebellar and vestibular nuclei (blue). From these nuclei, projections are provided to the inferior olive (red) and other extra-
cerebellar sites (green). Please note that the direct projections from the cerebellar and vestibular nuclei to the motor nuclei
only reflect the direct projections towards the oculomotor nuclei; otherwise there are no direct connections to motor nuclei
to the best of our knowledge.

tively weak at its baseline level (Dieudonne, 1998) and the potential range for change in
synaptic strength is relatively moderate compared to that at for example the parallel fiber to
Purkinje cell synapse . From this point of view the impact of climbing fiber activity on the
spike rate of Golgi cells during peripheral activation is more compelling (Xu and Edgley,
2008). The inhibitory component of the often biphasic excitatory-inhibitory response of
Golgi cells in crus I/II to peripheral stimulation is strongly attenuated when conjunctive
climbing fiber activation is applied. However, the cellular mechanism by which the climb-
ing fibers impose these effects onto the Golgi cell remains to be identified. In principle, it
could be heterosynaptic potentiation of the parallel fiber to Golgi cell synapse, similar to
that described for the parallel fiber to molecular layer interneuron synapse (Jorntell and
Ekerot, 2003; Bender et al., 2009), and/or heterosynaptic depression of the molecular layer
interneuron to Golgi cell synapse, similar to that described for the molecular layer inter-
neuron to Purkinje cell synapse (Mittmann and Hausser, 2007). Alternatively, the climbing
fibers might have more indirect impact on Golgi cell spiking patterns by affecting the Golgi
cell to Golgi cell inhibition mediated through electrotonic coupling (Dugue et al., 2009;
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Figure 2 Molecular mechanisms underlying plasticity in granular layer.

Glutamate release from mossy fiber (MF) and GABA release from Golgi cell terminals (GoC) and lamella of glia (LG) trigger
various signaling cascades of synaptic plasticity inside the so-called mossy fiber — glomerulus (dashed border). In granule
cells (GrC) the glutamate release will evoke an increase in Ca* via an influx through NMDA receptors and voltage gated
Ca?* channels (VGCCs) and via Ca*' release from internal Ca*" stores. The increase in Ca®* triggers retrograde signaling of
NO into the MF terminal, which facilitates a presynaptic form of long-term plasticity via guanylate cyclase (GC) and cyclic
guanosine mono-phosphate (cGMP) pathways. In addition, the increase in Ca?* activates Ca*"/calmodulin activated kinase
I (CaMKII) and facilitates the response of GABA , receptors to GABA. Within the glomerulus GABA release can also, via
spillover, suppress transmitter release presynaptically via activation of GABA receptors mediated pathways. Red arrows
indicate potentiation cascades, dashed black arrow indicates trans-synaptic diffusion of NO, and blue lines indicate the sup-
pression interactions. Bestl and IP, indicate Bestrophin 1 anion channel and inositol-trisphosphate, respectively. See main
text for further explanation.

Vervaeke et al., 2010), or on the tonic inhibition provided by GABA release from the lamel-
lar astrocytes within the glomeruli (Lee et al., 2010).

Golgi cell output

Golgi cells have an extensive axonal tree innervating hundreds to thousands of granule
cells (Palkovits et al., 1971) and in the vestibulocerebellum also tens of UBCs (Dugue
et al., 2005). About two-thirds of the Golgi cells use both GABA and glycine as their
neurotransmitter, while two smaller subgroups use either GABA or glycine (Simat et al.,
2007a). Interestingly, Golgi cell inhibition of granule cells is mediated by GABA receptors
only, while that of UBCs is dominated by glycinergic currents raising the possibility that
in the vestibulocerebellum postsynaptic selection of the coreleased transmitters is used to
achieve target-specific signaling (Dugue et al., 2005). Most of the Golgi cell axon terminals
make synaptic contacts with the granule cell dendrites in the periphery of the cerebellar
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Table 1; Summary of all forms of plasticity in cerebellar cortex. N/A indicates not applicable. LTP, LTD, IP and RP
indicate long-term potentiation, long-term depression, intrinsic plasticity and rebound potentiation, respectively. SSE, DSE
and PTP indicate endocannabinoid (eCB)-dependent synaptically-evoked suppression of excitation, depolarization-induced
suppression of excitation, and post-tetanic potentiation, respectively. Arrows up or down indicate final effect on synaptic

strength or excitability.
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glomerulus that is formed around the mossy fiber terminal innervating the same dendrites.
The granule cell dendrites express different combinations of GABA, receptor subunits at
different locations with putatively different functions (Brickley et al., 1996, 1999). The
receptors with the al subunit are primarily localized in the synaptic cleft and might de-
termine the amplitude of the phasic inhibition exerted by the Golgi cells, while those with
the a6 subunit, which are sensitive to low concentration of GABA, are distributed both
inside and outside the postsynaptic densities and could thus determine the strength of tonic
inhibition following spillover due to GABA release from either the Golgi cells (Nusser et
al., 1998; Rossi and Hamann, 1998; Rossi et al., 2003) or astrocytes (Lee et al., 2010). In
addition to the postsynaptic effects, tonic inhibition by GABA within the glomerulus may
also regulate transmitter release at the presynaptic site (Kulik et al., 2002) and thus affect
short-term plasticity (Figure 2). Indeed, blocking presynaptic GABA; receptors increases
release probability at the Golgi cell to granule cell synapse, increases the amplitude of the
first granule cell IPSC evoked by Golgi cell stimulation, and accentuates short-term depres-
sion of these IPSCs in response to a train of Golgi cell stimulation (Mapelli et al., 2009).
Interestingly, GABA release from the Golgi cell terminal onto the granule cell can also be
suppressed by mossy fiber activity upon the activation of mGluRs on the Golgi cell axon
terminals (Mitchell and Silver, 2000). Since these GABA ; and mGluR mediated effects in
the Golgi terminals are both particularly prominent following high-frequency stimulation,
one may argue that they compensate for frequency-dependent depression of granule cell
EPSCs following mossy fiber activation and that they further facilitate proper control of the
time-window of granule cell activity that is required for creating optimal spatiotemporal
spiking patterns in the granular layer (D’ Angelo and De Zeeuw, 2009). In other words, pre-
synaptic control of release probability of GABA at the Golgi cell terminal can be regarded
as a mechanism to regulate the precision of the onset of feedforward inhibition of the
granule cells. Since the Golgi cell feedforward inhibition can probably limit the discharge
of connected granule cells within just about 5 ms (D’Angelo and De Zeeuw, 2009), low
ambient GABA might well delimit the time-window during which granule cell spikes have
the highest probability of being generated.

Input and output of unipolar brush cells

UBC s are small glutamatergic neurons that are prominently distributed in the granular layer
of the vermis and flocculonodular lobe (for review see (Mugnaini et al., 2011). They have a
single brush-like dendrite, which receives input from mostly a single mossy fiber terminal,
and they give rise to an axon, which branches locally in the granular layer and provides
itself multiple, intrinsic mossy fibers contacting granule cells and other UBCs (Nunzi and
Mugnaini, 2000). Interestingly, the mossy fiber to UBC synapse is relatively large com-
pared to the mossy fiber to granule cell synapse (Floris et al., 1994); it contains large areas
of extensive synaptic appositions with multiple release sites and a continuous distribution
of postsynaptic ionotropic glutamate receptors (Jaarsma et al., 1995; Rossi et al., 1995).
Moreover, due to the tortuous three-dimensional space of the synapse, glutamate, and pos-
sibly also acetylcholine (Jaarsma et al., 1996), released from the mossy fiber terminal can
become entrapped inside the synaptic cleft for a substantial period of time. This entrapment
is likely to result in rebinding of the neurotransmitter and thereby long-lasting, repetitive
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postsynaptic activation (Kinney et al., 1997). Indeed, activation of the mossy fiber to UBC
input evokes unique biphasic responses consisting of a fast high-frequency component me-
diated by AMPA/Kainate(KA) receptors, and a slow, but long-lasting, component primarily
mediated by AMPA and NMDA receptors (Rossi et al., 1995; Billups et al., 2002). This
activation pattern is in line with the finding that fast high-frequency bursts in UBCs can be
triggered at low-threshold by fast inactivating T-type Ca?"-channels that generate power-
ful Ca?* transients mainly in the dendritic brush, while their tonic firing mode is mainly
sustained by slowly inactivating L-type Ca*'-channels that are probably distributed more
equally over the somatodendritic compartments (Diana et al., 2007; Russo et al., 2007;
Birnstiel et al., 2009). Mossy fiber inputs that evoke a prolonged depolarization in UBCs
are probably sufficient to inactivate T-type channels and thereby cause a period of hyper-
polarization. In addition, mossy fiber activation can have an inhibitory effect on UBCs
through activation of group 2 mGluRs, which are expressed at the periphery of the post-
synaptic density (Jaarsma et al., 1998) and trigger a G-protein-coupled inward rectifying
potassium conductance (Russo et al., 2008). Thus, excitation of UBCs may be tempered by
closure of inward calcium currents as well as through activation of extrasynaptic mGluRs
that increase background potassium conductances.

Since the size of the cleft of mossy fiber to UBC synapses varies greatly (Mugnaini
et al., 2011), the duration of the sustained postsynaptic activation probably also varies sub-
stantially (Rossi et al., 1995; Kinney et al., 1997). Together with the fact that the quantity
of many of the conductances present in UBCs, including the calcium currents mentioned
above, vary substantially (Birnstiel et al., 2009), this will further enhance the diversity of
granule cell coding in the temporal domain. Potentially, various forms of plasticity may fur-
ther fine-tune and divert the duration of sustained activity in each individual UBC. The fast
AMPA/KA receptor mediated responses show depression at short inter-stimulus intervals,
suggesting fast depletion of available receptors in the synaptic cleft, while the responses of
the slower, “steady-state” currents can be both facilitated and depressed dependent on the
duration of inter-stimulus intervals (Rossi et al., 1995). In addition, these plastic effects at
the mossy fiber to UBC synapse are likely to be influenced by the glycinergic inhibition
provided by Golgi cell terminals, which impinge onto both the brush and soma of the UBC
(Mugnaini et al., 1997; Dugue et al., 2005). Moreover, activation of the voltage-dependent
calcium conductances described above may also elicit long-term changes by controlling
the insertion cycle of receptors that affect postsynaptic plasticity (Malinow and Malenka,
2002), by modulating intrinsic excitability (Kassardjian et al., 2005), and/or by mediating
activity-dependent changes that control gene expression in the nucleus (Bading et al., 1993;
Sekerkova et al., 2005). Thus, the hardware of the UBC network as well as its modifiable
elements appear well designed to provide feedforward excitation imposing precisely de-
termined prolonged activity in granule cells over time courses varying from hundreds to
thousands of milliseconds following activation by the extrinsic mossy fibers (Rossi et al.,
1995; Dino et al., 2000; Billups et al., 2002).

Intrinsic plasticity of granule cells

Plasticity can be expressed by altering the composition of the molecular machinery at syn-
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apses, but also by changing the density and/or identity of conductances at other parts of
the neuronal membrane (Aizenman and Linden, 2000; Zhang and Linden, 2003; Schulz,
2006). Such intrinsic plasticity can affect the excitability of a dendritic tree partially or
completely, and its induction is often preceded by synaptic potentiation (Schulz, 2006).
Likewise in granule cells, theta-bursts of mossy fiber stimulation cannot only induce pre-
synaptic LTP as outlined above, but they can also lead to enhanced intrinsic excitability of
granule cells (Armano et al., 2000). Whether both changes occur at the same time depends
on the strength of the stimulation (Table 1); when the mossy fiber input evokes a strong
depolarizing charge on the granule cell the increase in intrinsic excitability will occur to-
gether with presynaptic LTP; instead, when the stimulation evokes only a weak change
in the membrane potential, plastic effects will be largely restricted to changes in intrin-
sic excitability (Armano et al., 2000). The enhanced granule cell excitability results from
an increased input resistance and lowered spike threshold, which enhance the EPSPs and
thereby facilitate additional spike output. Further modification of spike output may be due
to changes in intrinsic excitability resulting from NMDA and GABA activation in granule
cells (Armano et al., 2000; Bender et al., 2009) (Figure 2). Thus, even though granule cells
have low background firing rates due to tonic inhibition, sensory activation can in principle
cause bursting in granule cells such that mossy fiber input is transmitted with high reliabil-
ity to Purkinje cells (Chadderton et al., 2004).

Plasticity at Purkinje cells and superimposed interneurons
Parallel fiber to Purkinje cell synapse

All four forms of long-term plasticity that can possibly occur at a synapse have been de-
scribed for this synapse; in historical order these include postsynaptic LTD (Ito and Kano,
1982), presynaptic LTP (Salin et al., 1996), postsynaptic LTP (Lev-Ram et al., 2002; Coes-
mans et al., 2004) and presynaptic LTD (Qiu and Knopfel, 2009). While all these forms
of plasticity can be readily induced at the parallel fiber to Purkinje cell synapse, it can be
questioned whether any of them can be induced at the synapses between the ascending part
of the granule cell axons and Purkinje cells (Sims and Hartell, 2006).

Postsynaptic LTD at the parallel fiber to Purkinje cell synapse is typically induced
by paired stimulation of parallel fibers and climbing fibers. This combined stimulation
induces a large Ca®* influx and activates both AMPA and mGluR1 receptors (Figure 3),
which in turn facilitate phospholipase C to produce inositol 1,4,5-triphosphate (IP,) (Lin-
den and Connor, 1991; Linden et al., 1991; Hartell, 1994; Khodakhah and Armstrong,
1997). Boosted by IP.- and Ca**-mediated calcium release from the endoplasmatic reticu-
lum the postsynaptic Ca**-transient becomes supralinear (Wang et al., 2000), which in turn
activates PKCa (Leitges et al., 2004) and alpha-calcium/calmodulin-dependent protein
kinase II (a«CaMKII) (Hansel et al., 2006). Ultimately, PKCa phosphorylates Ser-880 of
the GluR2 subunit (Chung et al., 2003), which causes dissociation of the GluR2-subunit-
containing AMPA receptors from the ‘glutamate receptor interacting protein’ (GRIP) (Mat-
suda et al., 1999) and facilitates their interaction with PSD-protein ‘protein interacting with
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Figure 3 Molecular mechanisms underlying plasticity in molecular layer.

The schematic drawing presents the main molecules and pathways that are involved in the various forms of synaptic plastic-
ity that can occur at the parallel fiber (PF), climbing fiber (CF), and molecular layer interneuron (IN) to Purkinje cell (PC)
synapses. For clarity of illustration, the PC is simplified into single compartment. Pathways that are involved in long-term
depression at PF-PC synapses are marked in blue; while pathways that are involved in long-term potentiation at PF-PC
synapses are marked in red (arrows indicate stimulating impact, whereas lines with perpendicular stop at end indicate in-
hibitory impact). Yellow arrows indicate long-term plasticity pathways at inhibitory IN-PC synapses, green arrows indicate
interacting pathways between inhibitory and excitatory synapses, and brown arrow indicates molecular cascade for intrinsic
plasticity. All freely defuse messenger pathways are marked by black arrows (solid arrow for intracellular traffic and dashed
arrows for transmembraneous and extracellular traffic). AC indicates adenylyl cyclase; Bestl, bestrophin 1 anion channel;
CaMKII, Calcium/calmodulin activated kinase II; cAMP, cyclic adenosine mono-phosphate; CB1R, cannabinoid receptor 1;
c¢GMP, cyclic guanosine mono-phosphate; CRF, corticotropin-releasing factor; CRFR, corticotropin-releasing factor recep-
tor; D32, DARPP-32; DAG, diacyl glycerol; eCB, endocannabinoid; GC, guanylate cyclase; Glu, glutamate; IGF1, insulin-
like growth factor 1; IGF1R, insulin-like growth factor 1 receptors; IP3, inositol trisphosphate; KaR, Kainate receptor; NSF,
N-ethylmaleimide-sensitive factor; PICK 1, protein interacting with C kinase 1; PKA, protein kinase A; PKC, protein kinase
C; PKG, protein kinase G; PLC, phospholipase C; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A; PP2B, protein
phosphatase 2B; RIM1a, Rab3-interacting molecule lalpha; SK, small conductance Ca?" activated K* channel; and VGCC,
voltage gated Ca*" channel.

C kinase 1’ (PICK1) (Xia et al., 2000) allowing internalization via a clathrin-dependent
process (Wang and Linden, 2000; Xia et al., 2000). Probably, this process is facilitated by
the Purkinje cell specific GIuRd2 subunit, which directly interacts with PICK1 (Yawata
et al., 2006). Other molecular factors that act at the interface between Purkinje cells and
their surrounding can also contribute to the induction of postsynaptic parallel fiber LTD;
these include nitric oxide (NO), endocannabinoids, corticotropin-releasing factor (CRF),
and NMDA receptors (Figure 3). The possibility that the NO - cyclic guanylate monophos-
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phate (cGMP) cascade plays a role in LTD induction (Crepel and Jaillard, 1990; Shibuki
and Okada, 1991; Ito, 2001) is supported by the findings that LTD can be prevented by
inhibition of consecutive steps within the NO-activated soluble guanylate cyclase (sGS)
- ¢cGMP-dependent protein kinase (PKG) pathway (Hartell, 1996; Lev-Ram et al., 1997)
and that postsynaptic NO uncaging can replace parallel fiber stimulation and thus bypass
activation of AMPAR and mGluR1 as occurs in the classical LTD induction protocol (Lev-
Ram et al., 1995; Lev-Ram et al., 1997). Possibly, phosphorylation of G substrate by PKG
in the NO pathway suppresses the activity of protein phosphatases PP1 and PP2B (Ito,
2001), thereby controlling the balance between kinases and phosphatases involved in the
various forms of plasticity in Purkinje cells (Figure 3). Since NO cannot be formed inside
Purkinje cells due to their lack of nitric oxide synthase (NOS), NO probably acts as an
anterogade messenger from outside, possibly from molecular layer interneurons (Shibuki
and Okada, 1991; Shin and Linden, 2005). Nevertheless, LTD can be induced in cultures
of isolated Purkinje neurons, in which all potential donors of NO are abolished (Linden
and Connor, 1992), indicating that NO may contribute to, yet is not an essential factor for,
postsynaptic LTD at the parallel fiber to Purkinje cell synapse. Endocannabinoids, which
are commonly associated with different forms of instant, short-term alterations of synaptic
efficacy at both parallel fiber and interneuron terminals (for reviews see (Safo et al., 2006;
Le Guen and De Zeeuw, 2010), probably also have an essential role in controlling LTD
at the parallel fiber to Purkinje cell synapse (Safo and Regehr, 2005). LTD induction can
be blocked by a cannabinoid receptor (CB1R) antagonist or by inhibiting the synthesis of
the endocannabinoid 2-arachidonyl glycerol (2-AG), and it is absent in mice lacking the
CBIR (Safo and Regehr, 2005). When CB1Rs are activated by an agonist, both NO and
postsynaptic calcium transients are still essential for LTD induction, which indicates that
the endocannabinoid signaling pathway acts upstream of these factors (Safo and Regehr,
2005). Postsynaptic release of endocannabinoids in Purkinje cell spines, which is like post-
synaptic LTD also facilitated by climbing fiber activation, results either directly from Ca?*
transients through voltage-gated calcium channels (VGCCs) or from a mGluR1-mediated
cascade, which activates phospholipase C (Figure 3). The latter process allows the forma-
tion of diacylglycerol (DAG), which is converted into the endocannabinoid 2-AG by DAG
lipase. Presynaptically at the parallel fiber terminal, endocannabinoids exert their effect
by binding to the CB1R, which markedly attenuates the calcium influx and consequently
reduces neurotransmitter release. The reduced calcium influx may result from a direct in-
hibition from CBIR activation on N-, P/Q- and R-type calcium channels (Brown et al.,
2003; Brown et al., 2004) and/or more indirectly from G/G_ protein coupled activation
of K" channels, which can affect VGCCs (Crepel and Ben-Ari, 1996). Thus, the factors
involved in endocannabinoid signaling as well as their ultimate presynaptic (Beierlein and
Regehr, 2006) and postsynaptic effects suggest a role for endocannabinoids in controlling
parallel fiber to Purkinje cell LTD. Instead, CRF may play a permissive role in inducing
parallel fiber to Purkinje cell LTD (Miyata et al., 1999). LTD induction can be effectively
blocked by specific CRF receptor antagonists and LTD does not occur in CRF-deprived
cerebella, while it can be rescued by CRF replenishment. LTD induced by CRF application
is mediated by protein kinase C (PKC), but does not depend on changes in Ca2+ signaling
or cyclic GMP (¢cGMP) production. Since, CRF has been shown to be distributed in many,
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but not all, climbing fiber zones in both higher and lower mammals (Cha and Foote, 1988;
Cummings et al., 1988; King et al., 1997; Sawada et al., 2008), it will be interesting to
find out to what extent the induction of parallel fiber to Purkinje cell LTD is also limited
to those zones, just like it may be inversely related to the zonal expression of zebrin and
the glutamate transporter EAAT4 (Wadiche and Jahr, 2005; Paukert et al., 2010) or like it
may be related to the zonal distribution of the promoter of IP,-receptor IP3R1 (Khodakhah
and Armstrong, 1997; Furutama et al., 2010). Finally, functional NMDA receptors have
recently been demonstrated to be present postsynaptically at the climbing fiber to Purkinje
cell synapse in adult rodents and to also contribute to parallel fiber LTD (Piochon et al.,
2007). When NMDARs are blocked, postsynaptic parallel fiber LTD is prevented, yet post-
synaptic parallel fiber LTP remains unaffected. Possibly, a decrease in the dentritic calcium
transient following the impairment of NMDA mediated calcium influx is responsible for
the impact on LTD. Bypassing NMDAR-activity by substituting climbing fiber activity
with a brief depolarizing step of the Purkinje cell still elicits parallel fiber LTD in adult
mice (Piochon et al., 2010). Thus, even though NMDARSs may contribute to the induction
of parallel fiber LTD in slices of adults, one cannot exclude the possibility that their role in
vivo can to some extent be bypassed.

Presynaptically, plasticity at the parallel fiber to Purkinje cell synapse is dominated
by potentiating effects and control thereof by endocannabinoids (for review see (Le Guen
and De Zeeuw, 2010). Presynaptic LTP, which is independent of postsynaptic activity, can
be elicited by a relatively short period of activity in parallel fibers, typically 120 pulses at
4 - 8 Hz (Salin et al., 1996). This stimulus train will induce a presynaptic calcium influx that
will activate a pathway involving Ca?*/calmodulin-sensitive adenyl cyclase, which in turn
will lead to a rise in cAMP that activates cAMP-dependent PKA (Salin et al., 1996; Storm
et al., 1998). PKA activation will further increase the presynaptic Ca?'-transients thereby
probably further strengthening the potentiation (Qiu and Knopfel, 2007). In addition, NO
released from other synapses may contribute via diffusion to the induction of presynaptic
LTP in unactivated parallel fiber terminals (Jacoby et al., 2001). Possibly, this release is
initiated by activation of NMDARs at sites other than parallel fibers (Jacoby et al., 2001;
Qiu and Knopfel, 2007). Whether phosphorylation of RIM1 , a protein in the active zone,
is critical for presynaptic LTP remains to be shown as contradicting results have been found
in vitro (Lonart et al., 2003) and in vivo (Kaeser et al., 2008). Possibly, a short-lasting form
of presynaptic potentiation, which can be induced by a periodic burst pattern of homosyn-
aptic stimulation of parallel fibers and lasts for tens of minutes, can facilitate the initiation
of presynaptic LTP at the parallel fiber to Purkinje cell synapse (Goto et al., 2006). In con-
trast, activation of CB1Rs following climbing fiber evoked release of endocannabinoids
will suppress adenyl cyclase 1, and thereby attenuate cAMP-dependent PKA activity and
induction of presynaptic LTP (Ameri, 1999; van Beugen et al., 2006).

Initially, presynaptic LTP was presumed to act as a reversal mechanism for post-
synaptic LTD. This view was refined when postsynaptic LTP was discovered (Lev-Ram et
al., 2002) and it was demonstrated that postsynaptic LTD and postsynaptic LTP could re-
verse one another (Lev-Ram et al., 2003; Coesmans et al., 2004). Postsynaptic LTP, which
can be most reliably induced by parallel fiber stimulation alone at 1 Hz for 5 min, can be
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blocked when an extra-cellular NO-buffer is added. Moreover, uncaging of postsynaptic
NO is sufficient to induce postsynaptic LTP, which suggests that NO acts as an anterogade
messenger. Further downstream activation of soluble guanylate cyclase (sGC), which is es-
sential for postsynaptic LTD, is not necessary for postsynaptic LTP induction. Although at
a much smaller concentration than for LTD, a postsynaptic calcium transient is still needed
for postsynaptic LTP (Coesmans et al., 2004). Subsequent activation of calcium/calmodu-
lin-activated protein phosphatase 2B (PP2B) synergistically activates protein phosphatase
1 (PP1). This activation occurs by releasing the block of PP1 by inhibitor-1 (I-1), the activ-
ity of which is under control of PP2B as well as cAMP-activated PKA (Figure 3). Indeed,
selectively inhibiting phosphatases PP1, PP2A or PP2B does prevent postsynaptic LTP
(Belmeguenai and Hansel, 2005). Trafficking of AMPAR into the synapse, which is the
structural correlate of LTP expression, is controlled by calcium sensitive n-ethylmaleimid-
sensitive factor (NSF) (Steinberg et al., 2004; Gardner et al., 2005; Hanley, 2007). The
protocols for LTP and LTD induction show remarkable similarity, with congruent climb-
ing fiber activity being the only difference. Thus, the climbing fiber is able to reverse both
forms of postsynaptic plasticity in either direction (Coesmans et al., 2004). This property
can be replaced by altering postsynaptic calcium transients, indicating that the effective
postsynaptic calcium transient determines the direction of plasticity at the parallel fiber
to Purkinje cell synapse, following the ‘inverted BCM-rule’, where low and high calcium
transients result in LTP and LTD, respectively (Coesmans et al., 2004). Further evidence
that calcium-sensitive phosphatases and kinases work synergistically to direct postsynap-
tic plasticity towards LTP and LTD, respectively, was given by analyses of the fCaMKII
knock-out mutant (van Woerden et al., 2009). In this mutant the outcome of the LTP and
LTD stimulation protocols gave opposite results, which could be restored by inhibiting the
opposing pathway (kinases and phosphatases, respectively).

Recently, (Qiu and Knopfel, 2009) have reported a form of presynaptic LTD that is
expressed at the parallel fibers. Strikingly, this type of plasticity, which is most efficiently
induced with a parallel fiber stimulation protocol that is similar to that for presynaptic LTP,
can only be revealed when presynaptic LTP is pharmacologically prevented by inhibiting
PKA or NO. It requires activation of cannabinoid CB1 receptors in a NMDAR, but not
mGluR1, dependent fashion. Thus, in principle bidirectional mechanisms exist for both
postsynaptic and presynaptic plasticity at the parallel fiber to Purkinje cell synapse, but it
remains to be shown whether presynaptic LTD can serve a relevant function.

Parallel fiber to molecular layer interneuron synapse

At the parallel fiber to molecular layer interneuron synapse both LTP and LTD can be
induced. Low frequency stimulation of parallel fibers alone can induce LTD, whereas par-
allel fiber stimulation combined with stellate cell depolarization, which in principle could
be mediated by climbing fiber activation through spillover (Figure 3), shifts the synaptic
plasticity towards LTP (Rancillac and Crepel, 2004). These forms of LTD and LTP induc-
tion depend on mGluR activation and the presence of NO or cAMP, respectively (Figure
3). LTD induction can be further facilitated by high frequency parallel fiber stimulation
(30 Hz), which activates mGluR1 and CBI receptors by promoting Ca*" entry through
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Ca?" permeable AMPA receptors (Soler-Llavina and Sabatini, 2006). The synaptic changes
reach a high level of input specificity, because the LTD expression is restricted to activated
synapses due to high Ca*" buffering and general restriction of molecular mobility. Inter-
estingly, the enhanced Ca?* entry does not only change the efficacy of synaptic transmis-
sion, but it also drives a rapid replacement of the Ca*" permeable AMPA receptors with
GluR2 containing, Ca*" impermeable AMPA receptors (Liu and Cull-Candy, 2000). Thus
this molecular modification of the receptor provides a self-regulating feedback that further
reduces Ca*" entry, and hence limits the level of GluR2-containing receptors indicating that
postsynaptic LTD at the parallel fiber to molecular layer interneuron synapse is a form of
plasticity that is limiting itself and thereby indirectly promoting LTP. The switch can be
modulated by activation of not only mGluR but also extrasynaptic NMDA receptors and it
requires PKC activation and interaction with GRIP and PICK (Liu and Cull-Candy, 2002,
2005; Sun and June Liu, 2007). Therefore, it appears feasible that insertion of GluR2-con-
taining receptors and removal of GluR2-lacking receptors at the synapse are mediated by
exocytosis and endocytosis, respectively. Even though the structural change in the AMPA
receptor and its cell physiological impact on EPSC amplitude and facilitation properties
can last for hours, it can be induced by a single stimulus. A single fear-inducing stimulus in
vivo has been shown to increase both the expression and incorporation of GluR2 containing
AMPA receptors in stellate cells (Liu et al., 2010). Long-term changes at the parallel fiber
to molecular layer interneuron synapse in vivo are probably also reflected by changes in the
cutaneous receptive fields of stellate cells following parallel fiber stimulation (Jorntell and
Ekerot, 2002, 2003). Parallel fiber burst stimulation leads to a long-lasting decrease in the
size of receptive fields of the interneurons, whereas conjunctive parallel fiber and climbing
fiber stimulation leads to an increase of the parallel fiber input to stellate cells. The decrease
in receptive fields following parallel fiber stimulation alone is in line with the theoreti-
cal consequence of synaptic LTD at the parallel fiber to molecular layer interneuron syn-
apse, while the increase following combined stimulation may reflect LTP at these synapses.
Presumably, the climbing fibers evoke their potentiating effects by activating AMPA- and
NMDA-type glutamate receptors on interneurons via spillover of transmitters (Szapiro and
Barbour, 2007). Apart from this form of LTP that is postsynaptically expressed at the par-
allel fiber to molecular layer interneuron synapse, there is also a form of LTP at the same
synapse that is presynaptically expressed (Bender et al., 2009). This form of LTP operates
at least in part through an increase in multivesicular release. GABA release from molecular
layer interneurons can activate parallel fiber GABA receptors, and this, in turn, can in-
crease release probability at the parallel fiber to molecular layer interneuron synapse (Pugh
and Jahr, 2011). Thus, LTP at these synapses implicates a positive feedback mechanism
whereby transmission from granule cells to molecular layer interneurons will be strength-
ened during granule cell spike bursts. It will be interesting to find out to what extent this
form of presynaptic LTP can be facilitated by climbing fiber activation of molecular layer
interneurons and to what extent it will also affect activity at the parallel fiber to Golgi cell
synapse, which in principle could be modified simultaneously by the very same process.

Molecular layer interneuron to Purkinje cell synapse

Purkinje cells receive their inhibitory input presumably mainly from molecular layer inter-
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neurons (Palay and Chan-Palay, 1974). Even though climbing fiber activity directly sup-
presses GABA release of molecular layer interneurons at their synaptic input to Purkinje
cells via spillover of glutamate (Satake et al., 2000; Satake et al., 2006), climbing fiber
activation of Purkinje cells at relatively low frequency can potentiate the amplitude of
spontaneous IPSCs or of IPSCs evoked by molecular layer interneuron activity (Kano et
al., 1992; Kano et al., 1996; Kawaguchi and Hirano, 2002). This long-lasting potentiation,
also called rebound potentiation, is caused by a Ca*" dependent upregulation of GABA
receptor function (Kano et al., 1992; Kano et al., 1996; Kawaguchi and Hirano, 2007). The
transient elevation of intracellular Ca?*, which is due to activation of voltage-dependent
calcium channels and IP3-mediated calcium release from internal stores (Hashimoto and
Kano, 2001), activates CaMKII, which in turn regulates GABA transmission (Kano et
al., 1996). The binding of GABA,RA2 with GABA R-associated protein (GABARAP) is
probably critical for both the induction and maintenance of rebound potentiation (Kawa-
guchi and Hirano, 2007). Inhibition of GABARAP binding to the GABA,RA2 subunit
or expression of a GABARAP mutant, which is unable to associate with tubulin or to
undergo conformational alteration, does not only suppress the sustained phases of rebound
potentiation but also depresses its early phase. Although rebound potentiation enhances
GABA, transmission in a synaptic unspecific manner, the potentiation can be inhibited at
individual synapses in an input-specific way by conjunctive activation of molecular layer
interneurons. This input-specific inhibition involves activation of GABA, receptors and
phosphatases 1 and 2B, PKA and DARPP-32 (Kawaguchi and Hirano, 2002). At present, it
is still unclear how rebound potentiation is expressed. Future studies will have to elucidate
to what extent its expression is mediated by a modulation of GABA, receptors, a switch in
subunits or an increased insertion of receptors. In any case, rebound potentiation provides
a potent mechanism for global enhancement of inhibition of Purkinje cells, whereas the
threshold for this enhancement can be determined at the level of individual synapses by
means of local interneuron activity. In addition to the rebound potentiation, synaptic trans-
mission between molecular layer interneurons and Purkinje cells can also be modulated by
the short term Depolarization induced Suppression/Potentiation of Inhibition (DSI/DPI)
(Yoshida et al., 2002; Diana and Marty, 2003; Duguid and Smart, 2004), as well as the
long term depression (Mittmann and Hausser, 2007). These mechanisms may contribute to
determine the inhibition on Purkinje cells.

Climbing fiber to Purkinje cell synapse

During the first postnatal weeks Purkinje cells are innervated by multiple climbing fibers
(Hashimoto et al., 2009). Through a process of synapse elimination and axonal pruning,
only a single projection will prevail. The remaining connection is established by ~1500
synapses distributed over the entire Purkinje cell dendritic tree with a decreasing gradient
from proximal to distal (Crepel and Mariani, 1976). When activated, the climbing fiber will
elicit a characteristic large and robust postsynaptic, all-or-none response, that, when ob-
served in whole-cell current-clamp, reveals an initial fast, AMPA-mediated Na*-spike fol-
lowed by a slow depolarization on top of which 1-4, partially by Ca?* driven, spikelets can
occur (Schmolesky et al., 2002); this response is also known as the ‘complex spike’. When
observed in voltage-clamp, closely spaced stimuli reveal paired pulse depression (PPD)

54



Cerebellar Cortical Plasticity

indicating that most of the available neurotransmitter is released with just a single pulse.
The calcium transient that can be evoked in the Purkinje cell dendritic tree by climbing
fiber activation can last for hundreds of milliseconds (Knopfel et al., 1991). As indicated
above this transient results at least in part from opening of VGCCs and from mGIluR 1/IP3-
mediated calcium release from internal stores; yet, in adults, but not in young animals, part
of the initial calcium influx might also originate from activation of NMDA receptors at the
climbing fiber to Purkinje cell synapse (Piochon et al., 2007; Renzi et al., 2007; Bidoret et
al., 2009). Interestingly, elimination of the multiple climbing fiber innervations in young
animals is probably partly mediated by induction of homosynaptic postsynaptic LTP at the
“winning” climbing fiber to Purkinje cell synapse (Bosman et al., 2008) and presynaptic
LTD at the “loosing” climbing fiber to Purkinje cell synapses (Ohtsuki and Hirano, 2008).
Induction and expression of postsynaptic climbing fiber LTP (but not of presynaptic climb-
ing fiber LTD) requires postsynaptic Ca?* signaling and involves an increase in the single
channel conductance of the postsynaptic AMPA receptors, respectively.

One can also induce postsynaptic LTD at the climbing fiber to Purkinje cell synapse
(Hansel and Linden, 2000); a brief stimulation of the climbing fiber at 5 Hz for 30 seconds
leads to an attenuation of the EPSCs by ~20%. This form of climbing fiber plasticity, which
can also be evoked after the elimination of multiple climbing fibers is completed, requires
mGluR1 activation, postsynaptic calcium signaling, activation of PKC and/or PKA, and
ultimately internalization of AMPARSs (Hansel and Linden, 2000; Schmolesky et al., 2002;
Shen et al., 2002; Weber et al., 2003). The molecular cascade for induction and expression
is thus remarkably similar to that of heterosynaptic parallel fiber LTD. Nevertheless, the
effect is purely homosynaptic and does not spread to parallel fiber to Purkinje cell synapses
(Hansel and Linden, 2000). Climbing fiber LTD results in a decrease in the climbing fiber
evoked dendritic calcium transient, a reduction in the amplitude of the first slow spikelet
and a calcium dependent reduction in the afterhyperpolarization following a complex spike
(Hansel and Linden, 2000; Schmolesky et al., 2002; Shen et al., 2002; Weber et al., 2003).
Since climbing fiber LTD leads to a decrease in AMPAR-mediated currents, which in turn
results in a decrease in VGCC - mediated dendritic calcium transients, one might consider
this form of plasticity as an autoregulating form of plasticity, which may serve to protect
the Purkinje cell from an overdose of calcium influx following a high-frequency climbing
fiber input. Interestingly, induction of climbing fiber LTD requires, just like LTD at the par-
allel fiber to Purkinje cell synapse, release of CRF, and all main cell physiological effects of
climbing fiber LTD can be mimicked by application of CRF to Purkinje cells (Schmolesky
et al., 2007). Moreover, these non-plastic, direct effects of CRF can, like climbing fiber
LTD itself, be counteracted by PKA and PKC antagonists. Thus, it will be relevant to find
out to what extent climbing fiber LTD merely reflects a direct effect upon release of CRF
and to what extent it represents a true form of plasticity, in which the long-term conse-
quences reflect processes beyond this direct effect. Likewise, since CRF is, as indicated
above, not present in all climbing fiber zones (King et al., 1997; Sawada et al., 2008), it
will be interesting to find out whether climbing fiber LTD is limited to the CRF expressing
zones. Finally, as stimulation of climbing fibers or olivary neurons induces neuronal-glial
transmission with Bergmann glia cells and promotes CRF-R1 expression in their lamellar
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processes (Tian et al., 2008; Balakrishnan and Bellamy, 2009), which are known to release
GABA through the calcium- and volume-activated, anionic Bestrophin 1 (Bestl) channels
(Leeetal., 2010), it will also be interesting to find out to what extent Bergmann glia activity
plays an active role in plasticity at the climbing fiber to Purkinje cell synapse (Crepel and
Mariani, 1976; Knopfel et al., 1991; Hansel and Linden, 2000; Schmolesky et al., 2002;
Shen et al., 2002; Weber et al., 2003; Piochon et al., 2007; Renzi et al., 2007; Bosman et
al., 2008; Ohtsuki and Hirano, 2008; Tian et al., 2008; Balakrishnan and Bellamy, 2009;
Bidoret et al., 2009; Hashimoto et al., 2009) (Figure 3).

Intrinsic plasticity of Purkinje cells

Schreurs and colleagues (1998) were one of the first to show changes in excitability of
Purkinje cells. More specifically, they showed that paired presentations of tone and peri-
orbital electrical stimulation as used in classical delay conditioning increased the dendritic
membrane excitability of Purkinje cells by modifying a potassium channel-mediated tran-
sient hyperpolarization and afterhyperpolarization. More recently, it was demonstrated that
Purkinje cell excitability can be enhanced by somatic current injections or by parallel fiber
stimulation at frequencies ranging from 1 to 100 Hz (Belmeguenai et al., 2010; Schone-
wille et al., 2010). Interestingly, the lower frequencies of this range correspond to those that
can induce postsynaptic LTP at the parallel fiber to Purkinje cell synapse described above
(Coesmans et al., 2004), whereas the higher ones are in line with those that can induce LTP
at the molecular layer interneuron to molecular layer interneuron synapse (Lachamp et al.,
2009). Analogous to parallel fiber LTP, the signaling cascade of Purkinje cell intrinsic plas-
ticity requires postsynaptic calcium signaling followed by activation of the phosphatases
PP1, PP2A and PP2B (Figure 3). Further activation of PKA and casein kinase 2 (CK2) are
essential for expression, ultimately leading to a down regulation of SK channel mediated
conductances (Belmeguenai et al., 2010). The reduction in SK channels only accounts for
part of the observed effect suggesting that other mediators also play a role. Importantly,
parallel fiber LTP by itself promotes induction of intrinsic plasticity, but intrinsic plasticity
in turn inhibits expression of parallel fiber LTP. Thus, parallel fiber LTP may be the initiator,
while intrinsic plasticity downstream may stabilize the appropriate level of excitability and
provide feedback to regulate the synaptic weight of the parallel fiber to Purkinje cell syn-
apses involved. In this respect, it is important to note that regulation of intrinsic excitability
can also show various levels of input specificity (Schulz, 2006). It can for example control
the excitability of a particular part of a dendrite, but alternatively, it may also regulate the
level of parallel fiber to Purkinje cell LTP at larger parts of the dendritic tree including those
that were not involved in the initial induction; in the latter fashion LTP at the activated
parallel fibers would inhibit parallel fiber LTP at the unactivated fibers through intrinsic
plasticity. In this respect LTD at the climbing fiber to Purkinje cell synapse may also play
a role; it may affect intrinsic excitability at large parts of the Purkinje cell dendritic tree
by evoking a calcium dependent change in the afterhyperpolarization in the period shortly
following a complex spike (Schmolesky et al., 2007). Ultimately, enhanced excitability of
Purkinje cells or parts of its dendritic tree could lead to an increase in firing frequency in
vivo during spontaneous activity and/or during particular patterns of activation.
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Granule cell input in cerebellar learning

Abstract

Over half of all neurons in the central nervous system of vertebrates are cerebel-
lar granule cells (GCs) (Williams and Herrup, 1988; Jakab and Hamori, 1988). Be-
sides this striking abundance, their unique morphology, characterized by four short
dendrites each of which is innervated by a single mossy fibre, has been highly pre-
served throughout vertebrate phylogeny (Eccles, 1969). It has been hypothesized that
both the abundance and unique morphology of GCs allow the cerebellum to combine
the advantages of sparse coding with high sensitivity for individual afferents (Ec-
cles, 1969; Marr, 1969; Silver, 2010). Yet, it remains to be shown whether the extreme
abundance of GCs is indeed required for creating selective activity patterns, and if so,
what behavioural function they might serve. Here, we silenced the output of most, but
not all, GCs by selectively eliminating their P/Q-type (Ca, 2.1) Ca**-channels, which
mediate the bulk of their neurotransmitter release (Mintz et al., 1992). Reducing the
GC input to both interneurons and Purkinje cells (PCs) increased the regularity of the
output of the cerebellar cortex, i.e., simple spike activities, without adapting the aver-
age firing rate. Moreover, while silencing the output of GCs did not result in a change
in motor performance or short-term motor learning, it severely impaired overnight
consolidation of newly acquired motor tasks. Our data demonstrate that minimizing
the main excitatory drive of the cerebellar cortex does neither decrease the firing fre-
quency of its sole output neuron, the PC, nor induce severe cerebellar motor deficits
such as ataxia. Instead, it specifically prevents temporal pattern formation in PCs
and consolidation of cerebellar motor learning. Thus about half of the neurons in our
brain are required not merely to perform, but to stabilize sophisticated memories.

Although cerebellar granule cells (GCs) are the most abundant neurons in the cen-
tral nervous system and constitute one of the two main input stages of the cerebellar cortex
(Fig. 1a), it is unclear why there are so many GCs, especially since they fire at low frequen-
cy most of the time (Chadderton et al., 2004, Barmack and Yakhnitsa, 2008). To address
this long-standing question, previous investigations studied cerebellar motor behaviour
when the output of the granule layer was completely abolished either by eliminating all
the GCs themselves (Sidman et al., 1965, De Zeeuw et al., 2004), or by completely block-
ing neurotransmitter release from all GCs (Wada et al., 2007; Kim et al., 2009). However,
such all-or-none types of blockades stop all information transfer from granular cell layer
to Purkinje cells (PCs) and induce severe symptoms including ataxia, hypotonia and/or
tremor preventing specific analysis of cerebellar motor learning (De Zeeuw et al., 2004;
Kim et al., 2009). Thus, in order to fully understand the evolutionary preservation of the
abundance of cerebellar GCs, a preferable strategy would be to robustly reduce, but not
completely eliminate, the GC output. Here we used the incompetence of the conditional
transgenic Cre-LoxP system (Tymms and Kola, 2001) to silence the output of most, but not
all, GCs. We crossed GC-specific Cre-mice (a6“; Aller et al., 2003) with floxed Cacnala
mice (Todorov et al., 2006) to eliminate neurotransmitter release from the vast majority of
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GC axon terminals (Mintz et al., 1992; D’ Angelo et al., 1997) (Supplementary Fig. 1a and
b). The animals were viable and by eye not distinguishable from their wild type littermates,
and the morphology of their GCs and parallel fibre to PC synapses did not show any abnor-
mality (Supplementary Fig. 1, Supplementary Tables 1 and 2). Consistent with our work-
ing hypothesis, electrical stimulation of GC parallel fibres elicited significantly smaller
responses in both PCs (P < 0.001) and stellate cells (SCs) (P < 0.04) in 06“-Cacnala KO
mice (Fig. 1a, b, e, f), whereas passive GC membrane properties, and responses to somatic
current injections and mossy fibres (MF) stimulations showed no significant differences
(Supplementary Fig. 2, Supplementary Table 3). Paired whole-cell recordings of GCs and
PCs confirmed that the overall electrical connectivity of GC-PC pairs was significantly re-
duced by about 70% (P = 0.03), but they also revealed that the unitary GC-PC response in
a6¢*-Cacnala KOs is normal (P = 0.33) (Fig. 1¢, d), which indicates that the remaining GC
input to PCs in a6“*-Cacnala KO mice is likely to originate from unaffected, Cre-negative
GCs (Supplementary Fig. 1c). Along the same line, a6 *-Cacnala KO mice showed nor-
mal paired-pulse facilitation values at GC-PC synapses, which suggests that in functional
GC axon terminals the Ca**-homeostasis is normal (Supplementary Fig. 3a). Together with
the finding that there was no compensatory increase in non-P/Q-type Ca?*-channel medi-
ated neurotransmitter release from GCs in a6“*-Cacnala KO mice (Supplementary Fig.
3b-d), our findings demonstrate that the vast majority of GC output was successfully si-
lenced and the remainder was functionally intact.

Chronic disturbances of synaptic output can potentially change the intrinsic activ-
ity of downstream target neurons (Daoudal and Debanne, 2003). To test whether such a
secondary cellular effect might be present in a6*-Cacnala KO mice we investigated the
intrinsic excitability of their PCs and SCs. Both types of neurons displayed a normal intrin-
sic excitability (Supplementary Fig. 4 and Supplementary Table 4). Still, as molecular layer
interneurons are also affected by the decreased GC output in a6*-Cacnala KOs (Fig. lc,
d), their inhibitory input to PCs could in principle also be affected (Wulff et al., 2009). Yet,
a6“-Cacnala PCs showed no significant differences in the amplitude, frequency and ki-
netics of spontaneous IPSCs (Supplementary Table 5). In sum, our results in a6*-Cacnala
KO mice show little evidence for secondary effects on the activity of neurons downstream
of GCs.

To assess the impact of silencing the majority of GC-PC pathway on cerebellar
functioning, we first studied the electrophysiological properties of the output of the cer-
ebellar cortex by recording single-unit activity of PCs in alert animals (Fig. 2a). The simple
spike activities in a6“°-Cacnala KO mice showed an increased level of regularity (P =
0.01), whereas their average firing frequency as well as their climbing fibre pause were
unaffected (P =0.12 and P = 0.59, respectively) (Fig. 2b, c). In contrast, the complex spike
activities showed both a normal firing frequency and regularity (P-values > 0.5; Fig. 2d)
indicating that the olivary feedback loop probably functions properly. We next studied the
behavioural consequences of our genetic manipulation in a6 *-Cacnala KO mice by test-
ing compensatory eye movements, which are known to be a sensitive measure of subtle
changes in cerebellar functioning (Wulff et al., 2009, Chapter 4, 5). Remarkably, a6°-
Cacnala KO mice showed no significant changes in the compensatory eye movements
(Fig. 3) indicating that minimizing the input of the GCs to PCs has no obvious impact on
basic motor performance.
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Since the GC-PC pathway might be one of the cerebellar sites for formation and
storage of procedural memories (Ito, 2002; Chapter 4), we studied the ability of a6-
Cacnala KO mice to adapt their vestibulo-ocular reflex (VOR). To our surprise, the de-
crease of the VOR amplitude in a6“"-Cacnala KO mice following one session of in-phase
visuovestibular training was comparable to that in controls (P = 0.9; Fig. 4a, b). However,
when the animals were tested on the next day after staying overnight in the dark, the VOR
gain values of a6-Cacnala KO mice had returned to near-baseline, whereas wild type
littermates largely consolidated their VOR adaptation (P = 0.02; Fig. 4b, c). To further test

memory consolidation, we attempted to reverse the phase of the VOR by applying in-phase
vestibular stimulation (5°) in combination with optokinetic stimuli of larger amplitudes
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a Purkinje cell in vivo Figure 2. 06“*-Cacnala KO mice show more reg-
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(7.5 — 10°) during four consecutive days (Fig. 4d). Although these demanding stimuli con-
sistently elicited a significant phase change in both wild type littermates and a6-Cacnala
KO mice on each day of the training (Fig. 4e), overnight consolidation only occurred in the
wild types as indicated by the aberrant consolidation factor (P = 0.036 for mutant re wild
type; Fig. 4f). Thus, although 0.6 -Cacnala KO mice are able to perform basic short-term
motor learning tasks, they do show prominent impairments in overnight memory consoli-
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Figure 3. a6*-Cacnala KO mice show normal motor performance. Schematic representations and analysis of baseline

compensatory eye movements. No significant differences were found in gain and phase values for the optokintic reflex (a,

OKR), the vestibulo-ocular reflex (b, VOR) and the visually-enhanced VOR (¢, VVOR) between wild type (black diamond,
= 13) and 06-Cacnala KO mice (white triangle, N = 10).

dation of both gain and phase adaptation and as a consequence the ultimate outcome of
their training is also affected in course of days.

Our findings show that the cerebellum requires a minimum amount of GCs to
maintain basic motor performance but a larger number of GCs for consolidation of newly
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maximal change achieved during day n) in f (P = 0.036). Asterisks indicate significant differences.
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acquired procedural memories. What could be the underlying mechanism of this group
coding in consolidating long-term memory? Consolidation of procedural memory forma-
tion requires proper spatiotemporal patterning in the cerebellar cortical network (Wulff et
al., 2009). Silencing the output of most, but not all GCs in a random fashion is likely to
scatter the GC output to such an extent that the PC only receives GC input in a mosaic fash-
ion. This reduction in spatial clustering of GC output is probably detrimental to the forma-
tion of appropriate spatiotemporal patterns (Wilms and Hausser, 2010). Furthermore, the
scattering of GC output is also likely to affect the induction of long-term synaptic plasticity
at PF-PC synapses, since these processes require a minimum number of simultaneously ac-
tive PFs (Eilers et al., 1995). Indeed, we found that induction of LTD and even more so of
LTP were affected at the PF-PC synapses in 06-Cacnala KO mice (P=0.02 and P<0.01,
respectively) (Supplementary Fig. 5). Even though the effect of aberrant LTD at the PF-PC
synapse on procedural memory formation may be limited (Welsh et al., 2005; Chapter 4),
LTP at the PF-PC synapse is probably essential for spatiotempotal pattern formation and
consolidation of motor tasks (Chapter 4). On top of these direct deficits in PF-PC plasticity
the putative reduction in feedforward inhibition due to the reduced PF input to the mo-
lecular layer interneurons most likely contributes to the aberrant regularity of the simple
spike output in the 06-Cacnala KO mice (Wulff et al., 2009; Chapter 4; Mittmann and
Hausser, 2007). Together our results indicate that silencing most GCs will limit the integra-
tive capacities of the remaining output: both effects are likely to synergistically disrupt the
formation of appropriate spatiotemporal patterns and thereby consolidation of procedural
memory formation.

In conclusion, our data reveal that the majority of cerebellar GCs are not recruited
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to merely perform fundamental motor tasks, but to stabilize sophisticated memories. The
overwhelming abundance of GCs, their high sensitivity for individual mossy fibre afferents
and sparse coding in the granular layer (Marr, 1969; Isope and Barbour, 2002; Rothman et
al, 2009) are all essential to encode and store the wide range of information presented to the
cerebellar cortex. This specific design of the cerebellar cortex, which has been preserved
throughout vertebrate phylogeny (Eccles, 1969) and is expanded in higher mammals such
as non-human primates and human (Williams, 2000; Wetts and Herrup, 1983; Herculano-
Houzel, 2009) warrants a memory storage capacity sufficient to last a life time.
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Supplementary figures and tables
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Supplementary Figure 2. Granule cells show
normal intrinsic excitability and response to
mossy fibre inputs. a, GC intrinsic excitability.
Middle and right insets show responses to current
injections in GCs for wild type and a6“-Cacnala
KO mice. b, Mossy fibre — granule cell (MF-GC)
input. Insets show typical responses to sub- and
supra-action potential threshold MF stimulation
in wild type and a6°*-Cacnala KO mice. See also
Supplementary Table 2.
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Supplementary Figure 1. The Cre-LoxP strategy to obtain
granule cell —specific Cacnala knock-out mice. a, Conditional
knockout of Cacnala gene in mice. Schematic representation of the
genomic structure of the relevant part of the Cacnala™ allele; black
boxes indicate exons (E), triangles indicate the relative position of
the LoxP sites; arrows indicate the position of the exotic primers. b,
RT-PCR of wild type cerebellar RNA amplified a 580 bp fragment.
As a control, global KO of the Cacnala™* was induced by crossing
with the conditional EIIA-driven Cre mice (EIIA“* mice(Lakso et
al., 1996)), which resulted in 490 bp fragments that lack exon 4 in
both forebrain and cerebellum. In 06*-Cacnala KO mice, RT-PCR
of forebrain RNA amplified a wild type 580 bp fragments; both 580
and 490 bp fragments were found in the cerebellum, suggesting cell
specific deletion of exon 4. ¢, Immunohistochemical staining using
anti-Cre antibodies show GC-specific expression of Cre. Top: Cre
is specifically expressed in the granule cell layer in a6-Cacnala
KO. M indicates molecular layer, G granule cell layer and W white
matter. Bottom: Cre is expressed in most, but not all GCs. Arrow
indicates an example of a Cre negative GC. Together these data in-
dicate that we deleted exon 4 of the Cacnala gene in most cerebel-
lar GCs. See also Supplementary Table 1.
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Supplementary Figure 3. Remaining granule cell out-
put is sensitive to P/Q-type channel blocker and shows
normal paired-pulse facilitation. a, EPSC ratio be-
tween the second and first response to double PF-stimuli
with inter-stimulus intervals ranging between 25 — 300
ms reveal no significant difference between wild type
and 06°-Cacnala KO mice. Insets: typical examples at
50 ms inter-stimulus interval. b, PF-PC EPSC amplitude
of typical wild type (black diamond) and a6“-Cacnala
KO PCs (white triangle) before (1) and after the applica-
tion of ®-Conotoxin GVIA (N-type-specific Ca**-channel
blocker) (2) and o-Agatoxin IVA (P/Q-type Ca**-channel
blocker) (3) to the recording chamber. Insets: PF-PC EP-
SCs at the indicated time points for wild type (top) and
a6-Cacnala KO mice (bottom). Note the differences
between wild type and 06“-Cacnala KO mice in initial
amplitude and absolute effects of the toxins. ¢, The average
PF-PC EPSC component sensitive to the direct applica-
tion of m-Agatoxin IVA is significantly larger in wild type
(black, n = 7) than in a6“*-Cacnala KO mice (white, n =
5) (P < 0.001). d, The average PF-PC EPSC component
sensitive to the application of w-Conotoxin GVIA (left) is
similar (P = 0.2), but the EPSC sensitive to additional ap-
plication of w-Agatoxin IVA (right) was significantly de-
creased (P =0.003) in 06“-Cacnala KO (n=4) compared
to wild type (n = 38).

Supplementary Figure 4. Normal intrinsic excitabil-
ity of Purkinje and stellate cells. a, PC intrinsic excit-
ability. Top: Voltage responses were elicited from -65
mV injecting steps of current (intensities are indicated
below the traces) in wild type and a6“*-Cacnala KO. ¢,
Average firing frequency is plotted against the injected
current (wild type n = 11, a6“*-Cacnala KO n = 13).
Action potential kinetics are presented in Supplementary
Table 3. b, SC intrinsic excitability. Voltage responses
were elicited from -70 mV injecting steps of current
(intensities are indicated below the traces) in wild-type
and a6“°-Cacnala KO. d, Average firing frequency is
plotted against the injected current (wild type n = 14;
a6 -Cacnala KO n = 12). Action potential kinetics are
presented in Supplementary Table 4.
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Supplementary Figure 5. Absent long-term synaptic plasticity at
parallel fibre - Purkinje cell synapses. a, Long-term potentiation
(LTP) was assessed by parallel fibre stimulation at 1 Hz for 5 min,
which induced increased EPSC amplitudes in wild type PCs but not
in 06“-Cacnala KO (wild type n = 8, 0a6“-Cacnala KO n = 6; P <
0.01). b, Long-term depression (LTD) was assessed by pairing parallel
fibre and climbing fibre stimulation at 1 Hz for 5 min, which induced
decreased EPSC amplitudes in wild type PCs but not in a6“-Cacnala
KO (wild type n =7, a6“-Cacnala KO n =7, P = 0.02). Both experi-
ments were done in presence of the GABA ,-receptor antagonist picro-
toxin (100 pM).

Supplementary Table 1. Granule cell morphological characterization. Granule cell density and somatic area projections
were quantified using electron-micrographs (wild type: WT; N =5, n=1070; 06“*-Cacnala KO: KO; N =5,n=1011). The
average number of dendrites and dendritic length were quantified using Golgi-Cox stained tissue (wild type: WT; N=3,n=
300; a6“-Cacnala KO: KO; N =3, n=300).

GRANULE CELL MORPHOLOGY

Granule cell number / 780 ym?
Soma area (um?)
Soma area (um?)

Dendritic length (um)

WT KO P-value
14.98 £ 0.79 13.59 + 0.55 0.19
12.82 +0.57 13.89 + 0.60 0.23
3.85+£0.05 3.85+£0.05 0.75
15.13+£0.39 17.91+0.35 0.31

Supplementary Table 2. Parallel fibre-Purkinje cell synapse morphology. PF-PC synaptic morphology was quantified
using electron-micrographs (wild type: WT; N =5, n = 356; 06“*-Cacnala KO: KO; N =5, n = 354).
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PARALLEL FIBRE-PURKINJE CELL MORPHOLOGY

PF width (nm)
PC post synaptic density area (nm?)
PC synaptic cleft length (nm)

PC spine head area (nm?)

WT KO P-value
351 +32 363 + 21 0.46
6513 £ 515 6414 £ 413 0.97
3097 312+ 17 0.43
0.12+0.01 0.13+£0.02 0.70




Granule cell input in cerebellar learning

Supplementary Table 3. Granule cell electro-
physiological properties. Top table: The passive
properties of cerebellar GCs were investigated in
voltage-clamp mode eliciting currents in response
to -10 mV voltage steps delivered from the holding
potential of -70 mV in both wild type (WT; n = 10)
and a6“-Cacnala KO (KOj; n = 10). Middle table:
GC intrinsic excitability. For each cell the input/
output relationship was quantified as input current
injections against number of action potentials elic-
ited. This input/output relationship was fitted with a
linear function (see SI for details). Spiking thresh-
old indicates the minimum injected current needed
to elicit an action potential. Spike properties are the
kinetics quantification of the first action potentials
activated by current injections (WT n = 10; KO n
= 8). After-hyperpolarisation indicates the absolute
amplitude of the undershoot relative to the resting
membrane potential. Half-width indicates the width
of the signal at 50% of the maximum amplitude.
Bottom table: Granule cell responses to mossy fi-
bre stimulation. Kinetics of excitatory postsynaptic
potentials (EPSPs) and action potentials elicited by
a single pulse mossy fibre stimulus for wild type
(WT; n =9 for EPSPs and n = 5 for action poten-
tials) and a6“-Cacnala KO (KO; n = 8 for EPSPs
and n =5 for action potentials).

Supplementary Table 4. Purkinje and stellate
cell action potential kinetics. Quantification of
the first action potentials activated by current injec-
tions (see Fig. 1 in the main text and Supplemen-
tary Fig. 3). For Purkinje cells: wild type (WT); n
= 11; a6“-Cacnala KO (KO) n = 13; for stellate
cells: wild type (WT); n = 14; a6“-Cacnala KO
(KO) n = 12. After-hyperpolarisation indicates the
absolute amplitude of the undershoot relative to the
resting membrane potential. Half-width indicates
the width of the signal at 50% of the maximum
amplitude.

Supplementary Table 5. Purkinje cell spontane-
ous IPSCs. Spontaneous IPSC properties for wild
type (WT) (300 events averaged per cell; n = 8) and
a6“-Cacnala KO (KO) (300 events averaged per
cell; n = 8) Purkinje cells.

PURKINJE CELLS

SPIKE PROPERTIES
WT KO P-value
Peak Amplitude (mV) 55.99 + 2.07 | 53.29 + 2.85 0.47
After hyperpolarization (mV)| 8.10 + 0.68 | 8.22 + 0.71 0.95
Half-width (ms) 0.24 £0.01 | 0.25+0.02 0.69
STELLATE CELLS
SPIKE PROPERTIES
WT KO P-value
Peak Amplitude (mV) 48.33+2.09(52.48 +2.72 0.24
After hyperpolarization (mV)| 10.96 + 0.87 | 11.53 + 1.03 0.68
Half-width (ms) 0.47 £0.01 | 0.51 £+0.03 0.25
PURKINJE CELLS
SPIKE PROPERTIES
WT KO P-value
Peak Amplitude (mV) 55.99 + 2.07 | 53.29 + 2.85 0.47
After hyperpolarization (mV)| 8.10 + 0.68 | 8.22 + 0.71 0.95
Half-width (ms) 0.24 £0.01 | 0.25+0.02 0.69
STELLATE CELLS
SPIKE PROPERTIES
WT KO P-value
Peak Amplitude (mV) 48.33+2.09 [52.48 +2.72 0.24
After hyperpolarization (mV)| 10.96 + 0.87 | 11.53 + 1.03 0.68
Half-width (ms) 0.47 £0.01 | 0.51 £+0.03 0.25
PURKINJE CELLS - spontaneous IPSCs
WT KO P-value
Amplitude (pA) 94.53 +5.77 |113.69 + 11.46 0.16
Frequency (Hz) 1314 £2.41 | 14.80+£2.97 0.67
Half-width (ms) 0.83+0.08 | 0.94+0.16 0.54
Rise Time (ms) 0.48 £ 0.03 0.56 + 0.06 0.22
Decay Time (ms) 2.56 +0.19 2.71+0.27 0.64
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Generation of mutant mice

For the generation of GC-specific Cacnala KO mice we crossed conditional Cacnala™*
mice(Todorovetal.,2006) with GC-specific a6 mice(Alleretal.,2003). Forbothmouselines
theF 1-offspringwasgeneratedby crossingwithC57BL/6.The Cacnala™*allele was genotyped
by PCR of genomic DNA with primer pair P1: 5’-ACCTACAGTCTGCCAGGAG-3’and P2:
5’-TGAAGCCCAGACATCCTTGG-3’. The successful recombination and deletion of exon
4 were confirmed by PCR using primer set P3: 5’-AGTTTCTATTGGACAGTGCTGGT-3’
and P4: 5’-TTGCTTAGCATGCACAGAGG-3’. The Cre transgene were genotyped
using primer set P5 5-ACTTAGCCTGGGGGTAACTAAACT-3 and Pé6:
5’-GGTATCTCTGACCAGAGTCATCCT-3’. All mice were genotyped at the age of ~p10.
For all experiments we compared the results of mutants that were positive for Cre and
homozygous for the Cacnala™ allele (a6-Cacnala KO mice) to the pooled results of
three wild type groups of which the results of both electrophysiological and behavioural
experiments did not differ significantly (Cre-positive mice that harboured two wild type
Cacnala alleles, Cre-negative mice that are homozygous for the Cacnala™* allele and
Cre-negative mice that harboured two wild type alleles, all p-values > 0.3). The researchers
were blind to the genotype of the animals. For the various experiments we used littermates
of 18 day - 6 month old. All experiments were performed in accordance with the guidelines
for animal experiments of the respective universities and the Dutch national legislation.

RT-PCR

RNA was isolated from freshly dissected cerebellum and cortical regions of the cerebral
frontal lobe (forebrain). For RT-PCR, first-strand cDNA was synthesized using random
primers, and subsequent PCR was performed using Cacnala specific primers P7:
5’-GATGACACGGAACCATAC-3" and P8: 5-ATTGTAGAGGAGATCAGTCC-3’,
located in exon 3 and in exon 6, respectively.

Histology

Mice were anesthetized with an overdose of Nembutal (i.p.) and transcardially perfused with
4% paraformaldehyde. The tissue was subsequently embedded in gelatine and processed
for immunohistochemistry. Sagittal sections of 40 um thick were processed free-floating for
immunohistochemistry. The rabbit anti-Cre (AB24608, Abcam, Cambridge, UK) primary
antibody was diluted 1:1000 in TBS containing 1% normal horse serum. Biotinylated
goat-anti-rabbit secondary antibody (1:200) was obtained from Vector Laboratories. The
staining was visualized with the avidin-biotin-peroxidase complex method (ABC) (Vector
Laboratories, CITY, USA) and diaminobenzidine (DAB, 0.05%) as the chromogen. For
Golgi-Cox staining, a Rapid GolgiStain Kit (FD Neurotechnologies, Inc., Ellicott City,
MD, USA) was used. Quantification of the GC dendritic length was done by measuring
the distance between the exit of soma and the start of the claw-structure using an Olympus
BH2 Microscope equipped with a motorized stage controlled by a computer running
Stereolnvestigator 4 software (MBF Bioscience, Williston, VT, USA).

Electron microscopy
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Mice were anesthetized with an overdose of Nembutal (i.p.) and transcardially perfused with
4% paraformaldehyde and 0.5% glutaraldehyde in cacodylate buffer. Brains were removed,
kept overnight in 4% paraformaldehyde, and cut into 80 um thick coronal sections on a
vibratome (Technical Products International, St. Louis, MO, USA). The vibratome sections
were post-fixed in 1% osmium tetroxide, stained with 1% uranyl acetate, dehydrated and
embedded in Araldite (Durcupan ACM, Fluka, Buchs, Switzerland). Ultrathin (50-70
nm) sections were cut using an ultramicrotome (Leica, Wetzlar, Germany), mounted on
Formvar-coated copper grids and contrasted with 2% uranyl acetate and 1% lead citrate
(Fluka). Sections of the mouse cerebellum containing granular and molecular layer were
photographed using an electron microscope (Philips, Eindhoven, Netherlands). Electron
micrographs were taken at magnifications of 2,600X for GC quantification and 25,000X
for synaptic quantification (width of the parallel fibre terminal, length of the synaptic
cleft, area of the postsynaptic density (PSD) and area of the PC dendritic spine head), and
analyzed using MetaVue (Universal Imaging Corp., San Francisco, CA, USA). The parallel
fibre width was quantified by measuring the distance between the middle of the synaptic
structure and the opposing membrane. For the synaptic cleft, the length of the synaptic
contact between the parallel fibre terminal and the PC spine was measured. The area of
GCs soma, PSDs and spine heads were determined with the “Trace Region” function of the
MetaVue program.

In vitro electrophysiology

Mice were decapitated under isoflurane anaesthesia. Subsequently, the cerebellum was
removed and transferred into ice-cold slicing medium containing (in mM): 240 Sucrose,
5 KCl, 1.25 Na,HPO N 2 MgSO,, 1 CaCl,, 26 NaHCO, and 10 D-Glucose, bubbled with
95% O, and 5% CO,. Parasagittal slices (200 or 250 um thick) of the cerebellar vermis
were cut using a vibratome (VT1000S, Leica) and afterwards kept in ACSF containing (in
mM): 124 NaCl, 5 KCl, 1.25 Na,HPO4, 2 MgSO,, 2 CaCl,, 26 NaHCO, and 20 D-Glucose,
bubbled with 95% O, and 5% CO, for > 1 h before the experiments started. Patch-clamp
experiments were performed at room temperature unless stated otherwise. Whole-
cell patch-clamp recordings were performed using either an EPC-10 amplifier (HEKA
Electronics, Lambrecht, Germany) or an Axopatch amplifier 700B (Molecular Devices,
Union City, CA, USA). Recordings were excluded if series or input resistances (RS and RI,
respectively) (assessed by -10 mV voltage steps following each test pulse) varied by > 15%
over the course of the experiment.

Purkinje cell whole-cell recordings

PCs were visualized using an upright microscope (Axioskop 2 FS plus, Carl Zeiss, Jena,
Germany) equipped with a 40X water immersed objective. Electrodes were filled with
an intracellular solution containing (in mM): 124 K-Gluconate, 9 KCI, 10 KOH, 4 NacCl,
10 HEPES, 28.5 Sucrose, 4 Na ATP, 0.4 Na,GTP (pH 7.25-7.35; osmolarity ~290). For
extracellular stimulation, patch electrodes filled with ACSF were positioned to touch the
surface of the slice at the most distal 1/3 of the molecular layer lateral to the recorded PCs
to stimulate parallel fibres, and in the granular layer close to the recorded PC to stimulate
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the climbing fibre. To assess the stimulus intensity - EPSC output (input-output) ratio
consistently, only PCs with similar dendritic arborization (based on the width of molecular
layer) were selected. To elicit paired-pulse facilitation, two consecutive stimuli with 8-10
LA stimulus intensity were given with 25 - 500 ms inter-stimulus intervals.

PF-PC EPSC fractions controlled by individual voltage-gated Ca?'-channel
subtypes were assessed using channel-type specific blockers. The N-type Ca?*-channel
blocker m-Conotoxin GVIA (0-CgTx) and the P/Q-type blocker m-Agatoxin-IVA (w-Aga-
IVA) were applied to the bath after stable baseline EPSCs were obtained. Reductions
of relative EPSCs were taken as functional indications after each blocker was applied.
Both 0-CgTx and w-Aga-IVA were obtained from Peptide Institute (Osaka, Japan). Stock
solutions were prepared in ACSF in the presence of 1 mg/ml Cytochrome C to minimize
nonspecific binding. Stock solutions (0.1 mM) were stored at -20°C and used within two
weeks. ©-CgTx and w-Aga-1VA stocks were diluted in ACSF supplemented with 0.1 mg/
ml Cytochrome C, yielding final concentrations of 3 pM ®-CgTx and 0.2 uM m-Aga-IVA.

PC intrinsic excitability was recorded in current-clamp mode at physiologically
relevant temperatures (34 + 1 °C). PCs that required > -800 pA to maintain the holding
potential at -65 mV or started spiking at this holding potential were discarded. Current
steps, ranging from 0 to 1000 pA in 100 pA increments, were injected to evoke action
potential firing. The average spiking frequency measured over the entire current pulse was
used to construct current-frequency plots. Action potential properties (peak amplitude,
after-hyperpolarisation amplitude and half-width) were evaluated using the first action
potential generated.

Long-term plasticity at the PF-PC synapse was assessed by either pairing PF
and climbing fibre (CF) stimulation at 1 Hz for 5 minutes (PF-LTD protocol) or by PF
stimulation alone at 1 Hz for 5 minutes (PF-LTP protocol). Test responses were evoked at
a frequency of 0.05 Hz (2 stimuli; 50 ms inter-stimulus interval) with ~0.5 - 6 pA pulses.
Holding potentials in the range of -65 to -70 mV were chosen to prevent spontaneous
spiking activity. Picrotoxin (100 pM) (Sigma-Aldrich, Dordrecht, Netherlands) was added
to the bath solution to isolate excitatory postsynaptic currents. Significance in plasticity was
evaluated by performing a Student’s t-test at the individual data points 20 min following
the start of the tetanus.

Spontaneous IPSCs were examined at physiologically relevant temperatures (34
£ 1 °C) with internal solution containing (in mM): 150 CsCI, 15 CsOH, 1.5 MgCl,, 0.5
EGTA, 10 HEPES, 4 Na,ATP, 0.4 Na,GTP (pH 7.25 — 7.35). PCs were voltage clamped at
-70 mV in the presence of 10 uM NBQX (Tocris, Bristol, UK). IPSCs were analyzed using
minianalysis software (RET synaptosoft, Decantur, USA).

Granule cell whole-cell recordings

Whole-cell patch-clamp recordings of GCs were made using borosilicate patch pipettes
of 8-15 MQ when filled with intracellular solution containing (in mM): 126 K-Gluconate,
1 MgSO,, 4 NaCl, 5 HEPES, 0.05 CaCl,, 0.1 BAPTA, 15 D-Glucose, 3 MgATP, 0.1
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Na,GTP (pH 7.25-7.35). Electrical stimulation of mossy fibres was performed with a patch
pipette filled with ACSF. In current clamp mode, electrode capacitance was compensated
electronically using the value matched during current transient cancellation in cell-attached
configuration. Pipette offset was compensated electronically. GC passive properties were
investigated in voltage-clamp mode by eliciting currents with a -10 mV voltage step
relative to a resting potential of -70 mV. Cells with membrane capacitance of > 5 pF, RS
> 30 MQ and RI <300 MQ were discarded. GC intrinsic excitability was investigated in
current-clamp mode, as described above for PCs, with depolarizing current steps of 2 pA
starting from a holding potential of -80 mV. Synaptic activation of GCs was studied in
current-clamp mode by increasing the stimulation intensity to the mossy fibre bundle so as
to eventually reach the threshold for action potential firing

Paired Purkinje cell and granule cell recordings

PCs were voltage clamped at -65 to -70 mV with intracellular solution containing (in mM):
120 K-Gluconate, 9 KCI, 10 KOH, 3.48 MgCl,, 4 NaCl, 10 HEPES, 4 Na ATP, 0.4 Na,GTP
17.5 Sucrose and 10-20 uM Alexa 488 (pH 7.25-7.35). PC dendritic arborizations were
visualized using epifluorescence and only PCs with a complete dendritic tree were selected.
GCs were randomly selected in an area below the PC dendritic tree < 100 pm away from
the PC soma. Whole-cell recordings of GCs were performed using intracellular solution
containing (in mM): 126 K-Gluconate, 1 MgSO,, 4 NaCl, 5 HEPES, 0.05 CaCl,, 0.1
BAPTA, 15 D-Glucose, 3 MgATP, 0.1 Na,GTP (pH 7.25 - 7.35). In our preparation, > 95%
of the patched GCs were excitable. GCs were held at -60 mV with minimal current injection
(-20 to 0 pA) in current-clamp mode. Trains of GC action potentials were evoked with a
50 ms square current pulse, of which the current intensity was adjusted in that the action
potential train was maintained at a physiological relevant frequency (~200 Hz). Although
no effort was made to differentiate between parallel fibre connections and ascending
axon connections, it is likely that both connections were included in our experiment (c.f.
(Isope and Barbour, 2002)). PC recordings with 15 to 30 repetitive GC stimulations were
selected for offline analysis. The average unitary GC-PC EPSC response elicited by such
high frequency spike train was usually > 5 pA, thus could be unambiguously depicted
from baseline noise. Experiments were performed at 34 + 1 °C in the presence of 100
uM picrotoxin (Sigma-Aldrich) to block feed-forward inhibition from molecular layer
interneurons.

Stellate cell whole-cell recordings

Visually-guided whole-cell patch-clamp recordings of SCs were performed using an EPC-
10 amplifier (HEKA Electronics, Lambrecht, Germany). Patch electrodes were filled with
an intracellular solution containing (in mM): 130 CsMeSO,, 4 MgCl,, 0.2 EGTA, 10
HEPES, 10 Na-Phosphocreatine, 1 QX-314, 4 Na,ATP, 0.4 Na,GTP (pH 7.25 - 7.35). For
extracellular stimulation, patch electrodes filled with ACSF were positioned in the bath
so that it touched the surface of the slice at the most distal 1/3 of the molecular layer. The
stimulus intensity was adjusted so that the failure rate of eliciting PF-EPSCs with a single
stimulus was ~80%. The failure rate following a train of five stimuli at 100 Hz was used as
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a measure of the reliability of PF-SC synaptic transmission. SC intrinsic excitability was
recorded in current-clamp mode at physiologically relevant temperatures (34 + 1 °C) using
an internal solution containing (in mM): 120 K-Gluconate, 9 KCl, 10 KOH, 3.48 MgCl,, 4
NaCl, 10 HEPES, 4 Na ATP, 0.4 Na,GTP and 17.5 Sucrose (pH 7.25 - 7.35). Current steps,
ranging from O - 40 pA in 4 pA increments, were injected into SCs. The average spike
frequency measured over the entire current pulse was used to construct current-frequency
plots. Action potential properties (peak amplitude, after-hyperpolarisation amplitude and
half-width) were evaluated with the use of the first action potential generated.

Extracellular Purkinje cell recordings in alert mice

The animals were prepared for chronic experiments under Isoflurane anesthesia (1.5 % in
0O,) using procedures described previously (Hoebeek et al., 2005). In short, a dental acrylic
(Simplex Rapid, Associate Dental Products, Swindon, UK) was implanted on the scull and
a recording chamber was placed over a small hole (< 3 mm) in the occipital bone. During
the experiments the animal was immobilized in a custom restrainer by bolting the head
holder to a head fixation post. Extracellular activity was recorded with glass micropipettes
that were advanced into the cerebellar cortex by a hydraulic microdrive (Trent Wells, TX,
USA). The raw electrode signal was amplified, filtered, digitized and stored on disk for off-
line analysis (Spike2, CED, Cambridge, UK). Single unit PC activity was identified by the
presence of a brief pause in simple spike discharge after a complex spike and was carefully
monitored during the course of a recording. Between recording sessions the brain was
covered by ointment and the chamber was sealed using bone wax. Off-line analysis was
performed in Matlab (Mathworks Inc., Natick, MA, USA). The simple spikes and complex
spikes were detected and discriminated with custom software that clustered groups of
spikes by means of a linear discriminant analysis on the first four principal components
of the spike waveforms (Eggermont, 1990). Histograms of simple spikes triggered on the
occurrence of a complex spike were made (bin width 1 ms) to verify that each isolated
PC showed a clean climbing fibre pause (Simpson, 1996). Spontaneous activity of each
PC was characterized by (1) the mean simple spike and complex spike firing rate; (2) the
simple spike and complex spike coefficient of variance (standard deviation of interspike
intervals (ISI)/ mean of ISI); (3) the climbing fibre pause duration(Goossens et al., 2001);
(4) the coefficient of variation of adjacent intervals (CV2; mean value of (2*(ISI_,, —ISI ))/
(ISI ., +1ISI ))(Holt et al., 1996).

Compensatory eye movements

Mice were prepared for chronic, head-restrained recordings of compensatory eye movements
as described previously (Wulff et al., 2009). In short, under isoflurane anaesthesia (~1.5%
and O,) a pedestal was constructed in parallel to the intracranial midline using Optibond
prime and adhesive (Kerr, Bioggio, Switzerland) and Charisma (Haeraeus Kulzer, Armonk,
NY, USA). After a recovery period (2-3 days) the mouse was restrained by means of the
two nuts embedded in the pedestal. A cylindrical screen (diameter 63 cm) with a random-
dotted pattern (each element 2°) surrounded the turntable (diameter 60 cm) on which the
mouse was placed. Two table-fixed infrared emitters (maximum output 600 mW, dispersion
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angle 7°, peak wavelength 880 nm) illuminated the eye during the recording, and a third
emitter was connected to the camera and aligned horizontally with the camera’s optical
axis. This third emitter produced the tracked corneal reflection (CR). The eye movements
were recorded using the eye-tracking device (ETL-200, ISCAN systems, Burlington, NA,
USA). Calibrations were performed as described previously(Stahl et al., 2000). Gain and
phase values of the eye movements were calculated using a custom-made Matlab routine
(MathWorks Inc). Data were statistically analyzed using an ANOVA for repeated measures
test.

Data analysis

All values are represented as mean =+ s.e.m, P-values of < 0.05 were considered significant.
Statistical analysis was done using Student’s t-test, unless stated otherwise.
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PF-PC LTD in cerebellar learning

Abstract

Long-term depression at parallel fiber-Purkinje cell synapses (PF-PC LTD) has been
proposed to be required for cerebellar motor learning. To date, tests of this hypothesis
have sought to interfere with receptors (mGluR1) and enzymes (PKC, PKG or CaM-
KII) necessary for induction of PF-PC LTD and then determine if cerebellar motor
learning is impaired. Here, we tested three mutant mice that target the expression
of PF-PC LTD by blocking internalization of AMPA receptors. Using three differ-
ent cerebellar coordination tasks, adaptation of the vestibulo-ocular reflex, eyeblink
conditioning, and locomotion learning on the Erasmus Ladder, we show that there
is no motor learning impairment in these mutant mice that lack PF-PC LTD. These
findings demonstrate that PF-PC LTD is not essential for cerebellar motor learning.

Introduction

Persistent use-dependent changes in synaptic function, including LTD and long-term po-
tentiation (LTP), have been widely suggested to underlie learning. The theory of PF-PC
LTD was originally based on models by Marr, later elaborated by Albus, which suggested
that the cerebellar matrix consisting of the parallel fibers and orthogonally oriented climb-
ing fibers is optimally designed for entraining and modifying Purkinje cell output (Marr,
1969; Albus, 1971). Recordings obtained by Ito and co-workers confirmed this concept by
showing that combined activation of these two inputs resulted in a persistent depression of
parallel fiber-evoked excitatory post-synaptic currents (EPSC) in Purkinje cells (Ito, 1982;
Linden and Connor, 1995). Moreover, their findings indicated that induction of LTD during
visuo-vestibular training could, in principle, persistently modify the gain and phase of the
simple spike activity of the floccular Purkinje cells that drive the vestibulo-ocular reflex
(VOR) (Nagao, 1989) (for underlying circuitry see Fig. 1A). The potential correlation be-
tween LTD induction and cerebellar motor learning was subsequently supported by series
of studies in mouse mutants in which both processes were affected concomitantly (Aiba et
al., 1994; Kim and Thompson, 1997; De Zeeuw et al., 1998; Feil et al., 2003; Koekkoek
et al., 2003; Boyden et al., 2006; Hansel et al., 2006). For example, blockade of LTD in-
duction by interfering with the mGluR1 / PKC, PKG or CaMKII pathways all resulted in
impairment of VOR adaptation (Aiba et al., 1994; De Zeeuw et al., 1998; Feil et al., 2003;
Hansel et al., 2006). Still, these studies were not conclusive as pharmacological blocking of
LTD did not affect eyeblink conditioning (Welsh et al., 2005) and training without instruc-
tive signals from the climbing fibers partially allowed VOR adaptation (Ke et al., 2009). In
principle the positive correlations found in the mouse mutants inwhich induction of LTD
was affected could be attributed to the fact that the affected receptors and kinases mediate
upstream signaling in a highly divergent fashion. Each kinase has many substrates, most of
which are not involved in PF-PC LTD and could affect both baseline function of the cer-
ebellar network and other forms of synaptic and non-synaptic plasticity in the cerebellum
(Kano et al., 1996; Chen and Tonegawa, 1997; Hansel et al., 2006).

Here we investigated the role of PF-PC LTD in cerebellar motor learning by test-
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ing three different mutant mice in which blockade of PF-PC LTD expression is achieved
by targeting late events in the LTD signaling cascade, i.e. downstream at the level of the
glutamate receptors and the related proteins that control their trafficking (Steinberg et al.,
2006). The mutants are the PICK1 knockout (KO) mouse, the GluR2A7 knockin (KI)
mouse, and the GluR2K882A KI mouse (Fig. 1A). The homozygous PICK1 KO mouse
lacks PICK1, an essential intermediary between PKC activation and internalization of the
AMPA receptor (Xia et al., 2000). The GluR2A7 KI mouse lacks the last seven amino acids
of the carboxyl-terminal tail; this mutation eliminates the C-terminal type Il PDZ ligand
and disrupts the interaction of GluR2 with PICK1 and GRIP1/2 (Xia et al., 2000; Steinberg
etal., 2006). Finally, and most specifically, the GluR2K882A KI mouse contains a mutated
form of GIluR2, which incorporates a single lysine mutation in the consensus recognition
motif for PKC (S/T-X-K/R) and thereby prevents phosphorylation at S880 by PKC and
internalization of the AMPA receptor while leaving the PDZ ligand and phosphorylation by
other kinases functionally intact (Kemp and Pearson, 1990; Wang and Linden, 2000; Xia
etal., 2000; Chung et al., 2003; Steinberg et al., 2006). Thus all three types of mutant mice
lack expression of cerebellar LTD, while their upstream induction pathways are not directly
affected (Steinberg et al., 2006). All three types of mutant mice were subjected to VOR
adaptation, eyeblink conditioning, and locomotion learning on the Erasmus Ladder so as to
cover a wide range of cerebellar learning behaviors (De Zeeuw et al., 1998; Koekkoek et
al., 2003; Van Der Giessen et al., 2008).

Results

To determine whether the LTD-expression-deficient mutants are suitable for detecting spe-
cific phenotypes in vestibulo-cerebellar learning, we first ascertained whether they had
gross deficits in their basic motor performance (Fig. 1B). Basic eye movement tests showed
that both amplitude (gain) and timing (phase) of the optokinetic reflex (OKR), VOR in the
dark, and visual VOR (VVOR) in the mutants were not significantly different from those in
their wild type littermates, over a range of stimulus frequencies varying from 0.2 Hz to 1.0
Hz (p > 0.4 for all values; ANOVA for repeated measures; for n and p-values, see Tables S1,
2). These data were comparable to those obtained in the mutant mice in which the induction
of LTD was impaired by blocking or deleting one of the kinases PKC, PKG or aCamKII
(De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al., 2006). Subsequently, we subjected
the PICK1 KO, GluR2A7 KI, and GluR2K882A KI mice to various short-term adaptation
tests including VOR gain-up and VOR gain-down training as well as OKR gain-up training
(Fig. 1C). After being exposed for 50 min to different forms of visuo-vestibular training all
mutants showed significant adaptation for all three protocols (p < 0.005 for all protocols,
paired Student’s t-test) and none of the mutants showed any sign of impairment compared
to the adaptation levels in wild types (p > 0.5 for all parameters, ANOVA for repeated mea-
sures; for numerical details, see Tables S1 and S2). The outcomes of these tests stand in
marked contrast to those of the LTD-induction-deficient kinase mutants (De Zeeuw et al.,
1998; Feil et al., 2003; Boyden et al., 2006; Hansel et al., 2006), in which clear deficits of
motor learning are found.
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Figure 1 Cerebellar circuitry, basic
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ocular reflex in the dark (VOR), and vestibulo-ocular reflex in the light (VVOR) are not significantly different from those of
wild type controls (black). (C), Short-term visuo-vestibular, out-of-phase mismatch training resulted in significant (p < 0.005
for all groups) gain increases of PICK 1 KO, GluRA7 KI, and GluR2K882A KI mutants during the OKR (top panel) and VOR
(bottom panel). Short-term visuo-vestibular, in-phase mismatch training resulted in significant (p < 0.001 for all groups) gain
decreases of PICK1 KO, GluRA7 KI, and GluR2K882A KI mutants during the VOR (middle panel). All these changes were
not significantly different from those of wild type controls. For clarity of presentation the wild types are presented as a pooled
group. For number of mice per group, see Table S1. The p-values for individual mutants versus all controls and versus lit-
termates are listed in Table S2. Error bars denote SEM.

In theory, differences among the PICK1 KO, GluR2A7 KI, and GluR2K882A KI mutants
and their wild type littermates could become apparent when they are subjected to a longer,
more robust training paradigm (see also Blazquez et al., 2004; De Zeeuw and Yeo, 2005).
To address this point, we also employed a six-day in-phase visuo-vestibular training para-
digm, which results in very prominent gain and phase learning changes in wild types (Wul-
ff et al., 2009), but less so in the LTD-induction-deficient kinase mutants (e.g. Van Alphen
and De Zeeuw, 2002). With this long-term training, both VOR gain and VOR phase values
of all PICK1 KO, GluRA7 KI, and GIuR2K882A KI mutants are also adapted significantly
(p <0.001 for all mutants; ANOVA for repeated measures) and this form of adaptation also
occurred at levels that were comparable to those of their wild type littermates (p > 0.4 for
all comparisons; ANOVA; Fig. 2A).
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Figure 2 | Long-term VOR phase adaptation is normal.
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nitive enhancer, shown to block LTD both in Time (days-min)

vitro and in vivo (Kimura et al., 2005; Welsh

et al., 2005). In line with the data obtained in the PICK1 KO, GIuRA7 KI, and GluR-
2K882A KI mice, the learning behavior was not impaired following injections with T-588.
In fact, surprisingly, the injections resulted in a faster VOR phase reversal (p < 0.003 on
days 3, 4 and 5; ANOVA for repeated measures; Fig. 2B) and higher gain values on day 6
(p <0.001; ANOVA for repeated measures; data not shown). Thus, when we blocked LTD
either chemically or by genetically targeting the late events in its signaling cascade, deficits
in cerebellar motor learning could not be observed following three different types of short-
term, visuo-vestibular training or an extremely strong and sensitive form of long-term,
visuo-vestibular training.

To find out whether the absence of a phenotype in the LTD-expression-deficient
mutants is specific for the vestibulo-cerebellum, or whether it can be extrapolated to other
parts of the cerebellum, we subjected them to eyeblink conditioning tests using a tone and an
airpuff as the conditioned and unconditioned stimulus, respectively. Eyeblink conditioning
has previously been demonstrated to require mGluR1 (Aiba et al., 1994; Kishimoto et al.,
2002) and PKC (Koekkoek et al, 2003), which are both necessary for the induction of LTD.
Similar to that in controls, the percentage of conditioned responses (CRs) in the PICK1
KO, GluRA7 KI, and GluR2K882A KI mice increased significantly (all p <0.05; t-test, be-
tween animals p > 0.2; ANOVA for repeated measures) (Fig. 3A; Table S1, 2). In addition,
the timing and amplitude of the CRs in the PICK1 KO, GluRA7 KI and GluR2K882A KI
mutants were indistinguishable from those in control mice (Fig. 3C; Table S1, 2). Moreo-
ver, the kinetics of the unconditioned eyelid responses in all three types of mutants did
not differ significantly from control mice, suggesting that the performances of their eyelid
responses were also normal (Fig. 3B). Subsequently, we subjected the LTD-expression-
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Figure 3 | Eyeblink conditioning and locomotion conditioning are not impaired. (A), Eyeblink conditioning increased the
percentage of conditioned responses (CRs) significantly (all p < 0.05; habituation session vs. acquisition session 6) in PICK1
KO, GluRA7 KI, and GluR2K882A KI mutants as well as their littermate controls. (B), Kinetics of unconditioned responses
(URs) are unaffected in all groups. Latency to UR onset, R1 during unconditioned stimulus only trials, and R1 peak amplitude
vs. UR peak velocity (right) also did not differ between PICK1 KO, GluRA7 KI, GluR2K882A K1, and control mice. Each dot
represents the mean value of one animal. (C), Amplitude (left three panels) and timing (right two panels) of CRs are normal
in all three mutant mice compared to control mice. Left two panels, means of all eyeblink CR raw data traces for each group
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in paired trials during training sessions 2 and 6. Middle panel, averaged CR amplitude for sessions 2 and 6. Right two panels,
mean percentage of CR peak times (25 ms bin) for each group during training session 2 and 6. At the end of the training (ses-
sion 6) in all groups the majority of CR peak times are clustered around US onset at 850 ms. Short-latency responses (SLRs),
which occur frequently during mouse eyeblink conditioning, are indicated. CS onset is set at 500 ms, US onset at 850 ms, ISI
=350 ms, US duration = 30 ms. (D), Analysis of locomotion conditioning on the Erasmus Ladder revealed no significant dif-
ferences in number of missteps and steptime between mutant and control mice. Both motor performance values (left panels
without background) and motor learning values (right panels with gray transparent background) were not affected. During
locomotion conditioning the US, i.e. a rising rung, occurs 250 ms after the onset of the conditioned stimulus (a 15 kHz tone).
All mutants show an acquired change in steptime after (post) the conditioning stimulus compared to before (pre). This change
is not different from that seen in littermate controls (Table S2). For number of mice per group, see Table S1. The p-values for
individual mutants versus all controls and versus littermates are listed in Table S2. Error bars denote SEM.

Figure 4 | Postsynaptic LTP is normal, whereas postsynaptic
LTD is blocked. (A), EPSC amplitudes were significantly (p < Control PICKA GIUR2A7 GIUR2K882A

0.005 for all groups) increased following LTP induction (arrow)
in PICK1 KO (red), GIuRA7KI (blue), and GluR2K882A KI W
(green) mutants, but these increases were not significantly differ- L ; L L L

ent from those in controls (black). (B), LTD induction in slices of
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mutants was significantly impaired compared to that of controls. 2
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tioned stimulus, respectively. Conditioning 60 g@_
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et al., 2008; Renier et al., 2010), the climbing % l ziigmg}ﬁmﬁ{mmm i
fiber activity of which facilitates the induction g '™ fheas wiiky i t i
of LTD (Marr, 1969; Albus, 1971). The PICK1 £ & P by,
KO, GIuR2A7 KI and GluR2K882A KI mu- = o Emo“

tants demonstrated a normal basic performance = Cyclosporin A
in locomotion in that their baseline steptime 5 0 5 10Tim;5(min)20 25 30 35

and number of missteps were not significantly

different from those in controls (Fig. 3D, pre panels, indicating pre-training; Table S1, 2).
The introduction of a perturbation, preceded by a 15 kHz tone at a fixed time interval so as
to condition their locomotion pattern, caused a significant increase in steptime in all groups
(all p <0.01, t-test; Fig. 3D, post panels (indicating post-training)). In all three types of
mutants these changes were not significantly different from those in their controls (all p >
0.14, t-test; Table S1, 2).

Together, these data argue against the Marr-Albus-Ito hypothesis, which predicts
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that PF-PC LTD is essential for cerebellar motor learning. However, certain questions must
be addressed. First, do the PICK1 KO, GluRA7 KI, and GluR2K882A KI mutants show
compensations that may rescue the behavioral phenotype even with LTD impaired? For
example, changes in PF-PC LTP induction might partially compensate for impaired LTD
induction (Lev-Ram et al., 2003; Coesmans et al., 2004; Schonewille et al., 2010). To ad-
dress this possibility we investigated induction of postsynaptic LTP at the parallel fiber to
Purkinje cell synapse in slices derived from mutant mice (Fig. 4A). No significant differ-
ence in LTP (p > 0.2; ANOVA for repeated measures) was found among the PICK1 KO,
GluRA7 KI, and GluR2K882A KI mutants and wild type littermates. This suggests that
the blockade of PF-PC LTD induction is not compensated by alterations in postsynaptic
PF-PC LTP. Second, is LTD impaired in adult PICK1 KO, GluRA7 KI, and GluR2K882A
KI mutants? To date, impaired LTD has only been shown in young PICK1 KO, GluRA7
KI, and GluR2K882A KI mutants (Steinberg et al., 2006), while all the behavioral experi-
ments described herein have been performed in adults. We therefore assessed LTD in slices
of 3 to 6 months old PICK1 KO, GluR2A7 KI, and GluR2K882A KI mutants. In these
older mutants too, LTD was impaired compared to that of controls (p < 0.04 for all com-
parisons; ANOVA for repeated measures) (Fig. 4B; Table S2). Even when we repeated the
LTD protocol in the presence of the postsynaptic LTP-blocker cyclosporin A, a calcineurin
inhibitor (Belmeguenai and Hansel, 2005), LTD was not revealed (p < 0.05 for all compari-
sons; ANOVA for repeated measures) (Fig. 4C). Third, is there presynaptic compensation?
Paired pulse facilitation was not affected in the mutant mice (data not shown; all p > 0.10;
one-way ANOVA), arguing against compensation for the deletion through major presynap-
tic changes. The ratio of paired pulse facilitation before against after induction (PPF-R) did
not differ significantly from 1 in any of the induction paradigms (all p > 0.05; One-Sample
t-test), affirming the postsynaptic nature of the types of plasticity tested here. Finally, is
LTD induction only required during motor learning in younger animals, while adult ones
might depend on other forms of plasticity? To address this concern, we performed the same
VOR and OKR adaptation tests in 4 to 6 weeks old mice. Similar to adults, these animals
did not show any deficit in their motor learning capabilities (p > 0.7 for all comparisons)
(Suppl. Fig. S1).

Discussion

Against our expectations, we did not find any deficit in various forms of cerebellar mo-
tor learning when we tested three different types of mutant mice that lack expression of
cerebellar LTD. Together, these data argue against an essential role for LTD in cerebellar
motor learning. Still, despite the absence of a compensatory change in PF-PC LTP induc-
tion or presynaptic PF plasticity, we cannot exclude the development of other compensa-
tory mechanisms that might contribute to cerebellar motor learning in the three types of
LTD-expression-deficient mutants tested here. These compensations could take the form
of changes in basal electrophysiological function or use-dependent neuronal plasticity, or
both. Perhaps, the cerebellar Purkinje cells and/or the neurons that feed into them are suf-
ficiently enriched with various forms of plasticity such that deletion of PF-PC LTD alone
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does not result in a behavioral deficit (Salin et al., 1996; D’ Angelo et al., 1999; Jorntell and
Ekerot, 2003). If the compensatory mechanisms indeed play a role, they may in fact oper-
ate rather fast, because even application of T-588, which blocks LTD by acutely reducing
calcium release from intracellular stores, does not lead to deficits in cerebellar motor learn-
ing (current study; Welsh et al., 2005). However, the potential occurrence of compensatory
mechanisms does not undermine the conclusion that the data presented here challenge the
classical Marr-Albus-Ito hypothesis, because the ability to adjust the parallel fiber input
to Purkinje cells was proposed to be the fundamental and essential requirement for motor
learning (Marr, 1969; Albus, 1971). Our data demonstrate that motor learning can occur
completely normally in the absence of PF-PC LTD, or at least in the absence of the form
of PF-PC LTD that has been investigated intensely with a wide range of stimulus protocols
over the past decades (Ito, 1982; Linden and Connor, 1995; De Zeeuw et al., 1998; Hansel
et al., 2000).

Why can the general impairments in cerebellar motor learning that occur in the
PKC, PKG and CaMKII mutants (De Zeeuw et al., 1998; Feil et al., 2003; Boyden et al.,
2006; Hansel et al., 2006) not be compensated for? In these kinase mutants the blockades
may, in contrast to those in the PICK1 KO, GIluRA7 KI and GluR2K882A KI mutants, not
only affect LTD at their parallel fiber synapses, but also other forms of cerebellar plasticity.
For example, inhibition of PKC may affect the efficacy of GABA receptors at the molecular
layer interneuron to Purkinje cell synapse by influencing their surface density and sensitiv-
ity to positive allosteric modulators and/or by modifying chloride conductance (Song and
Messing, 2005), while inhibition of CaMKII may directly affect LTP at these GABAergic
inputs (Kano et al., 1996). Interestingly, both plasticity at the parallel fiber to molecular
layer interneuron synapse and that at the molecular layer interneuron to Purkinje cell syn-
apse have, just like PF-PC LTD, been reported to depend on climbing fiber activity (Jorntell
et al., 2010). Indeed, recent evidence demonstrates that loss of instructive climbing fiber
signals results in impaired VOR adaptation (Ke et al., 2009), supporting the possibility that
climbing fibers may play an important role here. Thus this disynaptic plasticity in the feed-
forward inhibition onto Purkinje cells provides a possible answer to the emerging question
what the role of the climbing fibers might be when climbing fiber induced PF-PC LTD is
not essential. Similarly, Purkinje cells also display intrinsic plasticity (Belmeguenai et al.,
2010), and protein kinases may well be required for persistent use-dependent modulation
of one or more of the ion channels involved. Finally, the kinases might also play a role in
presynaptic plasticity at the Purkinje cell to cerebellar nuclei neuron synapse (Pedroarena
and Schwarz, 2003) and/or postsynaptic plasticity at the mossy fiber or climbing fiber col-
lateral to cerebellar nuclei neuron synapse (Zhang and Linden, 2006; Pugh and Raman,
2008). Thus, combined deficits in plasticity at the parallel fiber to Purkinje cell synapse,
the molecular layer interneuron to Purkinje cell synapse, the Purkinje cell to cerebellar
nuclei neuron synapse, the collateral to cerebellar nuclei neuron synapse and/or in intrinsic
plasticity of Purkinje cells provide interesting alternative explanations for the behavioral
phenotypes observed in the Purkinje cell-specific PKC, PKG and CaMKII mutants (De
Zeeuw et al., 1998; Feil et al., 2003; Hansel et al., 2006).

The mutations in the PICK1 KO, GluRA7 KI, and GluR2K882A KI mutants were
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global, i.e. not cell-specific. Thus, it was remarkable that both cerebellar motor perfor-
mance and motor learning were normal, despite the fact that the mutations affect multiple
cell types in both the cerebellum and its supportive systems. The global character of the
mutations even further strengthens the implications of the general absence of a necessary
and sufficient correlation between our cell physiological and behavioral findings. One
would expect more deficits in general, and it raises the possibility that the affected protein
and receptors as well as the correlated cell physiological deficit in LTD can be readily com-
pensated for in general. The same argument may hold for the specific concept that was put
forward by the Marr-Albus-Ito hypothesis, i.e. the idea that climbing fiber activity during
motor learning weakens the parallel fiber influence onto Purkinje cells and thereby reduces
their output. As explained above, there may be different climbing fiber - driven mechanisms
in place that can act simultaneously under normal conditions and that can compensate for
each other’s absence in particular mutant mice. For example, the climbing fibers might be
able to both depress the parallel fiber to Purkinje cell synapse and potentiate the molecular
layer interneuron to Purkinje cell synapse (Jorntell et al., 2010), which both could ultimate-
ly lead to a depression of Purkinje cell’s simple spike activity. Thus, in principle a climb-
ing fiber - driven reduction in simple spikes may still occur during learning in the PICK1
KO, GluRA7 KI, and GluR2K882A KI mutants, despite a blockade of LTD at the parallel
fiber to Purkinje cell synapse. Such a combined action of different mechanisms might also
explain why blocking the GABAergic input from the molecular layer interneurons onto the
Purkinje cells still allows a substantial level of motor learning (Wulff et al., 2009); i.e. in
that case PF-PC LTD may be enhanced to compensate. It might thus be useful to use the
current LTD-expression-deficient mice in combination with others to identify the combina-
tion of plasticities that may be essential for cerebellar motor learning.

Experimental procedures

All experiments were conducted in accordance with The Dutch Ethical Committee for ani-
mal experiments.

Eye movement recordings. Mice aged 4-6 (young) or 12-30 (adult) wks were prepared for
experiments under isoflurane anesthesia by placing a construct allowing immobilization on
their skull. After 5 days of recovery mice were placed in a restrainer, which was fixed onto
the centre of the turntable that was surrounded by a cylindrical screen. Baseline OKR and
(V)VOR were evoked by rotating the screen and turntable, respectively. Short-term adapta-
tion was evoked by drum and table rotation out-of-phase or in-phase with an amplitude of
5¢ at 0.6 Hz for 5 x 10 min. Long-term adaptation was induced by in-phase training with
equal amplitude on day 1 (5° at 0.6 Hz, 5 x 10 min) and drum amplitude increasing by 1°
each subsequent day. Gain (eye velocity / stimulus velocity) and phase (eye to stimulus in
degrees) values were calculated offline. Chemical block of LTD was induced by intraperi-
toneal injections of 10.0 mg/kg T-588 (provided by Toyama, Japan), dissolved in sterile
saline (1.0 mg/ml), heated to ~37° and injected 30 min prior to start of the experiment.

Eyeblink conditioning. Mice, aged 12-30 wks, were anesthetized, surgically prepared and
investigated with the use of MDMT as described before (Koekkoek et al., 2003) (Neuras-
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mus B.V., www.neurasmus.com). After a recovery period of 4 days mice were subjected
to 2 habituation sessions, 6 training sessions, and 4 extinction sessions A training sessions
consisted of 8 blocks, each consisting of 6 paired trials, 1 US only trail, and 1 CS only
trial. For the US we used a mild corneal air puff (30 ms) and for the CS an auditory tone
(inter stimulus interval 350 ms, CS and US co-terminate). Eyelid responses in paired trials
were categorized into auditory startle response (latency to peak 5-50 ms), short-latency re-
sponses (latency to onset 50-70 ms and latency to peak ~115ms) or cerebellar conditioned
responses (latency to onset 50-350 ms and latency to peak 360 ms). For CS only trials we
used the same values, except that the latency to peak amplitude of the CR was smaller than
400 ms instead of 360 ms.

The Erasmus Ladder. Mice, aged 12-30 wks, were subjected to the Erasmus Ladder (Neuras-
mus B.V., www.neurasmus.com), which consists of two single opening black boxes and
equipped with a bright white light. These shelters are connected by a ladder consisting of
37 double rungs placed 15 mm apart, with one in a descended position, alternating between
left and right side, so as to create an alternating stepping pattern with 30 mm gaps. Mice
were subjected to 4 motor performance sessions followed by 4 associative motor learning
sessions, each consisting of 72 trials. On days 5-8, mice were trained to avoid an obstacle
by presenting a tone (90 dB, 15 Hz tone; CS) 285 ms before a rung rises (12 mm; US) in
the swing phase of their right paw. Steptime is defined as the time needed to place one of
the front paws from one rung to the other; and missteps as the number of touches on the
descended rungs. A decrease in post steptime (steptime directly after the CS) over the ses-
sions, implying that mice learn to adjust their stepping pattern to the obstacle, is taken as a
measure of associative motor learning.

Cell physiological recordings. Patch clamp experiments were performed as recently pub-
lished (Schonewille et al., 2010). In short, sagittal slices of the cerebellar vermis (250 pm)
from adult mice were made in ice-cold oxygenated ‘slicing’ solution containing (in mM):
2.5 KCl, 1 CaCl,, 3 MgCl,, 25 NaHCO,, 1.25 NaH,PO,, 240 sucrose, and 25 D-glucose.
Slices were kept at room temperature (23 + 1°C) in oxygenated ACSF containing (in mM):
124 NaCl, 5 KCl, 1.25 Na, HPO,, 2 MgSO,, 2 CaCl,, 26 NaHCO,, 20 D-glucose and 100
uM picrotoxin. Cyclosporin A (bath applied, 5 uM in 0.5% EtOH) was added where in-
dicated. Whole-cell patch-clamp recordings were performed using an EPC-10 amplifier
(HEKA, Lambrecht) and patch pipettes filled with (in mM): 120 K-Gluconate, 9 KCI, 10
KOH, 3.48 MgCl,, 4 NaCl, 10 HEPES, 4 Na ATP, 0.4 Na,GTP and 17.5 sucrose (at pH
7.25). PF-PC LTD was induced by pairing PF and CF stimulation at 1 Hz for 5 min and PF-
PC LTP was induced by PF stimulation alone at 1 Hz for 5 min. Test responses (2 pulses of
500 ps (LTP) or 700 us (LTD) at 50 ms interval) were evoked every 20 s in voltage clamp
mode to prevent spontaneous spiking. In all experiments, cells were switched to current-
clamp mode for tetanization.

Data analysis. All values are shown as mean = SEM. All p-values were determined for
mutants against pooled (values used here) and mutant-specific controls (see Table S2), us-
ing two-tailed Student’s t-test, one-way ANOVA or ANOVA for repeated measures with
a posthoc Tukey test to determine significance between the groups. A p-value < 0.05 was
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considered statistically significant.
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Supplementary Materials

A Figure S1. Young LTD-deficient mice show normal short-term adap-

OKR INCREASE tation. (A), Visuovestibular out-of-phase mismatch training (see Figure
2) did not result in significant differences (p = 0.88) in OKR gain increase
of pooled PICK1 KO and GIuR2A7 KI (pink) mutants (n=5) compared to
pooled littermate controls (black, n=5). (B), VOR gain decreases as a result
of visuovestibular in-phase mismatch training did not differ significantly (p
= 0.75) between pooled PICK1 KO and GluR2A7 KI mutants and littermate
controls. (C), Visuovestibular out-of-phase mismatch training did not result
in significant differences (p = 0.71) between pooled mutant mice and litter-
mate controls. For number of mice per group, see Suppl. Table.

Normalized gain

Control Mutants

0.8

Normalized gain

Control Mutants

Normalized gain

Control Mutants

Table S1. Number of PICK1, GluR2A7, GluR2K882A and littermate control mice, pooled and mutant-specific, used in all
experiments.

* littermates of
Control* PICK1 GIuR2A7 -K882A PICK1 GIuR2A7 -K882A

Eye movements

Performance
OKR 23 10 12 1 11 7 5
VOR 23 9 12 11 11 7 5
VVOR 23 9 12 10 11 7 5
Adaptation
OKR gain increase 23 11 13 10 10 10 3
VOR gain decrease 23 12 13 11 10 9 4
VOR gain increase 24 13 13 12 10 11 3
VOR phase reversal 24 8 8 7 10 10 4
(day 6)
Eyeblink conditioning
Motor performance 22 4 13 8 10 5 7
Motor learning 22 4 13 8 10 5 7
Erasmus Ladder
Motor performance 19 4 5 8 8 5 6
Motor learning 19 4 5 8 8 5 6
Slice electrophysiology
LTP 14 9 10 10 7 5 2
LTD 18 7 6 7 8 8 2
LTD+cyclosporin 9 9 8 8 3 4 2
PPF 36 18 20 20 15 16 5
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Table S2. Significance levels for comparisons mutants to pooled and mutant-specific controls for all experiments.

Grouped littermates vs. Mutant specific littermates vs.
PICK1 GIuR2A7 -K882A PICK1 GIuR2A7 -K882A
Compensatory Eye Movements
Performance
OKR gain 0.93 0.99 0.99 0.83 0.72 0.56
phase 1.00 0.80 0.75 0.24 0.45 0.21
VOR gain 0.87 1.00 0.95 0.73 0.93 0.30
phase 0.76 1.00 0.77 0.85 0.72 0.31
VVOR gain 1.00 0.52 0.48 0.26 0.16 0.99
phase 0.63 0.44 1.00 0.79 0.86 0.35
Adaptation
OKR gain increase 0.96 0.69 0.93 0.26 0.74 0.71
VOR gain decrease 0.54 0.40 0.99 0.68 0.66 0.83
VOR gain increase 1.00 0.62 0.99 0.82 0.27 0.73
VOR phase reversal
day 6 gain 0.81 0.79 0.99 0.60 0.42 0.33
phase 0.88 0.97 0.83 0.55 1.00 0.053
Eyeblink Conditioning
Performance
Latency to UR onset 0.17 0.25 0.63 0.14 0.16 0.61
Latency to R1 0.19 0.19 0.99 0.39 0.10 0.53
UR peak velocity 0.34 0.21 0.23 0.60 0.43 0.35
Learning
CR acquisition 0.86 0.67 0.20 0.57 0.27 0.18
CR extinction 0.75 0.99 0.28 0.84 0.003 0.43
% CR on acq. session 6 0.96 0.74 0.15 0.74 0.20 0.18
CR ampl. acq. sesson 6 0.69 0.46 0.43 0.84 0.65 0.14
Erasmus Ladder
Performance
Steptime(session 1-4) 1.00 1.00 1.00 0.76 0.33 0.22
Missteps(session 1-8) 1.00 1.00 0.54 0.31 1.00 0.18
Missteps (session 1-4) 1.00 1.00 1.00 0.35 0.67
Missteps(session 5-8) 1.00 0.08 0.035 0.26 0.30
Learning
Poststeptime(session 5-8) 1.00 0.20 0.58 0.75 0.14 0.65
Presteptime(session 5-8) 1.00 0.23 0.10 0.37 0.60 0.19
Slice Electrophysiology
LTP 0.24 0.93 1.00 0.25 0.11 0.96
LTD 0.082  0.005 0.038 0.004 0.046 0.045
LTD+cyclosporin 0.001 0.041 0.032 0.063 0.054 0.034
PPF 0.91 1.00 0.97 0.89 0.99 0.21

p < 0.05 indicates control is significantly better than mutant
p < 0.05 indicates mutant is significantly better than control
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PP2B in cerebellar learning

Abstract

Cerebellar motor learning is required to obtain procedural skills. Studies have provided
supportive evidence for a potential role of kinase-mediated long-term depression
(LTD) at the parallel fiber to Purkinje cell synapse in cerebellar learning. Recently,
phosphatases have been implicated in the induction of potentiation of Purkinje cell
activities in vitro, but it remains to be shown whether and how phosphatase-mediated
potentiation contributes to motor learning. Here, we investigated its possible role by
creating and testing a Purkinje cell specific knockout of calcium/calmodulin-activated
protein-phosphatase-2B (L7-PP2B). The selective deletion of PP2B indeed abolished
postsynaptic long-term potentiation in Purkinje cells and their ability to increase
their excitability, whereas LTD was unaffected. The mutants showed impaired gain-
decrease and gain-increase adaptation of their VOR as well as impaired acquisition
of classical delay conditioning of their eyeblink response. Thus, our data indicate that
PP2B may mediate indeed potentiation in Purkinje cells and contribute prominently
to cerebellar motor learning.

Introduction

At excitatory synapses onto hippocampal or neocortical synapses, protein phosphatases
are required for postsynaptic LTD induction, whereas kinases are required for postsynaptic
LTP induction™ 2. In these regions protein phosphatase 1 (PP1), the activity state of
which is indirectly controlled by calcium/calmodulin-activated protein phosphatase 2B
(calcineurin or PP2B), has been suggested to act in concert with the a isoform of calcium/
calmodulin-dependent kinase II (aCaMKII) to provide a molecular switch regulating the
phosphorylation state of AMPA receptors® 3. In contrast, at cerebellar PF synapses onto
Purkinje cells LTD induction is PKCa- 4, ¢cGKI- 3 and o/BCaMKII-dependent®’, whereas
LTP requires the activation of PP1, PP2A, and calcineurin®. Interestingly, changes in LTD
and LTP induction can be associated with changes in intrinsic excitability in the hippocampus
and cerebellum® '°, and calcineurin has indeed been associated differentially with changes
in intrinsic excitability in pyramidal cells and Purkinje cells'. Thus, cerebellar Purkinje
cells operate in general inversely to their hippocampal counterparts in that downstream
kinase and phosphatase activity can push the balance towards LTD and LTP, respectively,
even though the activity of these enzymes themselves can be regulated by proteins of the
opposite category upstream' 13,

Over the past decades, attempts to determine the cellular mechanisms underlying
cerebellar motor learning have focused virtually exclusively on the impact of LTD#!7,
Genetic interference with kinase-mediated LTD induction and/or maintenance in Purkinje
cells has been reported to be associated with impaired motor learning such as defects in
VOR gain adaptation or eyeblink conditioning® & '5: % cf ', Some of these studies have
encouraged scientists to hypothesize that LTD is specifically responsible for gain increases
in VOR adaptation® and acquisition of conditioned eyeblink responses'® ?! raising the
possibility that potentiation might be responsible for gain-decrease VOR adaptations
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and extinction of conditioned responses®. However, no transgenic mouse mutants have
been created yet, which allow us to investigate specifically the possible contribution of
potentiation in Purkinje cells. Since calcineurin is required for PF-PC LTP and increases
in intrinsic excitability® , this protein forms an ideal molecular target to genetically
manipulate potentiation in Purkinje cells, and to investigate for the first time a potential
role of potentiation in cerebellar motor learning. Thus, here we created mutant mice (L7-
PP2B), in which calcineurin activity is selectively impaired in Purkinje cells by crossing
floxed CNB1 mice (regulatory subunit of calcineurin)?? with a Purkinje cell specific (L7-)
cre-line® (Figure 1A), and we subsequently investigated them at the cell physiological and
behavioral level.

Results

L7-PP2B mice lack calcineurin but show normal histology
Immunocytochemical analysis of the L7-PP2B mice with antibodies directed against the

A E1 loxP E2 E3E4 loxP E5
X

E1aE1bE2 E3 E4 Cre

!

E1 loxP E5
Purkinje Cell
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Figure 1. The L7-PP2B mutant: Creation and morphology. A, The L7-PP2B mutant mice were created by crossing a
floxed calcineurin line with a L7-Cre line. B, Calcineurin (B subunit) stainings of the cerebellar cortex confirm the selective
deletion of PP2B in Purkinje cells in L7-PP2B mice (n = 4); note the normal expression of PP2B in the parallel fibers of the
molecular layer in which the unstained Purkinje cell dendrites stand out (right panels). C, Thionin (upper panel) and Golgi
(lower panel) stainings of sagittal sections of the vermis showed no morphological or cyto-architectural differences between
control (n =4) and L7-PP2B mice (n = 4)(p > 0.49; t-test). D, Electron micrographic quantification of parallel fiber contacts
with calbindin stained Purkinje cell dendrites in the molecular layer revealed no significant differences between control (n =
3) and L7-PP2B mice (n = 3) in PSD length, PSD area, and density of synapses (p > 0.26 for all parameters; t-test). Scale bars
indicate 50 um (upper panels) and 25 um (lower panels) in B, 1000 um (upper panels) and 50 um (lower panels) in C, and 200
nm (upper panels) in D. Black asterisks indicate parallel fiber terminals, and white asterisks indicate Purkinje cell spines in D.

CNBI1 subunit showed that calcineurin is indeed specifically deleted in Purkinje cells
(Figure 1B). Density analyses showed that PP2B staining intensity was significantly
lower in Purkinje cell bodies and primary dendrites (p = 0.003 and 0.034, respectively;
t-test), but not in granule cells or the neuropil of the molecular layer (p > 0.6 for both
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parameters). Thionine and Golgi stainings revealed that the mutation did not affect the
foliation of the cerebellar cortex or the cyto-architecture of Purkinje cells, respectively
(Figure 1C). Moreover, electron microscopic examinations of calbindin-stained sections
of the cerebellar cortex of L7-PP2B mice showed that the number and size of synaptic
inputs from PFs onto Purkinje cells were not significantly different from those of littermate
controls (p > 0.26 for all parameters, i.e. PSD length, PSD area, and density of synapses;
t-test) (Figure 1D).

Moreover, the area covered by the Purkinje cell dendrites as well as the thickness of the
different layers of the cerebellar cortex was also unaffected (p > 0.49 for both parameters;
t-test).

A
before after 0 PF
Dol Pl St
© ri:-3.-148 "
fl—rg:A g % mﬂ_ _ii _Tén L i
& 70{e Control
o5 § 50|® L7-PP2B
#ms 0 5 10 15 20 25 30 35
B -
t=11min > 7
= t=15min 56
" H]m;mmnm
200ms & 3
25
u 20
S THIITT
L7-PP2B
10 1 12 13 14 15
C

2130 PF+CF

Ve V™

25ms

EPSC (% of baseline
~ ©
o
101101
o
oo
2!
ey
=
s
—
=
e

0 5 10 15 20 25 30 35
Time (min)
Figure 2. L7-PP2B mice show impaired parallel fiber — Purkinje cell potentiation. A, Induction of LTP at the parallel fiber
to Purkinje cell synapse was significantly (p <0.03; t-test) impaired in slices of adult L7-PP2B mice (8 cells from 5 mice) com-
pared to those of controls (7 cells from 6 mice). B, Voltage responses (EPSP, average of 20 stimuli at 1 Hz) and changes in calcium
transients (500 ms scans at 0.05 Hz) during the tetanus were not different (both p > 0.5; ANOVA for repeated measurements)
between controls (n= 13 and 5, respectively) and L7-PP2B mice (n= 10 and 5). Left, sample image of parallel fiber stimulation
induced Ca2+-signal. Middle, example trace of PF-stimulation elicited calcium transients (average of 3). C, Induction of LTD
at the parallel fiber to Purkinje cell synapse was not affected (p = 0.96; t-test) (7 and 9 cells in 5 mutants and 5 controls, respec-
tively). PF-PC LTP was induced by PF stimulation at 1 Hz for 5 min, while LTD was induced by paired PF and CF stimulation
at 1 Hz for 5 min. Traces on the left side show EPSCs before (left) and after (right) induction of plasticity. See also Figure S1-2.

L7-PP2B mice show specific defects in parallel fiber to Purkinje cell plasticity

As predicted by our previous pharmacological in vitro studies in cerebellar rat tissue?®,
our cell physiological examination of 10-24 week-old L7-PP2B mice indeed showed that
LTP induction following parallel fiber stimulation alone was blocked (p = 0.027; t-test)
(Figure 2A). In contrast, LTD induction following paired PF and climbing fiber (CF)
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stimulation was unaffected in adult L7-PP2B mice (p = 0.96; t-test) (Figure 2C). In wild
type littermates, both LTP and LTD were successfully induced (Figures 2A and C). The
inability of L7-PP2B mutants to potentiate their parallel fiber input did not depend on the
temperature, age or type of induction protocol, while it could be rescued by the addition
of active PP2B (data not shown, see supplementary materials in the article). Moreover,
EPSPs and intracellular calcium concentrations during the tetanus did not differ (Figure
2B), arguing against the possibility that these factors were responsible for the observed
deletion of parallel fiber potentiation.
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at CF synapses (B) and the paired-pulse facilitation (PPF) ratio at PF synapses (C), respectively. PPF ratios were de-
termined for the indicated stimulus intervals in both wild type (n = 8) and mutant mice (n = 5) and no differences are
found (p = 0.163; ANOVA for repeated measurements). PPF ratios also did not differ in conditions of lower external
calcium (p = 0.213; n = 6 vs. 6, control vs. L7-PP2B) or in the presence of NBQX (p = 0.314; n = 5 vs. 8). Insets show
sample traces. D, Characterization of sIPSCs revealed no differences in frequency, amplitude, rise time, half width and
decay time (all p > 0.34; n = 11 vs. 6, control vs. L7-PP2B; t-test). Sample traces on the left Error bars indicate SEM.

Climbing fiber elimination, paired-pulse ratios and inhibition are not affected in Purkinje
cells of L7-PP2B mice

Since the presence or absence of CF activity is critical for the induction of depression
and potentiation in Purkinje cells, respectively? 2°, we also examined whether deletion
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Figure 4. Intrinsic excitability and
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of calcineurin in Purkinje cells directly affects the developmental elimination of surplus
CF inputs, as previously observed for mutant mice lacking PKC" or aCaMKII activity®.
CF elimination in adult L7-PP2B mice (10-24 weeks), however, appeared normal, and
is therefore unlikely to have affected synaptic input patterns that could indirectly impair
plasticity in Purkinje cells of L7-PP2B mice (Figure 3A). Likewise, we did not detect
differences in the paired-pulse depression (PPD) ratio at CF synapses and the paired-pulse
facilitation (PPF) ratio at PF synapses, respectively (Figure 3B and C). In fact, even in
the presence of NBQX or lower extracellular calcium the PPF did not differ (Figure 3C).
These findings suggest that the observed effects on plasticity were postsynaptic, but they
don’t allow us to conclude that presynaptic changes were completely absent. Finally, we
found no differences in frequency, amplitude, rise/decay time and half width of spontaneous
IPSCs in Purkinje cells (Figure 3D). Together, these data suggest that the basic synaptic
transmission of both excitatory and inhibitory inputs to Purkinje cells is unaffected in L7-
PP2B mice.

L7-PP2B mice show defects in intrinsic plasticity of Purkinje cells
In addition to synaptic parallel fiber potentiation, also non-synaptic Purkinje cell intrinsic

excitability can be potentiated. This intrinsic potentiation could be readily induced in wild
types, but not in the L7-PP2B mutants (p = 0.007; ANOVA for repeated measurements)
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(Figure 4A). Notably, we also observed differences in baseline intrinsic excitability. Linear
fits of the current-frequency curves showed that the slope of L7-PP2B mice is less steep (p
=0.002; t-test) (Figure 4B). This difference suggests that the cells are less excitable, which
is confirmed by a lower maximum firing frequency (p < 0.001; t-test).
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Figure 5. VOR adaptation is affected in L7-PP2B
mice. A, Schematic drawing of the vestibulo-
cerebellar system. Purkinje cells (black) in the
flocculus of the vestibulo-cerebellum converge
upon neurons in the vestibular nuclei (VN),
through which they can influence the output of
the oculomotor neurons (OM) that drive the eye
movements. The Purkinje cells are innervated by
two main inputs: they receive vestibular and eye
movement signals through the mossy fiber - parallel
fiber system (represented by green and grey inputs),
and retinal slip signals through climbing fibers
derived from the inferior olive (IO; blue). The
parallel fibers, which all originate from the granule
cells, innervate the dendritic trees of the Purkinje
cells. VG, AOS and PA indicate vestibular ganglion
cells, accessory optic system, and pontine areas,
respectively. B, C and D, Motor performance during
the optokinetic reflex (OKR), and the vestibulo-
ocular reflex in the light (VVOR) and the dark
(VOR) revealed moderate aberrations in L7-PP2B
mice (n = 15) compared to controls (n = 19) (for
OKR, VOR as well as VVOR p < 0.001; ANOVA
for repeated measurements). E and F, Motor learning
in L7-PP2B mice was severely affected; during two
days of mismatch training so as to either decrease
(E) or increase (F) their VOR gain the L7-PP2B
mice (n = 9) learned significantly less than controls
(n =10) (p < 0.0002 and p < 0.000001 for gain-
decrease and gain-increase paradigm, respectively;
ANOVA for repeated measurements). Note that
gain-increase training resulted in a decrease of the
gain in the L7-PP2B mice. G, Without mismatch
training stimuli as in E or F, no differences were
observed (p = 0.83 on day 1 and p = 0.90 on day
2; ANOVA for repeated measurements). H, When
the L7-PP2B mice (n = 8) were subjected during
four consecutive days (days 2 to 5) to a mismatch
training paradigm aimed at reversing the phase
of their VOR, they learned significantly less (p <
0.000001; ANOVA for repeated measurements) than
their controls (n = 8). On the day (day 1) preceding
this reversal protocol the animals were subjected
to the standard in-phase gain-decrease paradigm.
Error bars indicate SEM. See also Figure S3-5.

A lack of PP2B affects regularity but not average firing frequency of simple spike activities
in vivo
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To test whether the deficits in PF-PC LTP and plasticity of intrinsic excitability affect
Purkinje cell activity in vivo we performed extracellular recordings in awake mice (n =25
vs. 30 for control vs. L7-PP2B). Firing frequencies of simple spikes and complex spikes
were both normal (p = 0.94 and p = 0.54, respectively; t-test), but the inter-simple spike
interval distribution was sharper with less high-frequency spiking and concomitant higher
regularity in L7-PP2B mutants (Figure 4C). Thus, the changes in intrinsic excitability and
potentiation in L7-PP2B mice correlate with a loss of high-frequency simple spike activity,
but do not alter the average firing frequency of Purkinje cells. We therefore conclude that
the deficits in potentiation in the L7-PP2B mice may selectively affect their spatiotemporal
firing patterns of simple spike activities.

L7-PP2B mice show defects in adaptation of the vestibulo-ocular reflex

In the open field or during footprint analysis L7-PP2B mice did not show obvious signs of
ataxia (data not shown, see supplementary materials in the article). To explore their specific
capabilities for cerebellar motor learning, we first subjected the mice to compensatory
eye movement tests, in particular VOR adaptation tests, which are controlled by the
vestibulocerebellum® '> 2% (Figure 5). Measurements of basic performance parameters
including the gain (amplitude) and phase (timing) of the optokinetic reflex (OKR) and/or
VOR showed overall that the motor performance of the L7-PP2B mutants was moderately,
but significantly, affected (Figures SB-D, Figure S1A-C). For OKR and VVOR the gain of
L7-PP2B mutants were significantly lower than those of wild type littermates (both OKR
and VVOR p < 0.001; ANOVA for repeated measurements) (Figure SB-C), while their
phase values were significantly lagging those of the wild types (OKR p < 0.01; VVOR p
< 0.001; ANOVA for repeated measurements). In contrast, for VOR the gain of L7-PP2B
mutants was significantly greater than that of wild type littermates (p < 0.001; ANOVA
for repeated measurements) (Figure SD), while their phase values were also significantly
lagging those of the wild types (p <0.01; ANOVA for repeated measurements) (Figure S1).
The differences among mutants and wild types during OKR and VVOR were not caused
by differences in vision itself, because the latencies of the eye movement responses to
the onset of the optokinetic stimuli were unaffected in the mutants (p = 0.55, ANOVA for
repeated measurements) (Figure S2).

A prominent phenotype of the L7-PP2B mice was observed when we subjected
the animals to the mismatch learning paradigms. In a two-day visuo-vestibular training
paradigm aimed at reducing the gain of the VOR, learning was significantly impaired in the
mutants (Figure 5E) (p < 0.0002 for both days; ANOVA for repeated measurements). In
the opposite training paradigm, which was aimed at increasing the gain, the gain values of
the mutants even showed a decrease (Figure 5F; comparison among mutants and controls
p < 0.000001 for both days, ANOVA for repeated measurements). Control experiments
revealed that this decrease was not due to aspecific effects, because exposure to a normal,
non-training paradigm for the same duration did not result in any decrease (p = 0.83 and
p = 0.90 for day 1 and day 2, respectively, ANOVA for repeated measurements) (Figure
5G). Phase changes are minimal during these gain adaptation paradigms (Figure S1D-F),
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but phase, like gain, can also be adapted. In this respect the ability of the mutants to learn
was affected in such a profound way that they were completely unable to adapt their phase
during a long-term 5-day phase reversal training paradigm (Figure SH). In contrast, wild
type littermates were able to reverse their phase towards 180 degrees in five consecutive
training sessions (5" day, comparison among L7-PP2B mutants and wild type mice; p <
0.000001, ANOVA for repeated measurements). Thus, the Purkinje cell-specific PP2B
knockout mice were moderately affected in the performance of their basic compensatory
eye movements and markedly affected in all forms of VOR adaptation tested.

L7-PP2B mice show impaired eyeblink conditioning

Next, to find out whether the learning deficits in the L7-PP2B mutants are limited to
abnormalities in VOR adaptation, which is controlled by the vestibulocerebellum, or
whether they reflect a more global deficit in cerebellar motor learning, we also subjected
them to a training paradigm that is controlled by a different region of the cerebellum:
classical conditioning of eyeblink responses, which in mice is controlled by lobulus simplex
in the hemisphere and lobule VI in the vermis?’ (for underlying circuitry see Figure 6A).
The eyeblink responses of the mice were conditioned using a tone and an air-puff as the
conditioned stimulus (CS) and unconditioned stimulus (US), respectively (Koekkoek et
al., 2003). After 4 paired training sessions (T-1 to T-4), the L7-PP2B mutants showed
significantly less conditioned responses than their wild type littermates (comparison between
L7-PP2B mice and wild type littermates at T4: p < 0.05, t-test), while this difference was
absent during the first training session (at T1: p = 0.82, t-test) (Figures 6B and C). In fact,
the L7-PP2B mutant mice did not show any significant change in percentage of conditioned
eyeblink responses over consecutive days of training (e.g. T4 versus T1, p = 0.52; one way
within subjects ANOVA). The timing of the conditioned responses in the mutants was also
affected in that the average peak latency of their CS-alone responses at T4 was significantly
shorter (p < 0.02; t-test) than that of controls (Figure 6C; for peaks in paired trials, see also
Figure 6B). In contrast, the kinetics of the unconditioned eyeblink responses in the L7-
PP2B mutants were indistinguishable (p > 0.4 for onset, peak amplitude as well as velocity
of UR; t-test) from those in controls (Figure 6D). Thus, our eyeblink tests showed that
the L7-PP2B mice have a specific impairment in their conditioned responses rather than a
general deficit in the motor component of all their eyeblink responses. Together with the
VOR gain adaptation tests, we conclude that the L7-PP2B mutants have severe deficits in
hallmark features of cerebellar learning functions: The fine-tuning of sensorimotor gains
and the fast adaptation of motor output in response to changing behavioral needs.

Discussion

The current study is the first to specifically address the role of potentiation of Purkinje
cell activities in cerebellar motor learning. Guided by the original ideas of Albus®, and
Ito?, virtually all previous studies that were aimed at identifying the molecular and cellular
mechanisms underlying cerebellar motor learning focused on depression for review see ',
These studies provided supportive evidence that kinases such as PKC', cGKI°, CaMKIV!#

114



PP2B in cerebellar learning

Figure 6. Eyeblink conditioning is impaired in
L7-PP2B mutants. A, Neuro-anatomical circuitry
involved in eyeblink conditioning. Purkinje cells in
the cerebellar cortex form a central site where signal
convergence of the unconditioned stimulus (US) and
conditioned stimulus (CS) takes place. The US consists
of a mild corneal air puff and the CS of an auditory
d CoN PA . tone. US signals reach the Purkinje cells via the infe-

3 - i 5 rior olive (IO) by climbing fibers, while mossy fiber
projections from the pontine area (PA) relay the CS.
Repeated paired presentation of the CS and US results
) in conditioned responses (CR), during which the eyelid
Airpuff closes in response to the tone. B, Representative traces

B of paired CS-US trials from an L7-PP2B knockout (red)
T2 T4 and a littermate control (blue) during training sessions

1.5 m Control 1.5 T2 and T4. CS onset occurs at time 0, while US fol-

W L7-PP2B lows 325 ms later. Note that the L7-PP2B knockout is

1.0 1.0 \ not able to improve the timing of the CR (left arrow),
\, whereas the control demonstrates a well-timed CR at
0.5 0.5 T4 (right arrow). C, The percentage of CRs in L7-PP2B
knockout mice (n = 9) does not significantly increase

0.

0 S50 o5 T over the four training sessions (p = 0.52; t-test). Instead,
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c ing curve (p < 0.01; t-test) and at T4 they show signifi-

60 300 - " cantly more CRs than L7-PP2B knockouts (p < 0.05).
In addition, the quality of the CR does not improve in

40 L7-PP2B knockout mice. Where controls demonstrate
well timed CRs during training session 4 (e.g. T4 ver-

20 sus T2, p < 0.001; t-test), L7-PP2B knockout mice do
not improve their timing (e.g. at T4 L7-PP2B versus

0 controls, p < 0.02; t-test). D, Kinetics of the eyelid re-

T1 T2 T3 T4 T2 T4 sponses are not affected in L7-PP2B knockout mice.

Session (days) Session (days) Onset, peak amplitude and velocity of the eyelid re-
sponse to the air puff in the mutants do not differ from
those of controls (p > 0.4 in all comparisons; t-test) in-
dicating that kinetics of the eyelid are the same for both

1.0 groups. Abbreviations: CN Cerebellar Nuclei; CoN Co-
chlear Nucleus; FN Facial Nucleus; RN Red nucleus;
05 TN Trigeminal Nucleus. All error bars indicate SEM.
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and o/BCaMKII* 7 are essential for both LTD at the parallel fiber to Purkinje cell synapse
and motor learning. The idea has been put forward that gain-increase adaptations of the
VOR may be mediated predominantly by LTD, while gain-decrease adaptations may result
from potentiation of Purkinje cells?’. Likewise, it has been suggested that LTD is required
for the acquisition of well-timed conditioned responses'® cf '*?!, raising the possibility that
the extinction is mediated by potentiation of Purkinje cells. This latter option is supported
by the finding that the extinction process requires activation of the GABAergic input to
the inferior olive®, which in principle could reduce climbing fiber activities and thereby
shift the balance at the Purkinje cell level from depression to potentiation®. Based on
these hypotheses, one might have expected that L7-PP2B mice are specifically impaired in
learning VOR gain decreases and in extinction of conditioned eyeblink responses. Instead,
we observed, next to deficits in gain decreases, profound deficits in VOR gain increases and
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a virtual absence of phase reversal learning, while the acquisition of conditioned eyeblink
responses and their timing were also affected. In fact, the acquisition of the conditioning
process was such prominently affected that there was no difference in the number of CRs
between the last and the first training session making it impossible to estimate a potential
contribution of Purkinje cell potentiation to extinction. By comparison the behavioral
deficits of the potentiation-deficient L7-PP2B mice exceed those of the depression-deficient
kinase mutants both during VOR adaptation and eyeblink conditioning™ % '>-2!, Moreover,
a possible functional role for LTP at the parallel fiber to Purkinje cell synapse in our daily

Figure S1. Phase data for compensa-

A 1o OKR D . Gain-down tory eye movement experiments. A-C,
> 18 % 104 The differences in VVOR and VOR gain,
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g jg Control T 10 by differences in phase (OKR, p = 0.010;

40 A “ 0] VVOR, p < 0.001; VOR, p = 0.008). D-F,
...... A All (non-) training sessions aimed at
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o 20 < 10/ ends of Figure 5. Error bars indicate SEM.
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L7-PP2B nificantly different from that in the wild types (n =
= 7) (p=0.69, t-test). Traces on the left show samples
£ of individual animals. The moment of onset of the
LZ:' optokinetic response was determined by the cross-
Control % ing of the eye movement trace through the (dotted)

line that was 2 SD above the average before the
start of the stimulus (dashed line) for at least 10 ms.

motor behavior is further supported by the finding that natural cycles may influence this
form of plasticity just like VOR adaptation itself®'. Thus, Purkinje cell potentiation may not
only have been neglected over the past decades, it may even be one of the most dominant
players in cerebellar learning.

The approach of the current study has the advantage of simultaneously tackling the
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two major forms of Purkinje cell potentiation, i.e. PF-PC LTP and PC intrinsic plasticity, in
a single animal model and rendering prominent behavioral phenotypes. At the same time,
it is not possible to determine to what extent both types of plasticity interact, and which of
the two impaired types of potentiation in the L7-PP2B mice is more relevant for which parts
of their behavioral phenotypes. Since both types can be induced at physiologically relevant
temperatures in wild types, we expect both to contribute, but future studies will have to
segregate the two.

Although the kinetics of the unconditioned eyeblink responses in the L7-PP2B
mutants were unaffected and therefore unlikely to have contributed to their reduced level of
conditioning, we cannot exclude the possibility that the moderate deficits in eye movement
performance did contribute to the deficits in VOR adaptation. However, we recently
investigated other Purkinje cell specific mutants with comparable performance deficits,
and these mutants had no gain learning deficits*. Thus, a performance deficit does not
necessarily induce a deficit in gain increase and/or gain decrease learning per se.

The robust behavioral phenotypes in our calcineurin-deficient mutants are in
line with a recent adaptive-filter model of Porrill and Dean*’. This model is based on the
covariance learning rule, implicating a preponderance of silent PF synapse, which has
been experimentally observed®* 34, Consequently, their model suggests that LTP is likely
to initiate new motor learning, whereas LTD depresses synapses active in the pre-learning
situation, a process controlled by the climbing fiber®®. This way, the cerebellum optimizes
the weight of each relevant PF to Purkinje cell synapse given their relative amount of
signal and noise. Thus, PP2B-mediated LTP might set the appropriate weights at the PF to
Purkinje cell synapses and together with related levels of intrinsic plasticity generate the
appropriate spatiotemporal patterns of simple spike activities that are required for cerebellar
motor learning. Such an operating scenario could be supported by various other pre- and
postsynaptic forms of potentiation at the GABAergic molecular layer interneuron to
Purkinje cell synapse®*:*¢ allowing temporal pattern formation without affecting the average
firing frequency?®. By combining optimally learned levels of potentiated excitation and
feed-forward inhibition Purkinje cells are probably equipped with a push-pull mechanism
so as to convey and consolidate appropriately formed patterns of spikes and/or pauses that
may be read out in the cerebellar nuclei provided that they occur coherently in ensembles
of cells?*3"%, We therefore suggest that potentiation in Purkinje cells complements other
forms of cerebellar plasticity in controlling synaptic input strengths and excitability in a
dynamic manner, and that the cerebellum uses these plasticity mechanisms to shape the
spike activity patterns of the inhibitory Purkinje cell output required for motor learning.
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Synaptic inhibition in motor learning

Abstract

Although feedforward inhibition onto Purkinje cells was first documented 40 years
ago, we understand little of how inhibitory interneurons contribute to cerebellar func-
tion in behaving animals. Using a mouse line (PC-Deltagamma?2) in which GABA(A)
receptor-mediated synaptic inhibition is selectively removed from Purkinje cells, we
examined how feedforward inhibition from molecular layer interneurons regulates
adaptation of the vestibulo-ocular reflex. Although impairment of baseline motor per-
formance was relatively mild, the ability to adapt the phase of the vestibulo-ocular
reflex and to consolidate gain adaptations was strongly compromised. Purkinje cells
showed abnormal patterns of simple spikes, both during and in the absence of evoked
compensatory eye movements. On the basis of modeling our experimental data, we
propose that feedforward inhibition, by controlling the fine-scale patterns of Purkinje
cell activity, enables the induction of plasticity in neurons of the cerebellar and ves-
tibular nuclei.

Introduction

Feed-forward inhibitory microcircuits, in which interneurons and their target principal cells
receive common excitatory input, enhance network performance in many brain regions'?.
In the hippocampus, feed-forward inhibition, by reducing the time window of synaptic in-
tegration, increases the precision of spike timing in CA1 pyramidal neurons®, and plasticity
of feed-forward inhibition is required to maintain the fidelity of information processing®*.
Inthe cerebellum, molecular layer interneurons (stellate and basket cells) control Purkinje
cells by powerful feed-forward inhibition>®7%° (see Supplementary Fig. 1 in the online
article). Additionally, subsets of Purkinje cells sparsely inhibit each other via axon col-
laterals'®. Purkinje cells provide the only output of the cerebellar cortex and project to the
cerebellar and vestibular nuclei. They fire complex spikes in response to climbing fiber
activity'!, and simple spikes that reflect the integration of intrinsic pacemaker activity with
excitatory and inhibitory synaptic inputs from parallel fibers and molecular layer interneu-
r0n58'12’13”]4’15.

Although feed-forward inhibition onto Purkinje cells was documented more than
four decades ago’, we still know little about how it contributes to cerebellar function in
behaving animals. Fast synaptic inhibition at molecular layer interneuron to Purkinje cell
synapses is mediated by alp2/3y2-type GABAA receptors'®. The y2 subunit is required
to target the receptors to the postsynaptic membrane!’. Thus, to investigate the role of
GABAA receptor-mediated feedforward inhibition we selectively ablated the y2 subunit,
and thereby synaptic GABAA receptors, from Purkinje cells (PC-Ay2 mice). The resulting
changes in Purkinje cell simple spike activity and motor behaviour implicate molecular
layer interneurons as essential regulators of cerebellar signal coding and memory forma-
tion.

Results
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Purkinje cell-specific removal of synaptic GABAA receptors

To remove GABAA receptor-mediated feed-forward inhibition onto Purkinje cells, we se-
lectively deleted the GABAA receptor y2 subunit using the Cre/loxP-system (see Chapter
6 Methods). Cre recombinase, under the control of the L7 promoter, induced a Purkinje
cell-specific deletion of the floxed y2 subunit gene starting in the second postnatal week!!8,
Ablation of synaptic GABAA receptors from Purkinje cells caused no anatomical altera-
tions of the cerebellar circuitry (Fig. 1).

Patch-clamp recordings in acute slices of cerebellar vermis from adult animals
showed spontaneous fast inhibitory postsynaptic currents (sIPSCs) at high frequency in
all Purkinje cells (n = 21) from control mice (Fig. 2a), which could be blocked by the
GABAA receptor antagonist SR-95531 (20uM; data not shown). By contrast, sSIPSCs were
absent from all Purkinje cells (n = 19) of PC-Ay2 mice (Fig. 2b). In some PC-Ay2 cells
(12 of 19) occasional small, slow-rising currents remained. However, these produced on
average less than 2% of the control synaptic charge (Fig. 2), and likely reflect spillover of
synaptically released GABA onto extrasynaptic a and [} subunit-containing receptors'®*
(see Supplementary Fig. 2 in the online article). Consistent with a complete loss of synaptic
GABAA receptors, recordings from PC-Ay2 mice in the presence of TTX confirmed the
absence of miniature IPSCs (mIPSCs) (Fig. 2¢,d). The loss of synaptic GABAA receptors
was restricted to Purkinje cells: mIPSCs in molecular layer interneurons were unaltered in
PC-Ay2 mice (see Supplementary Fig. 3 in the online aricle).

PC-Ay2 mice show altered simple spike patterning

Feed-forward inhibition via molecular layer interneurons is rapidly (~ 1 ms) recruited by
parallel fiber activation and curtails the parallel fiber-evoked excitatory postsynaptic poten-
tial (EPSP) in Purkinje cells”?!. To determine how absence of synaptic GABAA receptors
affected Purkinje cells response to parallel fiber stimulation, we analyzed the temporal
dispersion (jitter) of evoked Purkinje cell simple spikes (Fig. 3a). The jitter, quantified
as the standard deviation of spike latency in a 10 ms window following stimulation (10V,
100ps), was strongly increased in PC-Ay2 Purkinje cells (control: 0.81 = 0.14 ms; PC-
Ay2:1.80+0.10 ms, p <0.0001, n= 12 and 11, respectively). Acute blockade of GABAA
receptors with SR-95531 significantly increased spike jitter in cells from control mice (to
1.45+0.14 ms, p = 0.0011; see also Ref.7), but, as expected, had no effect in PC-Ay2 cells
(1.76 £ 0.10 ms, p = 0.605). We also determined the number of spikes evoked by parallel
fiber stimulation (Fig. 3a, lower panels). On average, 0.60 = 0.04 spikes were evoked in
the 60 ms following each stimulus in control cells and 0.41 + 0.05 spikes in PC-Ay2 cells
(n=17 and 13, respectively; p = 0.0069). This smaller evoked response is consistent with
a reduced parallel fiber excitatory input (see Supplementary Fig. 4 in the online article and
Discussion). Consistent with the complete loss of GABAA receptor-mediated inhibition in
PC-Ay2 cells, SR-95531 increased the number of evoked spikes only in control cells (0.61
+0.05t00.76 £ 0.08, n =11, p = 0.0248; PC-Ay2 cells 0.41 + 0.05 to 0.45 + 0.06, n =13,
p =0.3199). Thus, loss of molecular layer interneuronmediated feed-forward inhibition in
PC-Ay2 mice results in altered simple spike responses to parallel fiber inputs.
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Control Control PC-Ay2
E RCP6 : T3

Control

f

Figure 1. PC-Ay2 mice show normal cerebellar morphology and synaptic organization. (a, b) Nissl stains of sections
through vermis (sagittal) and flocculus (coronal) revealed no differences between control (a) and PC-Ay2 (b) mice, and
the number of Purkinje cells (24.5 + 2.0 vs 23.9 + 2.5 cells/1000um; p = 0.75) and molecular layer interneurons (2.36 +
0.19 vs 2.28 + 0.18 cells/1000pum2; p = 0.53) were similar in both groups. Cb1-10, lobules 1-10; Mol, molecular layer;
PC, Purkinje cell layer; Gr, granule cell layer, C, cochlear nucleus. (c-¢) Immunofluorescence labelling in the flocculus
showed no differences in the distribution of GABAergic terminals (vesicular y-aminobutyric acid transporter; VGAT) (c),
climbing fiber terminals (vesicular glutamate transporter 2; VGLUT2) (d) and parallel fiber terminals (VGLUT1) (e). Quan-
tification of puncta per 1000 um2 revealed no difference (p = 0.27, 0.62 and 0.68, respectively; n = 4). (f-h) Electron
microscopy showed no obvious morphological changes of parallel and climbing fiber synapses. (f) Asymmetric synaps-
es between parallel fibers and Purkinje cell spines (asterisks). The density of parallel fiber to Purkinje cell synapses was
unchanged (33.0 vs 32.9 synapses/100 um2 in PC-Ay2 and control; see Chapter 6 Methods). (g) Asymmetric synapses
made by climbing fibers (cf). (h) Symmetric synapses (arrowheads) made by basket cells (BC) onto the cell body of Pur-
kinje cells (PC). Scale bars: (a and b) 250 pm and 50 pm; (c, d) 20 um; (e) 5 pm; (f) 500 nm; (g) 360 nm; (h) 440 nm.

Purkinje cells in cerebellar slices from PC-Ay2 mice showed a significant increase
in simple spike firing regularity compared with controls (Fig. 3b). The mean firing rate at
room temperature was not different between groups (control 12.3 £ 1.6 vs PC-Ay2 13.7 +
0.6 Hz, n = 26 and 9; p = 0.062, Mann-Whitney U-test), but the coefficient of variation
(CV; SD/mean) of the inter-spike interval (ISI) was reduced in PC-Ay2 mice (0.20 = 0.03
in control vs 0.10 = 0.01 in PC-Ay2; p = 0.018, Mann-Whitney U-test). The coefficient of
variation of adjacent intervals (CV2; mean value of 2 [ISIn+1 — ISIn| / (ISIn+1 + ISIn); a
measure for the regularity of firing on small timescales??) also differed. CV2 was 0.19 +
0.02 in control vs 0.10 £ 0.01 in PC-Ay2 mice (p = 0.018; Mann-Whitney U-test). Blockade
of GABAA receptors with SR-95531 in control Purkinje cells decreased the CV of the ISI
(0.20 £ 0.04 vs 0.13 £ 0.02 in SR-95531; p = 0.024, n = 8) to a value comparable to that
found in PC-Ay2 mice (see also Refs. '2153), As expected, SR-95531 failed to alter the
CV of the ISI in cells from PC-Ay2 mice (0.13 & 0.02 vs 0.13 £ 0.04, n = 3). Importantly,
similar results were obtained at nearphysiological temperature (34-35°C), with no change
in mean rate (51.3 = 9.1 in control vs 50.0 £ 3.5 Hz in PC-Ay2, n =9 and 7; p = 0.61;
Mann-Whitney U-test), but a significant decrease in the CV (0.14 £ 0.01 in control vs 0.06
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Figure 2. Loss of fast synaptic inhibition from Purkinje cells in PC-Ay2 mice. (a) Representative contiguous segments of
whole-cell recording (—70 mV) from a Purkinje cell of a control mouse. Ionotropic glutamate receptors were blocked with
CNQX and d-APS5. Lower panel shows quantification of mean synaptic charge in a different Purkinje cell, with a 2.5 s record
of sIPSCs and corresponding all-point amplitude histogram. The left-hand peak (most positive current values), corresponding
to the baseline current noise, is fitted with a single-sided Gaussian (white). The peak of the histogram is taken as the zero cur-
rent value (dotted line in inset). The filled grey area corresponds to all sample points other than those within the baseline noise,
and thus represents the current produced by phasic synaptic events. In this cell, the mean synaptic charge was 25.9 pC. (b) Cor-
responding data from two PC-Ay2 mice. sIPSCs were seen in all cells from control mice but in none from PC-Ay2 mice. Slow
SR-95531-sensitive currents were seen in ~60% of PC-Ay2 cells. For the cell shown in the lower panel, phasic charge transfer
was 2.2 pC. On average, the charge transfer was reduced from 59.8 + 18.4 pC in control (n=8) to 1.0 + 0.5 pC in PC-Ay2 cells
(n=15;p<0.0002; Mann-Whitney U-test). (¢) and (d) Corresponding data recorded in the presence of TTX. Note the different
scaling of the current record and the abscissa of the all-point histogram and the complete absence of mIPSCs in PC-Ay2 cells.

+0.01 in PC-Ay2; p = 0.001; Mann-Whitney U-test) and CV2 (0.15 £ 0.02 vs 0.06 = 0.01;
p =0.0099).

Finally, we examined whether loss of inhibition onto Purkinje cells modified long-
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Figure 3. PC-Ay2 mice display altered parallel fiber-evoked and spontaneous simple spike firing in vitro and unaltered
parallel fiber-Purkinje cell LTP and LTD. (a) Simple spikes evoked by parallel fiber activation. Upper and middle panels
are raster plots (400 sweeps at 0.5Hz) and corresponding PSTHs (0.5 ms bin-width). Arrows and dashed lines denote stimu-
lation. Insets show SD of spike latency in a 10 ms window (red bars; 12 control, 11 PC-Ay2 cells). Here, and throughout,
error bars denote s.e.m. Jitter was greater in PC-Ay2 (red) than in control (blue) cells (* p < 0.0001). SR-95531 increased
jitter in control (* p = 0.0011) but not in PC-Ay2 cells (p = 0.605). Lower panels show global averages of baseline-corrected
cumulative spike probability (see Chapter 6 Methods). Shaded areas denote s.e.m.; 17 control, 13 PC-Ay2 cells. Stimula-
tion evoked fewer spikes in PC-Ay2 cells (averaged between 0 and 60ms, p = 0.0069). SR-95531 (40 uM; black line, grey
shading) increased spikes in control (n = 11; p = 0.0248) but not in PC-Ay2 cells (n = 13; p = 0.3199). (b) Representative
simple spikes (room temperature) and corresponding ISI histograms. Right panels show pooled data (26 control, 9 PC-Ay2
cells). Mean firing rate was not significantly different. However, the CV and CV2 of ISIs differed significantly (* p < 0.05)
(see text for details). (c) Pooled data showing parallel fiber-Purkinje cell LTP in control (n = 7, blue) and PC-Ay2 cells (n =
4, red); EPSC amplitude was similarly increased in the strains (both p < 0.005; control vs PC-Ay2 p = 0.257). (d) Parallel
fiber-Purkinje cell LTD was similar in PC-Ay2 (n = 5) and control (n = 4) cells (both p < 0.05; control vs PC-Ay2 p = 0.624).

term plasticity at parallel fiber to Purkinje cell synapses. Neither parallel fiber LTD nor
LTP (see Chapter 6 Methods) were significantly impaired in PC-Ay2 mice compared with
controls (p = 0.624 and p = 0.257, respectively) (Fig. 3¢,d).
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Figure 4. Motor learning is severely affected in PC-Ay2 mice. (a) Illustration of drum and table rotation during the train-
ing paradigm. Traces show sinusoidal drum rotation (black) and examples of eye movement (control, blue; PC-Ay2, red).
Gain and phase parameters were evaluated 5 times at 10 min intervals. (b) On day 1 PC-Ay2 and control mice showed simi-
lar gain reduction (p = 0.11), but the first test on day 2 revealed clear differences (p = 0.001) (upper panel). During phase
reversal training, control mice learned better than PC-Ay2 mice (day 4 p < 0.00001) (lower panel). (c) Differences in gain
consolidation and phase reversal occurred over a wide range frequencies. “Day x before” and “Day x after” indicate values
before and after training on day “x”; “24hr after” indicates the value on the next day, just before a new measurement. (d)
Upper panel: differences in consolidation (percentage change carried forward from the previous day) for gain decrease (day
1 to 2) and phase reversal (day 2 to 3 and day 3 to 4). Lower panel: differences in gain consolidation were also seen with
constant in phase drum and table rotation (gain decrease; two histograms on the left), and with constant out of phase drum
and table rotation (gain increase; histogram on the right). For the lower panel in (d) data are from 5 control and 6 PC-Ay2
mice, for all other panels, data are from 10 control and 9 PC-Ay2 mice. Error bars denote s.e.m.; * and ** p <0.05 and 0.01.
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PC-Ay2 mice display little impairment in motor performance

PC-Ay2 mice showed no obvious neurological abnormality'®. To assess cerebellar perfor-
mance we analyzed compensatory eye movements in male PC-Ay2 mice (n = 9) and lit-
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Figure 5. Temporal patterns of simple spike activities of floccular Purkinje cells are specifically affected in PC-
Ay2 mice, both during compensatory eye movement behaviour and during spontaneous behaviour. (a) Representa-
tive single unit activity recorded from Purkinje cells in the flocculus of a control and a PC-Ay2 mouse during fixed ve-
locity (8°/s, 0.2 Hz) OKR stimulation. The visual stimulus and eye position are shown together with histograms of
simple spike and complex spike frequencies and corresponding raster plots. (b) Firing frequency, phase relative to
stimulus and amplitude of modulation (see Chapter 6 Methods) of floccular simple spike activities during optokinet-
ic stimulation (8°/s, 0.1 - 1.6 Hz) were not significantly different among PC-Ay2 and control mice. (c) Although aver-
age firing frequency of simple and complex spike activity did not differ between PC-Ay2 and control mice, the coeffi-
cient of variation (CV) of simple spikes in PC-Ay2 mice was significantly reduced in recordings both with and without
visual stimuli (p = 0.008 and p = 0.022, respectively). Also, CV2 values of simple spikes were significantly lower
than those of controls in both conditions. Error bars denote s.e.m., * denotes p < 0.05, ** p < 0.01 and *** p < 0.0001.

termate controls (n = 8). Mice were exposed to whole-field visual stimuli to determine the
amplitude (gain) and timing (phase) of their optokinetic reflex (OKR) and/or tested with
turntable stimulation to investigate the same parameters for the vestibulo-ocular reflex in
the dark (VOR) and light (visual VOR or VVOR). During OKR, PC-Ay2 mice showed a
relatively small, but significant, deficit, evident as a reduction in gain and a lag in phase
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compared to controls (p = 0.018 and p = 0.012, respectively; two-way repeated-measures
ANOVA) (see Supplementary Fig. 5a in the online article). During VOR the gain values
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Figure 6. Interpretation of VOR adaptation data using a ‘distributed memory’ model. (a) Modelled activation of parallel
fibers and interneurons plotted in polar coordinates. Most parallel fibers modulate in phase with ipsilateral head movement
(0°), while a fraction responds to input from the contralateral horizontal canal (180°). Interneurons are modeled similarly,
but with opposite sign representing their inhibitory nature. (b) Same as (a), but for PC-Ay2 mice lacking inhibition. (c)
Maximum simple spike modulation attainable by appropriate depression and potentiation of excitatory and inhibitory inputs
shown in (a) and (b) for control (blue) and PC-Ay2 (red) mice (based on linear input summation). (d) Modulation of target
vestibular nucleus neurons attainable by linear summation of mossy fiber inputs (blue arrow, in phase with head movement)
and Purkinje cell inputs (panel (c), blue curve) in control mice. The black arrow represents the efficacy of mossy fiber input
prior to training. (e) Same as (d), but for PC-Ay2 mice, where the efficacy of plasticity at the mossy fiber synapses is pre-
sumably impaired. (f) Limited simple spike modulation and mossy fiber plasticity restrain eye movements in PC-Ay2 mice
(red curve) as compared to control mice (blue curve). The control curve also covers the area of VOR phase reversal, from
out-of-phase with head movement (180° in this figure) to in-phase (0°). (g) Experimental data; squares represent VOR gain
and dashed lines represent VOR phase relative to the head (shifted by 180°, for ease of illustration) (see also Fig. 4). For
each session, after initial adaptation, the learned Purkinje cell signal determines the new ‘desired’ phase and gain state for the
vestibular nucleus neurons (dashed and solid black bars, respectively). The superimposed blue (control) and red (PC-Ay2)
arrows indicate the direction of change. (h) Simulation of the training paradigm shown in g. During training, Purkinje cells
rapidly approach their target modulation (I), reflecting short-term VOR adaptation. Purkinje cell-guided plasticity of mossy
fiber input to vestibular nuclei (II) allows control mice to gradually adapt the phase of their VOR during prolonged training
(IIT). In PC-Ay2 mice, loss of vestibular nucleus consolidation impairs phase adaptation. For simplicity, adaptation in the
vestibular nuclei and partial extinction of cortical memory were simulated to occur between training sessions (grey bars).

130



Synaptic inhibition in motor learning

and phase leads of PC-Ay2 mice were larger and smaller, respectively, than those of con-
trols (p = 0.012 and p = 0.030; two-way repeated-measures ANOVA) (see Supplementary
Fig. 5b in the online article). By contrast, no significant differences were observed during
VVOR (p =0.43 and p = 0.63, for gain and phase values, respectively) (see Supplementary
Fig. 5c in the online article). Thus, PC-Ay2 mice show small, but significant, abnormali-
ties in motor performance when visual and vestibular systems are investigated separately,
but not when they operate together, as under natural conditions or during visuo-vestibular
training.

PC-Ay2 mice show marked deficits in learning and consolidation

Loss of inhibition onto Purkinje cells had more profound effects on cerebellar motor learn-
ing. We studied gain and phase learning by applying a protocol aimed at reducing the gain
of the VOR on day 1 (5 x 10 min sinusoidal, in phase drum and table rotation at 0.6 Hz,
both with an amplitude of 5°) and subsequently shifting its phase on days 2, 3 and 4 (5 x 10
min sinusoidal in phase drum and table rotation at 0.6 Hz, but with drum amplitudes of 7.5°
on day 2 and 10° on days 3 and 4, while the table amplitude remained 5°). Animals were
kept in the dark between the recording days. Gain-decrease learning of PC-Ay2 (n=9) and
control mice (n = 10) on day 1 was similar (p = 0.11; two-way repeated-measures ANOVA)
(Fig. 4a,b). However, when the measurements were resumed the next day, the degree of
gain reduction carried forward from the previous day’s learning was significantly smaller
in PC-Ay2 mice than in controls (p = 0.001) (Fig. 4b, upper panel). This consolidation
deficit was apparent at a wide range of frequencies (Fig. 4c, upper panel). To exclude non-
specific effects (habituation during gain-decrease learning) we tested PC-Ay2 and control
mice in non-adapting VOR paradigms; importantly, mice of both genotypes showed no
significant decreases in VOR over consecutive days (last gain value of session 1 vs first
value of session 2; p =0.610 for controls and 0.551 for PC-Ay2 mice) (see Supplementary
Fig. 6 in the online article).

Deficits in gain consolidation were also seen when the drum rotation amplitude
was kept constant (3 x 10 min of sinusoidal in phase drum and table rotation at 0.6 Hz, both
with an amplitude of 5°) (Fig. 4d, lower panel). Here too, the initial level of learning was not
significantly affected (PC-Ay2 mice vs controls; p=0.61; n= 6 and 5, respectively), where-
as the level of consolidation was significantly reduced (gain day 1— 2, p = 0.034; gain day
2— 3, p=0.046). Moreover, gain consolidation deficits in PC-Ay2 mice did not depend on
the direction of learning. With a gain-increase paradigm (5 % 10 min sinusoidal out of phase
drum and table rotation at 1.0 Hz, both with an amplitude of 1.6°) no significant consolida-
tion was present in the PC-Ay2 mice (gain day 1— 2, p = 0.744, n = 6; One-Sample t-test).
By contrast, consolidation in controls was present and was significantly stronger than in PC-
Ay2 mice (p =0.002) (Fig. 4d, lower panel). Notably, the level of gain increase learning in
PC-Ay2 mice was not significantly different from that in controls (p = 0.800). Thus, deficits
in consolidation of learned gain changes, during both gain decrease and increase training
paradigms, were not due to differences in baseline performance.

The adaptation paradigm provided on days 2, 3 and 4 immediately revealed signifi-
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cant deficits in phase learning in PC-Ay2 mice, starting 10 - 20 min after the initiation of
visuo-vestibular training (e.g. at 20 min p = 0.009) (Fig. 4b, lower panel). These deficits
in phase change acquisition were followed by clear differences in consolidation (e.g. from
day 2 to day 3 p = 0.0008) (Fig. 4d, upper panel). Phase adaptation deficits also occurred at
a wide range of frequencies (Fig. 4c, lower panel) and were not caused by visual problems
in PC-Ay2 mice, as eye movement recordings during the adaptation sessions showed that
PC-Ay2 mice were capable of full phase reversal (see Supplementary Fig. 7 in the online
article). In short, PC-Ay2 mice showed a relatively normal capacity for acquisition during
gain-decrease and gain-increase motor learning, but a profound deficit in acquisition during
phase adaptation learning and a general deficit in consolidation of gain and phase adapta-
tion.

Abnormal temporal patterns of Purkinje cell simple spikes

Since the flocculus controls adaptation of compensatory eye movements?+>>2° and Purkinje
cells provide the sole output of the cerebellar cortex (see Supplementary Fig. 1 in the online
article), we analyzed floccular Purkinje cell activity during optokinetic stimulation (Fig. 5a).
Single units of Purkinje cells that responded optimally to stimulation around the vertical
axis were identified by creating tuning curves of their complex spike responses and by
identifying a clean climbing fiber pause***’. The average climbing fiber pause in PC-Ay2
mice and controls was 15.3 = 0.8 and 18.6 £+ 1.3 ms, respectively (55 and 60 PC-Ay2 and
control cells, respectively; p = 0.029). The average simple spike firing frequency, phase
relative-to-stimulus and modulation amplitude, were similar in PC-Ay2 and control mice
(Fig. 5b). However, as predicted by the in vitro recordings, the regularity of Purkinje cell
firing was affected. For floccular simple spike activities, the CV of the ISIs was significant-
ly reduced during visual stimulation in PC-Ay2 mice (p = 0.008; PC-Ay2: n =55, controls:
n = 60) (Fig. S¢). This difference reflected specific changes in temporal patterning, as CV2
was significantly lower in PC-Ay2 mice (p <0.0001) (Fig. 5c; see also Supplementary Fig.
8 in the online article).

If these differences in Purkinje cell firing patterns contribute to consolidation defi-
cits in PC-Ay2 mice, we would also expect to find them outside periods of optokinetic
stimulation. Indeed, both CV and CV2 of ISIs were significantly reduced in the absence of
stimulation (p = 0.022 and p < 0.0001, respectively; PC-Ay2: n =41, controls: n = 43) (Fig.
5¢). By contrast, the patterns of complex spike activities of Purkinje cells did not differ
between PC-Ay2 and control mice (Fig. 5a,c; see also Supplementary Fig. 9 in the online
article). Also the antiphasic modulation of complex and simple spikes was unchanged (Fig.
5a), arguing against a critical involvement of molecular layer interneurons in this phenom-
enon®,

Model and simulations

We interpreted the experimental data from the 4-day gain decrease - phase adapta-
tion routine using a ‘distributed memory’ model (Fig. 6). Short-term adaptation is assumed
to take place in the cerebellar cortex, and is expressed as adaptation of the phase and gain of
modulation of Purkinje cell simple spikes, which in turn modulate the activity of target neu-
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rons in the vestibular nucleus; this process underlies the rapid VOR gain adaptation observed
in both PC- Ay2 and control mice. On a longer timescale, the learned Purkinje cell activity
guides plasticity at the target neurons in the vestibular nuclei?®?, the polarity of which is
presumably regulated by the precise timing of simple spikes relative to input from mossy
fiber collaterals®. Simultaneously, a partial extinction of the previously learned changes
at the level of the Purkinje cells takes place’!. The memory is thus partially transferred to
the target nuclei, potentially underlying long-term consolidation?**2. After several days of
training, this form of ‘systems-consolidation’ ensures that the cerebellar cortex is no longer
responsible for the expression of the learned behavior, but mainly regulates the precise tim-
ing (phase). In PC- Ay2 mice, the altered temporal patterns of Purkinje cell simple spikes
could impair the induction of plasticity in the nuclei and thus consolidation.

Given this working hypothesis, we examined whether deficits in VOR gain consol-
idation and phase adaptation in PC-Ay2 mice could be replicated in a conceptual model of
the idealized VOR circuit (Supplementary Material online). We modeled the modulation of
Purkinje cell simple spike firing during head movement as resulting from linear summation
of sinusoidal excitatory (parallel fiber) and inhibitory (interneuron) inputs®. We assumed
the gain and phase of such modulation to be regulated through bidirectional plasticity of the
inputs*. Purkinje cells and mossy fiber collaterals modulate, by linear summation of their
activity, the firing of cells in the vestibular nuclei, which in turn control eye movement.
Panels a-f in Fig. 6 depict an overview of the gains and phases of sinusoidal modulation
that can be attained by the elements in the simulation, drawn as positions in a polar plot in
which 0° represents modulation in phase with head movement (increased activation dur-
ing ipsilateral head velocity). The order of the panels follows the signal flow through the
vestibulo-cerebellar system from the modeled activation of parallel fibers and interneurons
(Fig. 6a,b), to the simple spike modulation attainable by appropriate depression and po-
tentiation of these excitatory and inhibitory inputs (Fig. 6c¢), to the modulation of target
vestibular nucleus neurons (Fig. 6d,e), and ultimately the resulting limits on eye movement
(Fig. 6f). Due to the absence of inhibition in PC-4y2 mice, the simple spike activation
required for adequate modulation of the vestibular nucleus is out of range of the normal
plasticity mechanisms in the cerebellar cortex (Fig. 6¢). In addition, impaired plasticity of
the inputs to the vestibular nucleus (Fig. 6e) both abolishes consolidation and excludes the
possibility of extreme phase adaptations (Fig. 6f).

Data from four training sessions, each followed by an overnight period (Fig. 6g),
were simulated using the upper bounds on sinusoidal modulation as depicted in panels a-f.
Adaptation of modulation (Fig. 6h I and II) was simulated as an exponential decay from
thestart position in the polar plot (defined by the initial gain and phase) towards a new po-
sition determined by the experimental paradigm (black horizontal bars in Fig. 6g). As de-
tailed in the Supplementary Material, simulation parameters were chosen to mimic the rate
of adaptation observed experimentally. Under these conditions, both control and PC-Ay2
Purkinje cells rapidly reached the required modulation during short-term VOR adaptation
(Fig. 6h I). However, impairments in both VOR gain consolidation and phase adaptation,
can be generated if we assume disrupted plasticity in the vestibular nucleus is caused by
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poor timing of simples pikes. (Figs. 3, 5, 6h).

Discussion

Signal coding and plasticity in cerebellar learning

Although inhibitory interneurons in the molecular layer of the cerebellum have been stud-
ied extensively>®7# their behavioural relevance has remained enigmatic. Here, we show
that these interneurons shape the temporal patterns of Purkinje cell simple spikes and sug-
gest that this process could be essential for plasticity and consolidation in the cerebellar
and vestibular nuclei.

Floccular Purkinje cells control the adaptation of compensatory eye movements by
modulating the activity of vestibular nucleus neurons (see Supplementary Fig. 1 in the on-
line article). To adapt the VOR, two things should happen within the framework of a ‘dis-
tributed memory’ model. First, Purkinje cells should ‘learn’ the correct simple spike modu-
lation and express it at sufficient gain in order to modulate the vestibular nuclei. Second,
the input from the direct vestibular pathway to the vestibular nuclei should be suppressed,
as it only allows modulation in phase with ipsilateral head movement. The first of these
processes is thought to reflect complementary inhibitory and excitatory actions, with plas-
ticity at parallel fiber to Purkinje cell and parallel fiber to interneuron synapses, both under
climbing fiber control'*2?*%, The second is thought to occur through plasticity at mossy
fiber to vestibular nuclei synapses*?%. In PC-4y2 mice the temporal fidelity of Purkinje cell
firing is disrupted and consolidation of learned VOR adaptations is severely compromised
(Figs. 4 and 6g). As induction of various forms of plasticity in the vestibular and cerebellar
nuclei could depend on the precise timing of inhibitory and excitatory input from Purkinje
cells and mossy fiber collaterals (Supplementary online Material), disruption of this timing
would impair transfer of plasticity to the nuclei and thus ‘systems consolidation’.

Simple spike trains in Purkinje cells show significantly more temporal patterns
than expected from random activation, and these patterns are influenced by natural stim-
uli*. Both the electrical coupling among interneurons and the sagittal orientation of their
axons**¥ (see Supplementary Fig. 1 in the online article) will enhance the effects of feed-
forward inhibition by promoting common firing patterns in ensembles of Purkinje cells
within individual zones, known to project to the same nucleus?®. The activity patterns of
individual Purkinje cells in an ensemble might thus interact with each other and/or with
those of mossy fiber and/or climbing fiber collaterals to facilitate the induction of plastic-
ity in the cerebellar and vestibular nuclei®>?%3¢37, We therefore propose that the vestibular
nuclei are the locus for consolidation (see also Ref. ?%2). Alternatively, both initial learning
and consolidation could occur in the cerebellar cortex and the consolidation signal could
be preserved in the average simple spike frequency of a particular Purkinje cell. In fact,
changes in simple spike frequencies in the flocculus of monkeys are sufficient to drive
changes in eye velocity during trial-by-trial motor learning®®. To determine the extent to
which spatiotemporal patterns of simple spikes contribute to consolidation, and whether
this consolidation occurs in the nuclei, future experiments will require simultaneous multi-
unit recording from ensembles of Purkinje cells and cerebellar or vestibular nuclei neurons
during learning.
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Previous studies have identified long-term changes at the parallel fiber to Purkin-
je cell synapse as a potential plasticity mechanism during cerebellar learning, and some
mouse lines with disrupted LTD induction at this synapse indeed show impaired motor
learning®“#*4!. However, neither parallel fiber LTD nor LTP were impaired in PC-4y2 mice.
Notably, the motor learning deficits in PC-4y2 mice differed from those seen in mouse lines
in which LTD was impaired by blocking PKC, PKG, or alpha-CaMKII activity in Purkinje
cells. Furthermore, in the latter mouse lines acute learning was affected more severely than
in PC-Ay2 mice, whereas learning over multiple days of training was less affected®#04!42,

GABAergic interneurons in the cerebellar cortex have ample possibilities to induce
and express plasticity at both the synaptic input and output level!344445  Simultaneous
induction of LTP at molecular layer interneuron and parallel fiber to Purkinje cell synapses
is required for associative fear conditioning’. In this scenario, the potentiation of GAB-
Aergic synapses may balance the LTP of excitatory inputs in a form of scaling to preserve
coincidence detection of parallel fiber inputs”. Loss of this scaling mechanism in PC-Ay2
mice might contribute to the observed phenotype.

Inhibition is essential for spike patterning and learning

Although PC-Ay2 mice showed marked deficits in cerebellar motor learning, baseline mo-
tor performance was only moderately affected. Despite the lack of synaptic GABAA recep-
tors on PC-Ay2 Purkinje cells we found their average simple spike frequency to be normal.
This could reflect enhancement of another inhibitory input (e.g. GABAB receptors) and/or
reduced parallel fiber excitatory input. Whereas GABAB receptor-mediated inhibition of
PC-Ay2 Purkinje cells was unchanged (see Supplementary Fig. 10 in the online article ), we
found a significant decrease in AMPA receptormediated EPSC charge transfer after parallel
fiber stimulation (see Supplementary Fig. 4 in the online article). This might allow Purkinje
cells to maintain their excitability in a normal operational range in the absence of fast inhi-
bition. By contrast, the loss of temporal fidelity in Purkinje cell responses to parallel fiber
stimulation and the increase in simple spike regularity in PC-Ay2 mice, were comparable
to the changes seen after acute pharmacological blockade of GABAA receptors”!? (Figs. 3
and 5). The cerebellum may thus compensate for the loss of certain functions of molecular
layer interneurons, but these interneurons are essential for the temporal control of Purkinje
cell activity and for both phase adaptation learning and consolidation of gain adaptations.

Purkinje cell collaterals

By deleting synaptic GABAA receptors from Purkinje cells in PC-4y2 mice we also dis-
rupted any inhibition mediated by recurrent collaterals of Purkinje cell axons!®*, However,
as GABAergic terminals from basket and stellate cells onto Purkinje cells vastly outnumber
those from recurrent collaterals, and as Purkinje-Purkinje contacts in mice appear restricted
to young animals*, the phenotype we observe is most likely caused by the loss of inhibition
from molecular layer interneurons. Although it has been proposed that Purkinje cell axon
collaterals contribute to fast cerebellar oscillations in adult rats*’, such oscillations have not
been recorded in wild-type mice!°.

General functional implications
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Studies on learning and memory have focused largely on the role of plasticity at excitatory
synapses onto projecting neurons. However, GABAergic interneurons also express plastic-
ity, which increases the computational capacity of their microcircuit'*°. Here we examined
the role of fast synaptic inhibition in cerebellar motor learning using genetic dissection
of the circuit and suggest that feed-forward inhibition is essential for specific aspects of
procedural learning. Can our findings be extrapolated to other brain regions? Feed-forward
inhibition is a common motif throughout the CNS. In the amygdala it mediates extinction
learning of conditioned fear responses®. In cortical circuits some interneuron types may
serve functions similar to those we have identified in the cerebellum. For example, feed-
forward inhibitory interneurons in the hippocampus may promote the temporal fidelity of
synaptic integration and action potential generation in pyramidal cells necessary for encod-
ing declarative memories®3. Thus, feedforward inhibition might be an operational necessity
for memory formation in different brain circuits.
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BCaMKII controls the direction of plasticity

Abstract

Here we show that CaMKII, the predominant CaMKII isoform of the cerebellum,
plays an essential role in controlling the direction of plasticity at the parallel fiber—
Purkinje cell synapse: a protocol that induces synaptic depression in wild—type
mice, results in synaptic potentiation in fCaMKII knock—out mice, and vice versa.
These findings provide us with unique experimental insight into the mechanisms that
transduce graded calcium signals into either synaptic depression or potentiation.

The ability to strengthen and weaken synaptic connections is essential for memory
formation. According to the Bienenstock, Cooper, and Munro model of synaptic plasticity,
the magnitude and direction of synaptic weight changes is not only affected by the temporal
pattern of calcium influx, but also by the ability of the synapse to change the modification
threshold for synaptic depression and potentiation (Bienenstock et al., 1982). However, the
precise mechanisms by which a synapse controls the direction of synaptic weight change
are still poorly understood.

Calcium—calmodulin dependent kinase type II (CaMKII) plays an essential role in
transducing neuronal calcium signals. The CaMKII holoenzyme is a heteromeric protein
complex, composed of a cell-type dependent ratio of aCaMKII to fCaMKII isoforms.
In the adult hippocampus and neocortex, aCaMKII is the predominant isoform (Erondu
and Kennedy, 1985), where its quantity and autophosphorylation status determine the
amplitude and induction threshold of long—term potentiation (LTP) (Silva et al., 1992;
Giese et al., 1998; Elgersma et al., 2002). In contrast, aCaMKII is required for long—term
depression (LTD), but not LTP, at cerebellar parallel fiber—Purkinje cell synapses (Hansel
etal., 2006). Notably, although CaMKII is the most prominent cerebellar isoform (Erondu
and Kennedy, 1985), the function of BCaMKII at this synapse is unknown. In addition,
although in vitro studies show that changes in the o— to fCaMKII ratio have opposing
effects on unitary synaptic strength (Thiagarajan et al., 2002), it is unknown to what extent
changes in the subunit ratio would affect synaptic plasticity in vivo.

To elucidate the role of BCaMKII in synaptic plasticity, we generated a fCaMKII
knock—out mouse by inserting the neomycin resistance gene in the fCaMKII regulatory
domain at exon 11 (Supplementary Fig. 1). In situ hybridization and semi—quantitative
RT-PCR analysis of these mice showed loss of full-length BCaMKII mRNA (Fig. 1 and
Supplementary Fig. 2). In addition, immunostaining and Western blot analysis revealed a
total loss of BCaMKII immunoreactivity and no presence of a truncated fCaMKII protein
in these mutants (Fig. 1c,e). The loss of bCaMKII did not cause up-regulation of fCaMKII
mRNA or protein (Fig. 1b and Supplementary Fig. 2). Consequently, total CaMKII
activity was significantly reduced, in particular in the cerebellum where fCaMKII is the
predominant CaMKII isoform (reduction of 51% (P<0.0001) for Ca*’/CaM—dependent
activity and 41% (P<0.005) for Ca*’/CaM—independent activity; Supplementary Fig. 1b),
altogether suggesting a successful knock—out of the fCaMKII gene.

Even though adult fJCaMKII’~ mice showed no differences in survival (measured
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from weaning till 8 months of age) or general health, they showed pronounced ataxia
(Supplementary Movie 1), and a severe deficit on the accelerating rotarod test and balance
beam test (Fig. 1g, Supplementary Fig. 3). Ataxia commonly arises from cerebellar
dysfunction, and is often observed in mutants with immature or degenerated Purkinje cells.
However, Thionin staining of brain slices from adult mice revealed no gross differences
in overall brain development between wild—type mice and fCaMKII”~ mutants at the light
microscopy level (Fig. 1a). Moreover, Purkinje cells of fCaMKII”~ mutants did not show
significant changes in the complexity of dendritic branching, and the density of spines, nor
in Purkinje cell spine maturity (spine neck length and head width), indicating that the loss
of BCaMKII does not affect gross brain development or the maturation of Purkinje cells in
vivo (Fig. 1f, Supplementary Fig. 4).

Purkinje cells are the sole output of the cerebellar cortex, and plasticity at the
parallel fiber—Purkinje cell synapse is generally believed to be required for cerebellar
motor learning. To investigate the role of BCaMKII in parallel fiber—Purkinje cell plasticity,
we performed in vitro whole—cell recordings of Purkinje cells from adult wild—type and
SCaMKII~ mice. The ability to induce LTD was tested by paired parallel fiber and climbing
fiber stimulation at 1Hz for 5 minutes (Coesmans et al., 2004; Tanaka et al., 2007). This
stimulation protocol indeed resulted in significant LTD in wild—type mice (83 + 5%; P
< 0.01), but failed to induce LTD in fCaMKIT~ mice. In fact, it resulted in significant
LTP (112 £ 3%; P< 0.01) in these mutants (Fig. 2a), similar to what has been reported
previously for aCaMKII"~ mice (Hansel et al., 2006). These results suggest that a critical
amount of both aCaMKII and BCaMKII is required for the induction of cerebellar LTD.

We next tested the role of BCaMKII in cerebellar LTP, by applying the same parallel
fiber stimulus, but now in the absence of climbing fiber stimulation (Lev-Ram et al., 2002).
This postsynaptic form of LTP requires lower calcium transients than LTD induction (Lev-
Rametal., 2002; Coesmans et al., 2004). Using this protocol, we indeed obtained significant
LTP in wild-type Purkinje cells (120 £ 3%; P<0.001), but surprisingly fCaMKII"~ Purkinje
cells now showed robust LTD (84 + 4%; P< 0.01; Fig. 2b). To our knowledge, this is the
first report of a genetic or pharmacological manipulation that bidirectionally inverts the
polarity of changes in synaptic strength.

Even though the plasticity induced by the protocols described above is known to be
expressed postsynaptically (Lev-Ram et al., 2002; Coesmans et al., 2004; Belmeguenai and
Hansel, 2005; Kakegawa and Yuzaki, 2005), the observed changes in synaptic plasticity
could potentially result from additional presynaptic changes. However, SCaMKIT"~
mutants showed no difference in basal excitatory synaptic transmission and the Purkinje
cells showed innervation by a single climbing fiber (Supplementary Fig. 5, 6), suggesting
that the bidirectional inversion of parallel fiber—Purkinje cell plasticity is indeed caused by
changes in postsynaptic plasticity.

To better understand how the loss of BCaMKII can result in a bidirectional inversion
of plasticity at the parallel fiber—Purkinje cell synapse, we propose the following plasticity
rules that collectively provide a model which fully accounts for the observed data: First, the
synaptic depression and potentiation pathways are independent competing processes driven
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Fig. 1. Basal characterization of the fCaMKII"~
mutant

a, Thionin staining shows no apparent morphologi-
cal changes in fCaMKII™" brains. b, In situ analysis
shows decreased levels of 3> UTR fCaMKII mRNA
in fCaMKII”~ mutant mice, indicating a successful
gene disruption. ¢,d, Immunocytochemistry using
a— and pCaMKII-isoform specific antibodies, shows
complete loss of BCaMKII immunoreactivity in
‘. fCaMKII~ brains (¢) which is not compensated by
up-regulation of aCaMKII immunoreactivity (d). e,
Western blot analysis of wild-type and mutant cor-
tex and cerebellum using a N—terminal pan—CaM-
KII antibody revels no truncated BCaMKII product
in fCaMKII"~ mutants. f, Analysis of Purkinje cell
morphology using Golgi—Cox staining and diOlistic
labeling (inlay), showed no differences in arboriza-
S BCaMK R tion and spine density, neck length and width (see

sl 2507 @-WT for quantification Supplementary Fig. 4). g, Motor
— ~0= Gamk2t performance assessed by an accelerating rotarod.

B PCaMKII’~ mice (n=16) stay on the rod significantly
150 shorter than wild-type littermates (n=16) and do not
i increase their performance upon training (effect of

genotype: P<0.005; interaction training x genotype

26— 50 é—«‘é\(}——"(}’—(} P<0.05; Repeated measures ANOVA). Depicted is

the latency until the mice fell from the rod.
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by kinases and phosphatases, respectively (Lev-Ram et al., 2002; Coesmans et al., 2004;
Belmeguenai and Hansel, 2005), each regulated by a distinct sensitivity for calcium. LTP
is generated when phosphatase activity outweighs kinase activity, and LTD is generated
when kinase activity outweighs phosphatase activity (schematically depicted in Fig.
2¢, Supplementary Fig. 7). Second, since LTP induction is not affected by deleting the
aCaMKII gene (Hansel et al., 2006), nor by inhibition of CaMKII kinase activity(Kakegawa
and Yuzaki, 2005), we assume that the basic molecular mechanism driving the synaptic
potentiation pathway is entirely independent of CaMKII kinase activity. In contrast, activity
of both aCaMKII and BCaMKII is contributing to the synaptic depression pathway (Fig. 2c,
Supplementary Fig. 7). Hence, loss of either aCaMKII or fCaMKII selectively decreases
the depression driving force, and patterns of stimulation that normally produce LTD, will
therefore yield LTP in the aCaMKII’~ mutant (Hansel et al., 2006) or fCaMKII”~ mutant
(Fig. 2a). Consequently, we predicted that blocking the opposing potentiation pathway,
by inhibiting calcium sensitive phosphatase PP2B (calcineurin) activity (Belmeguenai and
Hansel, 2005), should restore LTD induction in the SCaMKII~ mutant. Indeed, the presence
of cyclosporin A during an LTD inducing protocol, yielded a significant induction of LTD in
the fCaMKII~ mutant (Fig. 2d). This indicates that the PP2B—driven synaptic potentiation
pathway is in direct competition with the CaMKII-driven synaptic depression pathway, and
that loss of bCaMKII activity can be compensated by inactivating PP2B activity.

Although the aforementioned plasticity rules readily explain the shift from LTD to
LTP as seen in the aCaMKII”-(Hansel et al., 2006) and fCaMKII’~ mutants, they are not
sufficient to explain why an LTP inducing protocol results in LTD in fCaMKII”’~ mutants.
An inversion of the plasticity curve as observed in the fCaMKII’~ mutant, can be achieved
only if the depression driving force in fCaMKII”~ mutants is shifted to the left (indicated in
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Fig. 2 Bidirectional inversion of plasticity at the parallel fiber—Purkinje cell synapse. a, Paired parallel fiber and climb-
ing fiber stimulation yields LTD in wild—type (n=12) cells but LTP in fCaMKII"~ (n=11) cells. b, Parallel fiber stimulation
only, results in LTP in wild-type (n=11) cells but yields LTD in fJCaMKII"~ (n=13) cells. ¢, Schematic model, visualizing
how changes in the CaMKII driven depression pathway (top) can result in the different plasticity curves as observed in wild—
type, aCaMKII~and fCaMKII7~mice (bottom). The model illustrates that a reduced strength of the kinase driven depression
pathway (‘down-shift’), combined with a reduced threshold for calcium activation (‘left—shift’) results in an inversion of the
plasticity curve in fJCaMKII~ mice. d, LTD is rescued in fCaMKII"slices in the presence of PP2B inhibitor Cyclosporin A
(wild—type: n=6; fCaMKII~: n=13). e, LTP is rescued in fCaMKIIslices using the CaMKII inhibitor KN93 (wild-type:
n=12; bCaMKII"": n=7). Insets show representative traces before (solid line) and after (dashed line) tetanization (scale bars
100pA/10ms). Error bars represent SEM. Asterisks with brackets indicate statistical significance between wild-type and mu-
tant slices (Student’s #—test over last 5 min). Asterisks without brackets indicate significant difference from baseline (paired

t—test). ¥*P<0.05; **P<0.01; ***P<0.005.

Fig. 2c¢), reflecting a lower threshold for activation of this pathway. As aCaMKII is a
major driver of the depression pathway (Hansel et al., 2006), this model would predict
that activation of aCaMKII is facilitated in the fCaMKII’~ mutant, leading to precocious
induction of the LTD pathway under low calcium conditions. If this is true, a strong but
counter—intuitive prediction can be made: the presence of a CaMKII inhibitor under LTP
inducing conditions should rescue the LTP deficits in the SCaMKII~ mutant (Fig. 2c,
Supplementary Fig. 7). This was indeed the case: addition of the CaMKII inhibitor KN93
restored LTP in fCaMKII " slices to wild—type levels (Fig. 2e). These results confirm that
the induction of the LTD pathway under low calcium conditions in the fCaMKII’~ mutant
is indeed caused by the inadvertent activation of aCaMKII.

What could be the cause of the reduced threshold of aCaMKII activation in
SCaMKIT- mutants? Notably, the reduced threshold for aCaMKII activation is not caused
by increased expression of aCaMKII (Fig. 1, Supplementary Fig. 8). In addition, there is
not a strong increase in basal levels of autonomously activated aCaMKII, as the reduction
of calcium—dependent activity was not significantly different from the reduction of
calcium—independent activity (P= 0.5), and no increase in T286P—aCaMKII was observed
(Supplementary Fig.1, 8). Moreover, the competitive KN93 inhibitor, which rescued the
LTP deficit, cannot inhibit aCaMKII if it is already in the autonomously active state, arguing
strongly against high basal levels of autonomously active aCaMKII in fCaMKII”~ mutants.
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A more likely explanation comes from the biochemical differences between
aCaMKII and BCaMKII. BCaMKII contains an additional domain which enables fCaMKII
to cluster the entire CaMKII holoenzyme to F—actin(Shen et al., 1998; Shen and Meyer,
1999; Okamoto et al., 2007). Since all cerebellar aCaMKII is associated with fCaMKII in
wild—type mice (Supplementary Fig. 8), the loss of fCaMKII will cause a loss of aCaMKII
clustering to F—actin, potentially increasing the availability of CaMKII holoenzymes(Shen
et al., 1998; Shen and Meyer, 1999). In addition, elegant in vitro experiments showed that
translocation to the PSD is 4 times shorter for aCaMKII homo—oligomers as compared to
mixed aCaMKII/BCaMKII hetero—oligomers, and even 24 times shorter as compared to
BCaMKII homo—oligomers (Shen and Meyer, 1999). Such a substantial reduction in the
translocation rate of CaMKII holoenzymes could well explain the reduced threshold for
CaMKITI activation in the fCaMKII”~ mutants.

Taken together, we show that fCaMKII is not an essential gene for overall brain
development or Purkinje cell maturation, but rather plays an essential role in motor
coordination and cerebellar plasticity. Although we cannot rule out that these defects are
potentially caused by developmental changes, the observation that we can rescue both the
LTD and LTP deficits by pharmacology, suggest a direct role of fCaMKII in regulating
bidirectional synaptic plasticity at the parallel fiber—Purkinje cell synapse. Specifically, we
show that parallel fiber—Purkinje cell plasticity is regulated by a balanced and integrated
coordination of kinase and phosphatase activity, and that fCaMKII modulates the polarity
of synaptic plasticity by two functionally distinct roles. Like aCaMKII (Hansel et al.,
2006), BCaMKII activity is required for driving the synaptic depression pathway under high
calcium conditions. However under low calcium conditions, BCaMKII prevents activation
of this pathway. Overall, these findings provide us with a unique insight in the molecular
mechanisms governing the rules for bidirectional synaptic plasticity.
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Supplementary figures and legends
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Supplementary Fig 1. Generation of the Camk2b~~ mutant mice.

a, Strategy to generate the Camk2b~~ mutant mice. (Top) Wild-type Camk2b locus with the location of exons 6-12 depicted as
black boxes. (Middle) Targeting construct used for generation of Camk2b~- mutant mice with the gene encoding the Diphteria
Toxin A chain (DTA) outside the homologous recombination sites and the Neomycin resistance gene (NEO) inserted in exon
11. Shown are the restriction sites used for insertion of the NEO gene and the Nsil site used to linearize the targeting construct.
(Bottom) Mutant Camk2b locus after homologous recombination. b, Ca**-dependent and Ca**-independent CaMKII activity
are significantly (P<0.0001;P<0.005 respectively) reduced in the cerebellum of Camk2b~- mutant mice (n=5) as compared
to wild-type mice (n=5).
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Supplementary Fig. 2. In situ hybridization and RT-PCR analysis of Camk2b and Camk2a mRNA in mutant and wild-
type mice.

a-1, In situ hybridization of Camk2a and Camk2b mRNA in wild-type (left panels), Camk2b” (middle panels), and Cam-
k2a”~ mice (right panels). Thionin staining (blue stained slices) was performed after the in situ hybridization to investigate
brain morphology. a-f, /n situ hybridization shows that Camk2b mRNA is highly abundant in cerebellum, cortex, hippocam-
pus and striatum of wild-type mice. Camk2b” mutant mice show decreased levels of 3> UTR Camk2b mRNA (b) but normal
levels of 5> UTR Camk2b mRNA in Camk2b™ mice (e), suggesting a successful truncation of the gene. g-i, Camk2a mRNA
level is not affected in Camk2b~” mutant mice. j-1, semi-quantitative RT-PCR analysis shows normal Camk2a mRNA levels
but strongly reduced 3’ (exon 14-17) Camk2b mRNA levels in the cerebellum of Camk2b” mutant mice. PCR primers were
directed against exon 2-4 (j) and exon 14-17 (k) of Camk2b (which are up- or downstream of the inserted NEO gene, respec-
tively) and directed against exon 2-5 of the Camk2a gene (i). As a quantitative control, primers against Synapsin I mRNA
were included. The ‘Cx’ lane is a RT-PCR on the same amount of mRNA (0.3 pg) derived from wild-type cortical tissue. To
assure that the PCR conditions were in the linear range, a serial dilution was performed on all samples (not shown).
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Supplementary Fig. 3. Assessment of general locomotion deficits of Camk2b~ mutant mice.

a, Camk2b~”~ mutants (front) are viable and healthy. The mouse in the back is a littermate wild-type mouse (age 4 months).
But despite their healthy appearance, Camk2b’ mutants show signs of cerebellar ataxia (see Supplementary Movie). b,
Balance beam test. Indicated is the number of mice that were able to stay on a 1.5 cm thick square beam. All wild-type mice
(n=16) were able to stay on the beam for 60 sec, whereas only 9/16 of the Camk2b”~ mutant mice could stay on the beam
for one minute (P<0.01, paired t-test). Error bars are standard errors of the mean taken from binomial distribution. ¢,d, The
balance beam and rotarod deficits are not caused by a lack of desire to move, as Camk2b”~ mice move a similar distance as
wild-type mice in the open-field (b) (n=5/5; P=0.6) and in an home cage-like environment (Phenotyper, Noldus Informa-
tion Technology, The Netherlands) (¢) (n=12/12; P=0.7 during dark phase, P=0.6 during light phase). Error bars represent
standard error of the mean.
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Supplementary Fig. 4. Assessment of cerebellar Purkinje cell morphology in Camk2b~- mutant mice.

Quantification of the arborization (a) and number of spines (b) of Golgi-Cox stained Purkinje cells showed no significant dif-
ferences between wild-type mice and mutants (P=0.4 and P=0.2, respectively). Arborization was determined by counting the
number of tips per Purkinje cell and the number of spines per 10 mm dendrite. Quantification of the neck length (¢) and head
width (d) of Purkinje cell spines using diOlistic labeling also showed no significant differences (n=3/3; P=0.5 and P=0.3,
respectively). Error bars represent standard error of the mean.
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Supplementary Fig. 5. Parallel fiber-Purkinje cell transmission and basal properties of Purkinje cells are not signifi-
cantly different in Camk2b~ mutant mice.

a, Camk2b™Purkinje cells show a normal PF-EPSC amplitude (P=0.9; n=11 WT, n=9 Camk2b~~mutants). b, Camk2b~Pur-
kinje cells show normal paired pulse facilitation (50 ms inter-stimulus interval) (P=0.3; n=13 WT, n=13 Camk2b~ mutants).
¢, Camk2b” Purkinje cells show normal t secay (single-exponential fit) of the PF-EPSC (P=0.3; n=13 WT, n=10 Camk2b”~
mutants). d, Camk2b™ Purkinje cells show normal average input resistance (calculated by a 10 mV hyperpolarizing voltage
step; see supplementary methods) (P=0.4; n=9 WT, n=7 Camk2b” mutants). Error bars represent standard error of the mean.
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Supplementary Fig. 6. Climbing fiber-Purkinje cell synaptic transmission is normal in Camk2b~ mutant mice.

a, Average trace of six double CF-EPSCs for wild-type (upper) and Camk2b™~ (lower) cells. Horizontal scale bar indicates 20
ms; vertical indicates 1 nA. b, All recorded Purkinje cells of both wild-type (n=10) and Camk2b~~ (n=13) mice showed ab-
sence of multiple climbing fiber innervation. Shown is the percentage of Purkinje cells with mono-climbing fiber innervation.
¢, Camk2b™~ Purkinje cells show normal CF-EPSC amplitudes (P=0.6; n~=10 WT, n=13 Camk2b™). d, Camk2b~~ Purkinje
cells show normal paired-pulse depression of the CF-EPSCs at an inter-stimulus interval of 50 ms (P=0.2; n=10 WT, n=13
Camk2b™). e, Camk2b™~ Purkinje cells show normal 10-90% rise times of the first CF-EPSC (P=1.0; n=10 WT, n=13 Cam-
k2b™). £, Camk2b™ Purkinje cells show normal t, (single-exponential fit) of the first CF-EPSC (P=0.2; n=10 WT, n=13
Camk2b™). g, Average trace of 20 CF-EPSPs for wild type (upper) and Camk2b™~ (lower). Horizontal scale bar indicates 20
ms; vertical indicates 20 mV h, Camk2b™ Purkinje cells show normal amplitudes of Na*-spikes in CF-EPSPs (P=0.7; n=7
WT, n=7 Camk2b™). i, Camk2b~~Purkinje cells show normal amplitudes of the first Ca**-spikelet in CF-EPSPs (P=0.3; n=7
WT, n=7 Camk2b™). Error bars represent standard error of the mean.
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Supplementary Fig. 7. Role of CaMKII and PP2B in parallel fiber-Purkinje cell plasticity.
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Simplified model depicting the role of aCaMKII, bCaMKII and phosphatase PP2B in LTP and LTD at the parallel fiber-
Purkinje cell synapse. In wild-type Purkinje cells high calcium influx (top) activates the phosphatase PP2B driven synaptic
potentiation pathway. In addition, it results in maximal induction of the CaMKII driven synaptic depression pathway, which
effectively out-competes PP2B, leading to a net LTD. In contrast, in the absence of bCaMKII the synaptic depression pathway
(which requires CaMKII and bCaMKII activity) is no longer able to out-compete PP2B, resulting in net LTP. Low calcium
influx (bottom) only moderately activates PP2B, but as there is no or insignificant activation of CaMKII, the net result is
LTP. In Camk2b~~ Purkinje cells, low calcium influx results in precocious activation of aCaMKII, which is sufficient to out-
compete PP2B, resulting in net LTD.
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Supplementary Fig. 8. Neither cCaMKII protein level nor its autophosphoryation is increased in Camk2b~- mutants.

a, Expression of aCaMKII protein is not increased in the cerebellum. If anything, there is a slight reduction at the protein
level. Shown are Western blots of cerebellar lysates of 2 wild-type mice and 2 mutants; with 5 mg and 10 mg loaded of each
sample. Blots were probed with a specific aCaMKII (Chemicon; clone 6G9) or bCaMKII (Zymed; clone CB-b1) antibody.
b, The amount of Ph-T286-a.CaMKII is not changed in the hippocampus of Camk2b~~mutants. Ph-T286-a.CaMKII could not
be detected in the cerebellum, which is likely due to the 60-fold lower concentration of aCaMKII in cerebellar lysates (not
shown). ¢, Immunoprecipitation using a bCaMKII-specific antibody, reveals that all aCaMKII is asscoiated with bCaMKII
in the cerebellum of wild-type mice. IP: immunoprecipitated fraction; Sup: supernatant fraction after immunoprecipitation.
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Supplementary Materials and Methods
Generation of Camk2b mutant mice

The Camk2b knock-out targeting construct was generated as follows. The Camk2b genomic
sequence (ENSMUSGO00000057897) was obtained from a public database (Ensembl) and
used to design the primers for the targeting constructs. PCR fragments encompassing exon
6-11 (5.3 Kb; exon denotation according to ENSMUST00000019133) using:

5’ primer: 5’-GGTACCTGAGGAAGGTGCCAGCTCTGTCCC-3’ and 3’ primer: 5'—
TTATCGATTCTCCTGTCTGTGCATCATAGAGG-3’ and exon 11-13 (6 Kb) using: 5’
primer: 5’-GCGGCCGCCTGTTAAAGGAATGGTTCTC-3" and 3’ primer: 5’-ATG-
CATCTAAAAGGCAGGCAGGATGATCTGC-3" were amplified using High Fidelity
Taq Polymerase (Roche) on ES cell genomic DNA and cloned on either site of a PGK-
Neomycin selection cassette. All exons were sequenced to verify that no mutations were
introduced accidentally. For counter selection, a gene encoding Diphtheria toxin chain A
(DTA) was inserted at the 5’ of the targeting construct. The targeting construct was linear-
ized and electroporated into E14 ES cells (derived from 129P2 mice). Cells were cultured
in BRL cell conditioned medium in the presence of Leukemia inhibitory factor (LIF). Af-
ter selection with G418 (200 pg/ml), targeted clones were identified by PCR (long-range
PCR from Neomycin resistance gene to the region flanking the targeted sequence). A clone
with normal karyotype was injected into blastocysts of C57Bl/6 mice. Male chimeras were
crossed with female C57Bl/6 mice (Harlan). The resulting F1 heterozygous mice (in the
129P2-C57Bl/6 background) were used to generate F2 homozygous mutants and wild-type
littermate controls. These mice were used for all the behavioral and electrophysiological
experiments. The experimenter was blind for the genotype, but homozygous mice were eas-
ily recognizable by the ataxic gait. Therefore, data was also analyzed by a second person
blind to the genotype. Mice were housed on a 12 hours light/dark cycle with food and water
available ad libitum and used between 2 and 6 months of age for all experiments described
(including electrophysiology). All animal procedures were approved by a Dutch Ethical
Committee (DEC).

Molecular analysis of mutants

In situ hybridization. Whole brains were quickly isolated and frozen on dry ice. Sagittal
slices (14um) were cut using Cryostat (Jung CM 300, Leica. Instruments, Nussloch, Ger-
many) and thaw-mounted on slides (Superfrost®Plus, Menzel-Glaser, Germany). In situ
hybridization was performed as described previously(Wisden et al., 1988). Probes used
were antisense to the 5° UTR of Camk2b: 5’-GGCCATGGCGGTGGCGATCGGGCTCG-
GCGTGCGCTCGGC-3’, antisense to the 3’UTR of Camk2b: 5’-GGTACCTACAGAC-
TAACACGGTCGGCATGGGCACATTCACG-3’ and antisense to exon 2 of Camkla:
5’-GCTGCATACTCATGGCCGGTACAGAGCTTGACACAGCGTCGGAC-3’.  After-
wards slices were stained with thionin.

RT-PCR. RNA was isolated from cerebellum and cortex, by homogenization in TRIzol®
Reagent (Invitrogen). A semi-quantitative RT-PCR (verified by serial dilutions) was per-
formed using Superscript™III Reverse transcriptase (Invitrogen) and RNAsin (Promega).
Expression of the Camk2b mRNA in the heterozygous and homozygous Camk2b mutant
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mice, was analyzed separately up- and downstream of the Neomycin cassette by detection
of exon 2-4 of Camk2b, using 5’ primer 5’-CGACGCTGTGTCAAGCTCTGTAC-3’ and
3’ primer: 5’-GAAGCCCTCTTCAGAGATGC-3’ and detection of exon 14-17 of Camk2b,
using 5’ primer: 5’-GAAAGCAGATGGAGTCAAG-3’ and 3’ primer: 5’-GTTGTGTTG-
GTGCTGTCG-3’. The expression of Camk2a mRNA was analyzed by detection of exon
2-5 of Camk2a, using 5’ primer: 5’-GCGCAGGTGTGTGAAGGTGC-3 and 3’ primer:
5’-CACAATGTCTTCAAACAGTTCC-3". A control PCR was performed with pimers
against exon 5-8 of Synapsin I using 5’ primer: 5’-TGCCCAGATGGTTCGACTAC-3" and
3’ primer: 5’-TGTCAGACATGGCAATCTGC-3".

Western blot and immunoprecipitations. Lysates for westernblot were prepared by quick
dissection of the brain and by homogenization of the brain tissue in lysis buffer (10mM
TRIS-HCI 6.8, 2.5% SDS, 2mM EDTA) and protease and phosphatase inhibitor cocktails
(Sigma). The concentration of the lysates was adjusted to 1 mg/ml. 10 pg was used for
Western blot analysis, unless otherwise specified. Western blots in Fig. 1 were probed with
antibodies directed against the N-terminal CaMKII (H-300, 1:500; Santa-Cruz). Western-
blots shown in Supplementary Fig. 8 were probed with aCaMKII (clone 6G9; 1:1000;
Chemicon), bCaMKII (clone CB-b1; 1:10000; Zymed), Ph-T286/T87 CaMKII antibody
(1:5000; #06-881, Upstate Cell Signaling Solutions) or actin (clone C4; 1:10.000; Chemi-
con). Bands were visualized using Enhanced Chemo Luminescence (Pierce). For immuno-
precipitations P2 synaptosomes were solubilized in a final buffer containing 25mM Hepes,
150mM NacCl, 1%. Triton and diluted to a final concentration to 2.5 mg/ml protein. For the
immunoprecipitation we used 1 ml of homogenate (2.5 mg) and added 10 mg bCaMKII
antibody (Zymed, clone CB-bl).

Kinase activity. Ca*-dependent and Ca?*-independent activity were determined in fresh
cerebellar lysates, using Autocamtide 2 as a substrate (CaMKII assay kit from Upstate cell
signaling solutions, Boiling Springs, USA). Each assay was tested for linearity (serial dilu-
tion of lysates), and data was normalized to a wild-type (Ca**-dependent) control, which
was present at each run.

Immunocytochemistry. Brains from adult mice were fixed with 4% paraformaldehyde
by transcardial perfusion. Immunocytochemistry was performed on free-floating 40 pm
thick frozen sections employing a standard avidin-biotin-immunoperoxidase complex
method (ABC, Vector Laboratories, USA) with bCaMKII (Zymed), aCaMKII (Chemi-
con) or Calbindin (Sigma) as the primary antibody and diaminobenzidine (0.05%) as the
chromogen(Hansel et al., 2006).

Morphological analysis: For dendritic arborization measurements we used Golgi-Cox
staining on unfixed cerebelli using the FD Rapid GolgiStain Kit (FD NeuroTechnologies
Inc., USA), according to the manufacturers’ instructions. Sagittal sections, 100 um thick,
were cut on a microtome with cryostat adaptations. Purkinje cell counting and selection
for further detailed analysis was done by an observer who was blind to the genotype. The
tips of the outer branches were manually counted using a 40X objective and were used
as a measure for dendritic branching. A calibration grid was used to count the number of
spines per 10 um dendrite, using a 100X objective. For the spine analysis, brains from adult
mice were fixed with 4% paraformaldehyde by transcardial perfusion. To examine dendritic
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spine number and morphology, 200 mm cerebellar sections were subjected to ‘diOlistic’
labeling(Gan et al., 2000). Tungsten particles (1.7 mm; Bio-Rad, Hercules, CA) coated
with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate crystals (Dil; Invi-
trogen, Eugene, OR) were propelled into fixed tissue with biolistic Helios gene gun (Bio-
Rad) through a membrane filter with a 3 um pore size (Falcon 3092; BD Biosciences,
Franklin Lakes, NJ). Sections were postfixed in 4% paraformaldehyde overnight and then
mounted for confocal microscopy. A Zeiss LSM510 confocal microscope, with a Zeiss 63x
objective was used to obtain an image series of sections at 0.5 um intervals. All imaging
and analysis was performed in blinded manner. For quantification n=6 cells per genotype
were identified (number of mice: WT (3); Camk2b~~ (3)), and protrusions were measured as
described previously(Hoogenraad et al., 2007). Morphometric analysis and quantification
were performed using MetaMorph software (Universal Imaging Corporation, West Chester,
PA) by investigators who were blind to genotype and experimental manipulation.

Behavioral analysis

Balance beam. Mice were placed on a 1.5 cm wide square beam, which was elevated 30
cm, and were allowed to stay on the beam for a maximum of 60 seconds. Accelerating
Rotarod. Motor coordination on the accelerating (4—40 rpm, in 5 minutes) rotarod (model
7650, Ugo Basile Biological Research Apparatus, Varese, Italy) was measured in 5 trials
with 1 hour inter trial interval. The indicated time is the time spent on the rotarod, or time
until the mouse made 3 consecutive rotations on the rotarod. Open field. Mice we placed
in a dimly-lit open field (120 cm diameter), and the total distance moved was recorded for
5 minutes (SMART software, Panlab, Barcelona, Spain). Phenotyper. Mice were placed
in the Phenotyper (Noldus Information Technology, Wageningen, The Netherlands) for 24
hours, and the total distance moved was determined. The phenotyper is a home-cage like
environment, with a camera in the top-lid.

Electrophysiology

Sagittal slices of the cerebellar vermis (200-250 pm) of 16-22 week old mice, were made
using a Vibratome (Leica VT1000S, Leica, Nussloch, Germany) and afterwards kept for >2
hours in ACSF (containing (in mM): 124 NaCl, 5 KCl, 1.25 Na, HPO,, 2 MgSO,, 2 CaCl,,
26 NaHCO,, and 10 D-glucose aerated with 95% O, and 5% CO,) before the recordings
started. All drugs were purchased from Sigma. Experiments were performed at room tem-
perature and in the presence of bath-applied 100 mM picrotoxin to block GABA -recep-
tors. KN-93 (1 uM) and Cyclosporin A (5 uM dissolved in 0.5% EtOH) were added where
indicated to block kinase and phosphatase activity, respectively(Belmeguenai and Hansel,
2005). Purkinje cells were visualized using an upright microscope (Axioskop 2 FS plus,
Carl Zeiss, Jena, Germany) equipped with a 40X water immersed objective. Whole-cell
patch-clamp recordings were performed using an EPC-10 amplifier (HEKA Electronics,
Lambrecht, Germany). For long-term plasticity recordings, electrodes were filled with a
solution containing (in mM): 9 KCl, 10 KOH, 120 K-gluconate, 3.48 MgCl,, 10 HEPES, 4
NaCl, 4 Na,ATP, 0.4 Na,GTP and 17.5 sucrose (pH 7.25, osmolarity ~290 osm). Currents
were filtered at 3 kHz and digitized at 8 kHz. For extracellular stimulation, glass pipettes
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were filled with external saline. Long-term plasticity at the parallel fiber — Purkinje cell
synapse was assessed by either pairing parallel fiber and climbing fiber stimulation at 1 Hz
for 5 minutes (PF-LTD protocol) or by parallel fiber stimulation alone at 1 Hz for 5 minutes
(PF-LTP protocol). Test responses were evoked at a frequency of 0.05 Hz (2 stimuli; 50 ms
inter-stimulus interval) with ~0.5-6 pA pulses that were applied for 500 (LTP) or 700 us
(LTD). Holding potentials in the range of -60 to -75 mV were chosen to prevent spontane-
ous spike activity. In all experiments, cells were switched to current-clamp mode for tetani-
zation. Recordings were excluded if R or R, varied by >15% over the course of the experi-
ment. Paired-pulse facilitation was tested using double test pulses with 50 ms inter-stimulus
interval. EPSC kinetics were recorded using Cs?*-based intracellular recordings (containing
(inmM) 115 CsMeSO,, 20 TEA-CI, 10 HEPES, 2.5 MgCl,, 4 Na,ATP, 0.4 Na,GTP, 10 Na -
Phosphocreatine, 0.6 EGTA, pH 7.25-7.30, osmolarity ~290 osm) while 50-80% online
R,-compensation (residual R < 10 MQ) was applied. For climbing fiber-mediated EPSC
recordings Purkinje cells were voltage-clamped at -10 mV and 5 mM QX-314 were added
to the internal medium to prevent spiking activity. During these recordings we checked for
multiple climbing fiber innervation by gradually increasing the stimulus intensity?.

Statistical analysis

Statistical analysis was performed using StatView (SAS institute, USA). For behavioral
analysis (more than one measurement per group) we used a repeated measurements ANO-
VA, followed by a post hoc Fisher’s PLSD analysis whenever it was appropriate. For com-
parison of two groups (one measurement each) we used a Student’s #-test. Differences in
LTD/LTP between wild-type mice and mutants were assessed by running a two-sample
Student’s #-test on the average values of the 5 last minutes of the recording (as indicated
in the graphs). To assess whether significant LTP/LTD was obtained within a group, we
used a paired #-test, in which we compared for each animal the average baseline value
with the average value of the last 5 minutes of the recording (as indicated in the graphs).
For climbing fiber-mediated EPSC analysis we averaged 6 responses per cell and used a
single-exponential fit to calculate the decay time constant, 10-90% rise time and amplitude.
Twenty climbing fiber-mediated EPSCs were averaged to calculate the absolute amplitude
of the Na*-spike and the first Ca**-spikelet.
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o and BCaMKII control the plasticity at IN-PC synapses

Abstract

Calcium/Calmodulin-dependent kinase type II (CaMKII) is essential for various
forms of synaptic plasticity. The predominant a- and BCaMKII isoforms have been
shown to individually contribute to plasticity at excitatory synapses, but nothing is
known about their functional difference at inhibitory synapses. Using both a- and
pCaMKII knockout mice we demonstrate that in the absence of either a- or pCaMKII
the induction of inhibitory long-term potentiation (iLTP) at stellate cell — Purkinje
cell synapses by repetitive climbing fiber stimulation is blocked. Moreover, the
blockade of the competing protein phosphatase 2B pathway revived iLTP in Camk2b™
mice, but not in Camk2a’” mice, which suggests that aCaMKII embodies the main
enzymatic power of the CaMKII holo-enzyme. When we co-activated the inhibitory
interneurons during the climbing fiber stimulation iLTP was suppressed in wt by
GABA -receptor activation, but in Camk2b™ mutants iLTP was rescued. The essential
molecular substrate for this rescue of iLTP in Camk2b™ mice was not protein Kinase
A but inositol-tri-phosphate-controlled calcium release from internal stores. Together
our results suggest distinct roles of a- and fCaMKII isoforms in controlling iLTP and
thereby redefine the molecular pathway of inhibitory synaptic plasticity.

Introduction

Calcium/Calmodulin-dependent Kinase type II (CaMKII) is one of the most densely
expressed proteins in the central nervous system (Erondu and Kennedy, 1985). The
intracellular signalling pathways that are controlled by CaMKII have been shown to be
important for memory formation by controlling synaptic plasticity (Silva et al., 1992a; Silva
et al., 1992b; Colbran and Brown, 2004; Wayman et al., 2008). The CaMKII holoenzyme
has been shown to be essential for pre- and postsynaptic mechanisms at both excitatory and
inhibitory synapses in hippocampal, amygdalar, cortical and cerebellar neurons (Castillo
et al., 2011), indicating the importance of this molecule for proper neuronal functioning.

Alpha- and BCaMKII subunits are the predominant isoforms of CaMKII holo-
enzyme in the brain (Miller and Kennedy, 1985). Although these two isoforms are
predominantly homologous, fCaMKII contains an additional actin binding domain and has
a higher calcium sensitivity compared to aCaMKII (Shen et al., 1998; Brocke et al., 1999;
Thiagarajan et al., 2002; Fink et al., 2003; Cho et al., 2007). Recent studies revealed that in
neurons that express both a- and BCaMKII, indeed each isoform has a distinct function in
controlling synaptic plasticity at excitatory synapses. For instance, the deletion of aCaMKII
from cerebellar Purkinje cells results in disrupted long-term depression (LTD), whereas the
deletion of BCaMKII from these neurons results in a bidirectional reversal of LTD and
long-term potentiation (LTP) (Hansel et al., 2006; van Woerden et al., 2009).

The molecular mechanisms that control long-term plasticity at excitatory synapses
show considerable overlap with those for inhibitory long-term plasticity (REF). Also
at inhibitory synapses the effects of CaMKII are competed by protein phosphatases: in
Purkinje cells CaMKII results in LTP at inhibitory synapses (iLTP) and is rivalled by
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activation of protein phosphatase 2B (calcineurin) (Kano et al., 1996; Kawaguchi and
Hirano, 2002). However, up to now, it remains to be elucidated whether a- and CaMKII
serve distinct functions in controlling inhibitory plasticity. In order to do so, we studied the
molecular mechanism of synaptic plasticity of inhibitory stellate cell — Purkinje cell (SC-
PC) synapses in both aCaMKII knockout mice (Camk2a’") and CaMKII knockout mice
(Camk2b™). Our results suggest distinct roles of a- and BCaMKII isoforms in controlling
iLTP.

Material and methods
Animals

Camk2a’~ mice were generated as previously described (Elgersma et al., 2002). For the
Camk2b™ we used exon 2 knock-out mice, which showed complete loss of BCaMKII
expression and ataxia, as described previously for the Camk2b exonll knock-out mice
(van Woerden et al., 2009). Homozygous mice and wt littermates (both genders) ranging
from postnatal day (P) 17 to 21 old were used in the experiments. Animals were maintained
at 22 = 2 °C with 12 hrs dark and light cycle and were provided with food and water
ad libitum. All studies were performed in accordance with the guidelines of the Erasmus
Medical Center and the Dutch national legislation.

Slice preparation for electrophysiology

Camk2a’~ and Camk2b” mice and WT littermates were decapitated under isoflurane
anesthesia. Subsequently, the cerebellum was removed and transferred into ice-cold slicing
medium that contains (in mM): 240 Sucrose, 5 KCl, 1.25 Na,HPO, 2 MgSO,, 1 CaCl,, 26
NaHCO, and 10 D-Glucose, bubbled with 95% O, and 5% CO,. Parasagittal slices (250
um thick) of the cerebellar vermis were cut using a vibratome (VT1000S, Leica) and kept
in ACSF containing (in mM): 124 NaCl, 5 KCl, 1.25 Na HPO,, 2 MgSO,, 2 CaCl,, 26
NaHCO, and 20 D-Glucose, bubbled with 95% O, and 5% CO, for>1hat 34+ 1 °C before
the experiments started.

Whole-cell electrophysiology

Experiments were performed with a constant flow of oxygenated ACSF (1.5-2.0 ml/min).
Purkinje cells were visualized using an upright microscope (Axioskop 2 FS plus, Carl Zeiss,
Germany) equipped with a 40X water immersion objective. Patch-clamp recordings were
performed using an EPC-10 double amplifier (HEKA electronics, Lambrecht, Germany).
All recordings were performed at 34 £ 1 °C.

Whole cell current clamp recordings of Purkinje cells were performed using
borosilicate pipettes (Rpip= 2 - 4 mQ) filled with intracellular solution containing (in mM):
130 K-Gluconate, 10 KOH, 3.48 MgCl,, 4 NaCl, 10 HEPES, 4 Na ATP, 0.4 Na,GTP and
17.5 sucrose (pH 7.25, osmolarity 295). Stellate cell - Purkinje cell (SC-PC) synapses were
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stimulated as previously described (Mittmann and Hausser, 2007). In short, an additional
patching pipette filled with ACSF was located at the outer 1/3 of cerebellar molecular layer
and >200 um lateral from Purkinje cell dendrites to avoid stimulating parallel fiber-Purkinje
cell synapses. Our conditions resulted in a reversal potential for IPSPs of -75 to -78 mV.
IPSPs were completely blocked by bath applied picrotoxin or SR95531, confirming their
pure GABAergic nature. Evoked IPSPs from SC-PC synapses appeared to be all or none,
suggesting direct stimulations at stellate cell somata. To avoid intrinsically generated action
potentials, Purkinje cells were kept at -60 to -65 mV with hyperpolarizing currents. Under
these conditions, SC-PC IPSPs were inward potentials ranging from -0.2 to -3 mV. Climbing
fibers (CF) were stimulated with a patch electrode filled with external solution located in
the granule cell layer. To induce LTP of IPSPs (iLTP), a physiological relevant tetanus of
5 CF stimuli at 10 Hz was applied every 2 s for 3 min. For paired stellate cell-climbing
fiber stimulation, each CF stimulus was coincided with two stellate cell stimuli at 20 Hz.
The holding currents and input resistances of Purkinje cells were constantly monitored, and
cells with >15% shift of these parameters were excluded from analysis.

Purkinje cell spontaneous IPSCs and rebound potentiation

Purkinje cells were voltage clamped at -60 mV using intracellular solution containing
(in mM): 150 CsCl, 15 CsOH, 1.5 MgCl,, 0.5 EGTA, 10 HEPES, 4 Na,ATP and 0.4
Na,GTP (pH 7.3; osmolarity 300). Ten uM NBQX were supplemented in the ACSF to
avoid contamination with spontaneous EPSCs. Spontaneous IPSCs were analyzed using
Minianalysis (Synaptosoft, Decatur, USA). To analyze IPSC kinetics, unitary IPSCs of 50-
100 pA were selected to avoid interference of noise or insufficient voltage clamp. Traces
were scaled, averaged and fit using a single decay time constant. Series and input resistances
were monitored every 3 min, and recordings were terminated if series or input resistances
changed >15%.

Pharmacology

Baclofen (2 uM), cyclosporin A (5 uM), KN-93 (2 uM), SCH50911 (10 uM), KT 5720 (0.2
uM) and thapsigargin (10 pM) were obtained from Tocris. Other chemicals were obtained
from Sigma unless stated elsewhere.

Results

To elucidate how a- and BCaMKII isoforms mediate inhibitory synaptic plasticity, we
investigated iLTP at SC-PC synapses in both Camk2a”~ and Camk2b”- mice. We first studied
the induction rules for iLTP at SC-PC synapses. Physiologically relevant climbing fiber
(CF) stimulation of five CF bursts at 10 Hz, repeated every 2 s for 3 min (Fig. 1 A, inset),
robustly increased the SC-IPSP amplitude in wild type (wt) Purkinje cells (138.8 + 5.8%
and 141.2 + 7.5% relative to baseline for Camk2a and Camk2b wt littermates, respectively;
Fig. 1 A,B). This potentiation occurred without inducing any change in the paired pulse
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ratio of two consecutive IPSPs, which indicates that the site of plasticity was postsynaptic
(Student’s t—test of averages after the stimulus protocol: all p-values > 0.5). In accordance
to other stimulus protocols (Kano et al., 1992; Kawaguchi and Hirano, 2000) iLTP was
fully blocked in wt by application of the global CaMKII blocker KN-93 (106.7 = 2.0%
and 103.5 + 2.2%, respectively; Fig. 1 A,B). Likewise, this CF stimulus protocol failed
to induce iLTP in both Camk2a’- and Camk2b” mice when KN-93 was not applied (108.8
+ 3.4% and 106.4 + 2.5%, respectively), despite the normal spontaneous IPSC activity
(Table 1). The lack of iLTP in both mutants is unlikely to originate from aberrant responses
to CF stimulation, since none of the response parameters, e.g., the Na*-spike, Ca*"-spike
and Ca?'-plateau amplitudes appeared different in Camk2a” and Camk2b™ (all p-values
> 0.2). Moreover, replacement of the CF stimulation by depolarizing voltage steps (Kano
et al., 1992) resulted in similarly impaired iLTP of spontaneous IPSC amplitudes in both
Camk2a’- and Camk2b”mice (Fig. 1 C,D). Together these results indicate that both a- and
BCaMKII are essential for proper post-synaptic iLTP at inhibitory synapses.

Following direct post-synaptic depolarization or CF activity the intracellular
calcium concentration in Purkinje cells rises and activates not only a- and BCaMKII, but
also protein phosphatase 2B (PP2B), which counteracts the effects of CaMKII activation
(Kawaguchi and Hirano, 2002; Belmeguenai and Hansel, 2005; van Woerden et al., 2009).
In order to test whether the residual CaMKII activity in Camk2a”~ and Camk2b” mutants
is outcompeted by PP2B activity we next applied the specific PP2B blocker cyclosporin
A. Although in Camk2a” the inhibition of PP2B did not reveal iLTP (95.8 + 4.9%) in
response to the CF stimulus protocol, in Camk2b™ the same conditions indeed revived iLTP
(129.3 +£5.9% re 128.8 + 5.2% for wt) (Fig. 2 A,B). Thus, the residual aCaMKII activity in
Camk2b™- is potent enough to induce iLTP when the suppressing PP2B cascade is blocked,
but the residual BCaMKII in Camk2a™ is not.

The suppressing effect of PP2B on CaMKII-mediated iLTP in wt Purkinje cells has
been shown to be triggered by activation of postsynaptic GABA -receptors (Kawaguchi
and Hirano, 2000; Kawaguchi and Hirano, 2002). To investigate how a- and fCaMKII are
individually involved in this GABA -mediated suppression of iLTP, we next adapted our
CF tetanus protocol by adding SC burst stimuli of 20 Hz, which has been shown to trigger
postsynaptic GABA -receptor activation (Kawaguchi and Hirano, 2000) (Fig. 2 C, inset).
This combined stimulus protocol indeed suppressed the induction of iLTP in both wt groups
(103.6 + 5.2% and 102.5 + 3.7% for Camk2a and Camk2b littermates, respectively; Fig. 2
C,D) without changing the paired pulse ratio (Student’s t—test of averages after the stimulus
protocol: all p-values > 0.7). In Camk2a’" this suppression protocol resulted in a similar lack
of iLTP (97.8 + 4.1%; Fig. 2 C), whereas in Camk2b™ the same conditions rescued iLTP
(132.2 £ 4.8%; Fig. 2 D). Given that this surprisingly robust iLTP in Camk2b”- following
the suppression protocol was blocked by the application of KN-93 (103.0 £+ 5.4%; Fig. 2D),
it is likely that in Camk2b” mutants GABA -receptor activation results in the activation of
residual CaMKII and hence iLTP. If so, then the blockade of GABA ,-receptor activation
during the paired CF and SC stimulation should not only reinstate iLTP in wt, but also
cancel the rescue of iLTP in Camk2b™. Indeed, in the presence of the GABA -inhibitor
SCH 50911, the suppression protocol reinstated iLTP in wt (133.3 £+ 8.4%) and did not
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Figure 1. Aberrant iLTP at stellate cell-Purkinje
cell synapses in o and BCaMKII knockout mice.
(A) Five pulses, 10 Hz climbing fiber (CF) stimu-
lation (inset; scale bars 20 mV/ 100 ms) repeated
+every 2 s for 3 min yields iLTP in wild—type (wt,
n=10) Purkinje cells but not in Camk2a’~ Purkinje
cells (n=9) or in wt Purkinje cells in the presence
of KN-93 (wt + KN93, n=6). (B) CF stimulation
yields iLTP in wt Purkinje cells (n=8) but not in
Camk2b’ Purkinje cells (n=8) or in wt Purkinje
cells when KN-93 was present (wt + KN93, n=5).
(C) Inset shows schematic drawing of rebound
potentiation experiment. Rebound potentiation in
Purkinje cells was induced by five 500 ms depolar-
ization pulses to 0 mV at 0.5 Hz; IPSC amplitudes
were compared before and after tetanus. Impaired
rebound potentiation in Camk2a’- mice (wt, n=7;
Camk2a’, n=6). (D) Impaired rebound potentiation
in Camk2b”" mice (wt, n=8; Camk2b™, n=9). Error
bars represent SEM. Asterisks with brackets indi-
cate statistical significance between wt and knock-
out mice (Student’s t—test of averages over last 5
min). ¥*¥P<0.01; ***P<0.005.

Figure 2. Block of PP2B reveals iLTP and block
of IP, disrupts rescue of iLTP in Camk2b™. (A) CF
stimulation yields iLTP in wt Purkinje cells (n=7)
in the presence of 5 uM PP2B inhibitor cyclosporin
A, but not in Camk2a’- Purkinje cells (n=10). (B)
CF stimulation yields iLTP in wt Purkinje cells
(n=6) in the presence of 5 uM PP2B inhibitor
cyclosporin A, as well as in Camk2b” Purkinje
cells (n=8). (C) Paired stellate cell (SC; 20 Hz)
and climbing fiber (CF; 5 pulses, 10 Hz) stimula-
tion every 2 s for 3 min (inset; scale bars 20 mV/
100 ms) yields no change in IPSP amplitude in
both wt (n=10) and Camk2a’- (n=8) Purkinje cells.
(D) Paired SC - CF stimulation yields no change
in IPSP amplitude in wt Purkinje cells (n=10) and
in Camk2b™ Purkinje cells when KN93 is present
(Camk2b™+ KN93, n=5). In the absence of KN-93
the paired SC-CF stimulation significantly facili-
tates iLTP in Camk2b” Purkinje cells (n=13). (E)
Inhibition of GABA -receptor activation with SCH
50911 rescues iLTP in wt Purkinje cells (n=9), but
inhibits iLTP in Camk2b™ Purkinje cells (n=7) fol-
lowing paired SC - CF stimulation. (F) Activation
of GABA, receptors with baclofen inhibits iLTP
in wt Purkinje cells (n=10), but facilitates iLTP in
Camk2b™ cells (n=8) following CF stimulation. (G)
Inhibition of PKA with KT 5720 suppresses iLTP in
wt Purkinje cells (n=5), but does not rescue iLTP in
Camk2b™ Purkinje cells (n=6) following CF stimu-
lation. (H) Inhibition of Ca**-release from internal
Ca*-store with thapsigargin abolishes the facilita-
tion of iLTP in Camk2b’- Purkinje cells (n=7) fol-
lowing paired SC - CF stimulation, as well as iLTP
in wt Purkinje cells (n=6) following CF stimula-
tion. Error bars represent SEM. Asterisks with
brackets indicate statistical significance between
wt and knockout mice (Student’s t—test of averages
over last 5 min). ¥**P<0.01; ***P<0.005.
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induce iLTP in Camk2b” (101.7 + 8.9%; Fig. 2 E). Conversely, the replacement of SC
stimulation by the GABA ;-receptors agonist baclofen suppressed the induction of iLTP in
wt (101.5 £ 2.7%) and rescued the iLTP in Camk2b”- (121.0 + 4.1%; Fig. 2 F). Together
these experiments unequivocally show that in wt GABA -receptor activation suppresses
iLTP, but in Camk2b”~ GABA -receptor activation facilitates sufficient residual CaMKII
activity to rescue iLTP.

How can GABA ,-receptor activation inhibit iLTP in wt, while it facilitates iLTP in
Camk2b™? We hypothesized that two counteracting pathways are controlled by GABA -
receptor activation in Purkinje cells: one pathway that inhibits CaMKII-mediated iLTP
(Kawaguchi and Hirano, 2002) and another one that enables CaMKII-mediated iLTP (Shen
et al., 1998; Xu et al., 2008) (Fig. 3 A). To test this working hypothesis, we first assessed
whether GABA ;-mediated inhibition of protein kinase A (PKA), which is critical for the
suppression of iLTP in wt (Kawaguchi and Hirano, 2002), also mediated the rescue of
iLTP in Camk2b™. However, the presence of the PKA blocker KT5720 did not result in a
rescue of iLTP in Camk2b™ following the CF stimulus (Fig. 2 G). These results indicate
that GABA -receptor activation facilitates iLTP in Camk2b™ by a separate pathway that
is PKA-independent. Previous studies showed that GABA ;-receptor activation boosts the
levels of inositol-tri-phosphate (IP,), which induces calcium release from internal stores
and facilitates iLTP (Komatsu, 1996; Yamauchi, 2005). To test whether this GABA-IP,
pathway drives the rescue of iLTP in Camk2b™ following the suppression protocol, we
applied thapsigargin, which depletes intracellular calcium stores. Indeed, in the presence
of thapsigargin, the suppression protocol failed to rescue iLTP in Camk2b”- and the CF
protocol failed to induce iLTP in wt (Fig. 2 H). Together these results validated our working
hypothesis that GABA ;-receptor activation suppresses CaMKII-mediated iLTP in wt in a
PKA-dependent manner, but rescues CaMKII-mediated iLTP in Camk2b” by triggering
calcium release from internal stores. Thus, the specific composition of CaMKII holo-
enzyme, i.e., both a- and CaMKII or only aCaMKII, determines the dominant effect of
GABA -receptor activation on CaMKII-mediated iLTP: facilitation or suppression.

Discussion

The principle finding that emerges from the current study is that although both o- and
BCaMKII are essential for the proper induction of iLTP at SC-PC synapses, each isoform
has a distinct function. Our data describes two lines of evidence for this finding. First, when
the competing PP2B is blocked, only the residual aCaMKII in Camk2b™ is able to drive
iLTP following CF stimulation. Apparently, the residual BCaMKII in Camk2a’ lacks the
enzymatic power to initiate iLTP. Second, whereas coactivation of the presynaptic stellate
cells during the CF stimulation suppresses iLTP in wt by GABA ;-receptor activation, this
protocol is essential for iLTP induction in Camk2b”. Our results reveal the opposing effects
following coincident presynaptic activity at the SC-PC synapses in the presence or absence
of CaMKII.

Several studies confirmed the involvement of the CaMKII holoenzyme in
synaptic plasticity at inhibitory synapses in the hippocampus, amygdala, cerebral cortex
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Stellate cell

S

Figure 3. Cascades of CaMKII and GABA ;-receptor medi-
ated iLTP in Camk2a’- and Camk2b’- mice. (A) Schematic
representation of the CaMKII mediated iLTP induction cas-
cade and GABA j-receptor mediated inhibition of iLTP in wt
Purkinje cell. The model is proposed based on previous studies
(Kano et al., 1996; Kawaguchi and Hirano, 2002) and the cur-
rent data. Cascades are simplified for the clarity of illustration.
Black arrows indicate activation cascades, red bars indicate in-
hibitory cascades. Note that the calcium release from internal
stores upon GABA -receptor activation is outcompeted by the
suppressing PKA-PP1 pathway (dashed arrow). AC, adenylyl
cyclase; D32, DARPP-32. (B) Schematic representation of the
CaMKII mediated iLTP induction cascade and GABA ,-recep-
tor mediated inhibition of iLTP in Camk2a’~ Purkinje cells. Ge-
netic deletion of aCaMKII minimizes the CaMKII enzymatic
activity (shadow representation of CaMKII holoenzyme) and
disrupts iLTP induction (red cross). (C) Schematic represen-
tation of the CaMKII mediated iLTP induction cascade and
GABA -receptor mediated inhibition of iLTP in Camk2b™
Purkinje cells. Genetic deletion of BCaMKII revealed a res-
cue of iLTP by GABA ,-receptor activation. The underlining
mechanisms of this rescue remains to be shown.

# FF (Hz) Amp (pA) | Rise (ms) |Decay (ms)| Width (ms)
wit 12 | 184+£17 | 628+4.0 | 1.28+0.1 | 151+£1.1 | 28+0.2
Camk2a* 10 | 185+08 | 651+7.6 | 1.31+01 | 137+1.0 | 3.0+02
t-test 0.97 0.79 0.79 0.35 0.38
wt 13 | 19.2+28 | 66.3+3.0 | 1.0+01 | 137+09 | 26+0.2
Camk2b* 12 | 19.0+28 | 64425 | 1.0x01 | 132+06 | 26+ 01
t-test 0.97 0.64 0.63 0.61 0.97

Table 1. Normal spontaneous IPSC properties in Camk2a™ and Camk2b’- mice. Spontaneous (s)IPSCs appeared normal be-
tween wt and Camk2a’ Purkinje cells as well as between wt and Camk2b’- Purkinje cells. Table: quantification of IPSC
frequency (FF), amplitude (Amp), and kinetics (10-90% rise time, decay time constant and width at 50% of the maximal

amplitude) of IPSCs.
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and cerebellum (as reviewed by(Castillo et al., 2011)), but it has not yet been possible to
decipher the individual contributions of a- and fCaMKII to iLTP in any of these structures.
Given the overlap of molecular components between the signalling pathways that control
synaptic plasticity at both excitatory and inhibitory synapses (Collingridge et al., 2004),
one would predict distinct roles of a- and BCaMKII in iLTP much alike those recently
described for excitatory synapses (Cho et al., 2007; van Woerden et al., 2009). Indeed,
we found that in Camk2b™ Purkinje cells both the GABA -induced IP -mediated release
of calcium from internal stores and CF-mediated calcium influx were essential to elicit
iLTP (Fig. 3). Although these results seem in accordance with the predicted lower calcium
sensitivity of aCaMKII than in wt or in Camk2a’ Purkinje cells (Brocke et al., 1999), the
fact that the similar stimulus protocol suppresses iLTP in Purkinje cells when BCaMKII
molecules are present argues against a dominant role of the enhanced calcium sensitivity
of CaMKII. In contrast, our data suggest that the actin-binding domain of BCaMKII may
act as a differentiator: in Camk2b’ mutants the residual aCaMKII is not confined to the
actin and thereby could be more readily activated by local calcium sources like intracellular
calcium stores (Finch and Augustine, 1998). This hypothesis should be tested by future
experiments that take into account that IP,-mediated release of calcium from internal stores
is essential for iLTP induction in wt Purkinje cells and cortical neurons (Komatsu, 1996).

The induction rules for plasticity of inhibitory synapses at cerebellar SC-PC synapses
are opposite from those in hippocampal CA1 tissue: coincident pre- and postsynaptic
activity results through GABA -receptor activation in the suppression of iLTP in the former
synapse (Kawaguchi and Hirano, 2000) (Fig. 2), whereas this cascade is essential for iLTP
in the latter synapse (Xu et al., 2008). Our data shows that genetic ablation of fCaMKII
reverts the iLTP induction rules at cerebellar SC-PC synapses to hippocampal CAl-
like rules, in that coincident presynaptic activity is essential for the induction of iLTP in
Camk2b. This surprising finding at this inhibitory synapse shows a remarkable coherence
with the inversion of induction rules of long-term plasticity at excitatory parallel fiber —
Purkinje cell synapses (van Woerden et al., 2009). Here also the lack of fCaMKII reversed
the induction rules for LTP and LTD highlighting the overlap in molecular pathways of
inhibitory and excitatory plasticity (Collingridge et al., 2004). Moreover, recent evidence
indicates that local calcium concentrations control the selective translocation of aCaMKII
molecules to either excitatory or inhibitory synapses in hippocampal tissue (Marsden
et al., 2010), physically merging the molecular pathways that control plasticity at both
types of synapses. Current studies promote a central role of BCaMKII in coordinating the
translocation of CaMKII holoenzyme complexes in both excitatory (van Woerden et al.,
2009) and inhibitory synapses in cerebellar Purkinje cells.
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cacnala®'®" mice and ataxia

Abstract

Mutations in the CACNAIA gene are associated with neurological disorders, such
as ataxia, hemiplegic migraine, and epilepsy. These mutations can be categorized by
their effects on Ca’**-channel function and/or expression as loss- or gain-of-function
mutations. Whereas recent evidence demonstrates that loss-of-function mutations
decrease the regularity of cerebellar Purkinje cell activity and thereby induce
cerebellar ataxia, it is unknown how gain-of-function mutations induce ataxia. Here,
we show that the synaptic transmission between granule cells and Purkinje cells is
enhanced in gain-of-function Cacnala®*'®" knock-in mice, while relatively many of
their individual parallel fiber varicosities contact multiple Purkinje cell spines. In
addition, Cacnala®*'®" Purkinje cells show hyperexcitable somatic action potentials
and Ca®-burst firing, which deregulates their spontaneous firing pattern and can
be counteracted by Ca**-activated K*-channel activators. Our findings illustrate the
underlying mechanisms of ataxia induced by a gain-of-function mutation, which are
surprisingly similar to those in loss-of-function Cacrnala mutants. This commonality
reveals the existence of a narrow window for optimal Ca?**-homeostasis: sufficiently
decreased and increased Ca**-influx can induce ataxia.

Introduction

Since the entry of Ca*-ions via voltage-gated Ca**-channels (VGCCs) controls crucial
processes in mammalian neurons, such as neurotransmitter release, synaptic plasticity, and
membrane excitability, mutations that affect VGCC functioning are likely to have severe
effects (as reviewed by [1]). Indeed, mutations in the CACNAIA gene, which codes for
the a,,-subunit of Ca 2.1 (P/Q-type) VGCCs, are associated with various neurological
disorders, including ataxia, hemiplegic migraine, and epilepsy [2,3].

Mutations in Ca2.1-channels can be divided in gain- and loss-of-function
mutations, depending on whether a mutation increases or decreases channel function/
expression, respectively. Recent studies suggest a clear division in phenotypes induced
by loss-of-function and gain-of-function mutations. Gain-of-function mutations in the
CACNAIA gene are linked to familial hemiplegic migraine type 1 (FHM1) [3,4], whereas
hereditary forms of ataxia induced by mutations in the CACNA 1A gene, like episodic ataxia
type 2 [3], are due to loss-of-function mutations. Studies of natural mouse mutants bearing
mutations in the orthologous mouse Cacnala gene, such as tottering, leaner, and rolling
Nagoya mice [5,6], revealed that loss-of-function mutations consistently induce altered
connectivity and transmission at the parallel fiber-Purkinje cell (PF-PC) synapse, as well as
irregular Purkinje cell activity [7,8,9,10,11]. These aberrations have been shown to disturb
the information processing in the cerebellar cortex [7] and therefore are considered true
hallmarks of cerebellar ataxia.

Although it is clear that inadequate Ca?*-influx, as found in loss-of-function
Cacnala mutants, can induce both developmental and electrophysiological aberrations that
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eventually lead to ataxia, it remains to be elucidated why FHM1 patients with, for instance,
the S218L mutation in the Cacnala gene, which enhances the Ca, 2.1-mediated Ca?*-influx,
are ataxic [12]. In order to reveal how mutations that induce such a gain-of-function of
Ca,2.1-channels, we performed detailed morphological and electrophysiological analysis of
Cacnala®*® knock-in mice [13]. Our results show that the synaptic connectivity is altered
and the synaptic transmission between granule cells and Purkinje cells is enhanced and
that Purkinje cells show distinct signs of hyperexcitability, which together induce irregular
Purkinje cell firing both in vitro and in vivo. In addition, the irregular spiking and the ataxic
motor performance can be counteracted by the activation of Ca?**-dependent K*-channels.
Thus, our data reveal not only key cerebellar hallmarks of ataxia in the CacnalaS*'*" gain-
of-function mouse mutant that resemble those seen in loss-of-function Cacnala mutants,
but also reveal a striking similarity in potential therapeutic pathways.

Results
Normal cerebellar structure but altered connectivity at Cacnalas'®" PF-PC synapses

Given the widespread and dense expression of the Cacnala gene in the rodent cerebellum
[5,14], we first quantified to what extent the gross morphology of the cerebellum is
affected by the S218L mutation. Parasagittal slices taken from 2-month old Cacnala®*'*"
mice showed a normal cerebellar structure with no change in the foliation or organization
of molecular, Purkinje cell, and granular layers (Figures 1A-D). In addition, neither the
estimated volume of the cerebellum nor the number of Purkinje cells of CacnalaS*'®"
mutants was significantly different from wild type (WT) mice (Table S1). Still, we could not
rule out that the S218L mutation affects synaptic morphology, as ultrastructural aberrations
of PF-PC synapses have been a consistent finding in loss-of-function Cacnala mutants
[9]. Therefore, we performed a detailed morphological study of the PF-PC synapse using
electron microscopy and found that in both WT (Figure 1E) and Cacnala®'*" (Figure 1F)
tissue, PF-PC synapses appeared as asymmetrical contacts with loosely clustered spherical
synaptic vesicles in PF varicosities and clear postsynaptic density structures in Purkinje cell
spines. Both the density and dimensions of PF-PC cell synapses in Cacnala®'*" mutants
were not significantly different from WT animals (Table S1), but we did observe single
PF varicosities contacting multiple Purkinje cell spines more frequently in Cacnala®*'®"
mutants (p < 0.001) (Figures 1G, 1H and Table S2). As far as could be seen from our
2D-analyses there were no varicosities that contacted two spines that were unequivocally
from the same cell. To further clarify whether the difference in connectivity originates from
abnormal numbers of PF varicosities or Purkinje cell spines we quantified the number of PF
varicosities and Purkinje cell spines independent of contact ratios using Golgi-Cox stained
tissue. No significant differences were found in the density of both the PF varicosities
and Purkinje cell spines (Table S1). Thus, these results show that although there are no
significant differences either in gross morphology of the cerebellar cortex of CacnalaS*'®"
mutants or in the densities of synaptic components in PF-PC synapses, the chance of single
PF varicosities contacting multiple Purkinje cell spines was increased.
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Increased synaptic transmission at
Cacnala®"" PF-PC synapses

Given the altered synaptic connectivity between
PFs and Purkinje cell spines, we first measured
the synaptic transmission at the PF-PC synapse,
by recording excitatory postsynaptic currents
(EPSCs) in Purkinje cells in response to
PF stimulation at geometrically determined
locations in the molecular layer (c.f. Material and
methods). Parallel fiber EPSCs were elicited in
Purkinje cells that were voltage-clamped at -70
mV The stimulus electrode was placed in the
most distal 1/3 of molecular layer adjacent to the
Purkinje cell at similar distance in parasagittal
slices, so that PF-EPSCs with 2 pA stimulus
intensity did not exceed 20 pA. Systematically
increasing the stimulus intensity with 2 pA
increment yielded essentially linear input - output
curves for both CacnalaS'®" and WT synapses;
however, at stimulus intensity > 8 uA EPSCs
were significantly larger in Cacnala?'" than in
WT Purkinje cells (all p-values < 0.05) (Figure
2A). In fact, at the maximum stimulus intensity
tested (i.e., 20 pA), the PF-EPSCs in CacnalaS*'3t
mutants were ~30% larger than in WT, whereas
the kinetics of the PF-EPSCs showed no
significant differences between Cacnala®*'®" and
WT (p = 0.2 for 10 - 90% rise time value and
p = 0.3 for decay time constant (t . )) (Figure
S1A). To study the synaptic transmission efficacy
at the level of single granule cell to Purkinje cell
synapses, we performed simultaneous, dual-
patch clamp recordings of granule cells and
Purkinje cells. Such paired whole-cell recordings
showed that the chances of obtaining detectable

PFV contacting
multiple spines (%)

0

Figure 1. No change in gross cerebellar structure,
but increased connectivity at PF-PC synapses in
Cacnala®™" mice

(A, B) Overview of anti-calbindin D-28k and Nissl-
stained mid-sagittal cerebellar sections from WT
and Cacnala®™" animals (scale bars: 500 pm). (C,
D) High magnification of anti-calbindin and Nissl
stained Purkinje cells in WT and Cacnalas"*" cer-
ebellum (scale bars: 50 um). ML, PL and GL indicate
molecular layer, Purkinje cell layer and granule cell
layer, respectively. (E, F) Electron micrographs of
distal PF-PC synapses, triangles indicate the parallel
fiber varicosity, asterisks indicate Purkinje cell spines
(scale bars: 0.3 um). (G) Multiple synaptic contacts
between a single parallel fiber varicosity and three
Purkinje cell dendritic spines (scale bar: 0.3 um). (H)
Percentages of parallel fiber varicosities that contact
multiple Purkinje cell spines in WT (n = 4) and Cac-
nala®™'®" mutants (n = 4). Asterisks indicate signifi-
cant difference (p-values indicated in the results sec-
tion). See also Table S1 and S2.

synaptic connections (characterized by observing EPSCs in Purkinje cells in response to
action potentials from single granule cells) appeared normal in CacnalaS"*" mutants (p =
0.63) (Figure 2B), whereas the average amplitude of granule cell-Purkinje cell EPSCs was
increased. In fact, in Cacnala®*'®t Purkinje cells the maximum EPSC amplitude elicited by
a physiologically relevant [15,16,17] 50 ms long 200 Hz train of action potentials in a single
granule cell was on average ~90% increased (p < 0.01) compared to WT (c.f. Material and
methods) (Figure 2B). Thus, both the stimulation of a PF bundle and activation of a single
granule cell resulted in increased Purkinje cell responses, which indicates that in addition
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Figure 2. Increased synaptic transmission at
8 * PF-PC, but not CF-PC synapses
o] & WT‘\/\fL
2] o 0 s218. v/~ (A) Mean PF-EPSC amplitudes of WT (open
%, circles, n=8) and Cacnala®*"*" (solid circles, n =
°8g e 10) Purkinje cells in response to increasing stim-
g lus intensities. (B) Left: representative traces of
100 200 300 ulus ensilies p .« .
Paired-pulse interval (ms) a connegted granule cel} (GrC) and Purklnjg cell
(PC) pair from WT animal. Note that a train of
action potentials in the granule cell (scale bars:
o wr vertical 50 mV, horizontal 25 ms) induces post
B s218L synaptic responses in the Purkinje cell (scale
bar: 10 pA). Red trace indicates the averaged re-
sponse of 10 repetitive sweeps (gray traces) of
GrC-PC EPSC. Middle: summary of maximum
EPSC amplitudes in response to the granule cell
train stimulusfrom 9 WT and 8 Cacnala®'" dual
granule cell-Purkinje cell whole-cell recordings.
Right: Percentage of pairs with detectable EPSC
responses among all successful double record-
100 — o'° * ings. (C) Paired-pulse ratios (second EPSC am-
. ° o plitude/first EPSC amplitude) of PF-EPSCs with
b ] M various paired stimulation intervals (25-300 ms)
- 88 AT b from WT (open circles, n = 8) and Cacnala®'st
02 L (solid circles, n = 8) Purkinje cells. Insets show
S . sipgle RF-EPSC traces eyoked .by double PF
CF-EPSC (nA) Paired-pulse interval (ms) stimulations with 50 ms inter-stimulus interval
from WT and Cacnala®'®* Purkinje cells (scale
bars: vertical 200 pA, horizontal 20 ms). (D)
Symbols indicate average CF-EPSC amplitudes from WT (n = 21) and Cacnala®*'*" (n = 20) Purkinje cells recorded at mem-
brane potentials 20 mV below the reversal potential (see Material and Methods). Lines indicate the cumulative chart of CF-
EPSC amplitude distributions of WT (continuous line) and CacnalaS*'®" (dashed line) Purkinje cells. (E) Paired-pulse ratios
(second EPSC / first EPSC) of CF-EPSC with various stimulation intervals (50 - 800 ms) from WT (n = 11) and Cacnala®'*"
(n = 10) Purkinje cells. Insets show single CF-EPSC traces evoked by double CF stimulations with 200 ms inter-stimulus in-
terval from WT and Cacnalas*'®" Purkinje cells (scale bars: vertical 500 pA, horizontal 100 ms). Asterisk indicates significant
difference (p-value indicated in the results section). See also Figure S1 and S2.
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to the morphological alterations, the synaptic efficacy is also increased in CacnalaS*'*"

mutants.

To investigate a possible presynaptic origin of the increased synaptic transmission
at the PF-PC synapse in Cacnala®*'8 mutants we first recorded the paired-pulse facilitation
between two successive PF-EPSCs elicited by stimulation in the molecular layer, which
reflects the increased efficacy of vesicle release due to residual free Ca*-ions in the
PF terminal. At inter-stimulus intervals of 25-100 ms the paired-pulse facilitation in
Cacnala®'™ was significantly smaller than in WT (all p-values < 0.001) (Figure 2C).
Second, we applied channel-specific Ca?*-channel blockers to study the effects of the
S218L mutation on neurotransmitter release mediated by Ca 2.2 (N-type) and Ca 2.1
(P/Q-type) VGCCs, which together mediate the bulk of neurotransmitter release from
PFs. The contribution of N-type channels was measured by bath application of the N-type
specific blocker m-Conotoxin GVIA (w-CgTx). We found that N-type channels have a
smaller contribution to PF-EPSC amplitude in Cacnala®*"*" mutants (p = 0.004) (Figures
S2A and S2B). Subsequent bath-application of the P/Q-type specific blocker w-Agatoxin
IVA (o-Aga-TVA) further reduced the PF-EPSC amplitude in both WT and CacnalaS*'®*
mutants to equal residual currents (p = 0.8). The residual currents were similar to when
w-Aga-IVA was applied without ®-CgTx in the bath (p = 0.7). Thus, although the effect
of blocking P/Q-type-mediated presynaptic Ca**-influx on PF-PC synaptic transmission is
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not increased in CacnalaS*'3" mutants, we observed a possibly compensatory decrease in
the percentage of N-type-mediated neurotransmitter release. Together these data indicate
that the S218L mutation altered the efficacy of neurotransmitter release efficacy from PFs,
which together with altered synaptic connectivity is likely to enhance the input that Purkinje
cells receive from granule cells.

Decreased paired-pulse depression at Cacnala

synapses

Ca 2.1-VGCCs also mediate
the transmission at the climbing
fiber — Purkinje cell (CF-PC)
synapse [18]. Therefore, we
recorded the Purkinje cell
response to CF activation in
Cacnala®®  mutants and
found typical all-or-none
responses with amplitudes and
rise time values similar to those
in WT littermates (all p-values
>().2) but faster 1 decay (p=0.02)
(Figure S1B). In order to clarify
whether the S218L mutation
altered the release probability
at the climbing fiber synapse,
we compared the response to

S218L

Figure 3. Negative shift of current-
voltage relationships of whole-cell
Ca?-currents in acutely dissociated
Cacnala®"" Purkinje cells

(A) Current-voltage relationship of
Ca’-current in acutely dissociated
WT (n = 10) and Cacnala®"" (n =
10) Purkinje cells. Mean current den-
sities were plotted against depolariz-
ing voltages. Insets show representa-
tive traces of Ca®*-currents in WT and
Cacnala®*'® Purkinje cells evoked
by 50 ms depolarizing pulses to -40,
-30 and -20 mV (holding potential =
-70 mV; scale bars: vertical 75 pA/pF,
horizontal 20 ms). (B) Normalized
Ca?-conductance at different depo-
larizing voltages in WT (n = 10) and
Cacnala®*® (n = 10) Purkinje cells.
Solid curves indicate Boltzmann fits
and dashed lines indicate correspond-
ing voltages of half-maximum con-
ductance (p-values indicated in the
results section). See also Figure S3.
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double CF stimulations with
inter-stimulus intervals ranging
from 50 - 800 ms in the presence of 2 mM y-DGG, a low affinity glutamate antagonist
that competes with glutamate and thereby dampens glutamate receptor saturation at this
synapse so as to allow caul quantification of the dynamics of the transmitter release at
the CF terminals [19]. Such stimuli revealed smaller paired-pulse ratios of CF-EPSCs in
Cacnala®'® mutants at intervals longer than 200 ms (p-values < 0.05) (Figure 2E). To study
the contribution of P/Q- and other types of voltage-gated calcium channels to the release
of glutamate from climbing fiber terminals we sequentially applied ©-CgTx and w-Aga-
IVA (Figure S2C, D). These recordings revealed that neither N- nor P/Q-type mediated
neurotransmitter release from Cacnala®'" climbing fiber terminals, nor the residual EPSC
component were affected (all p-values > 0.5). Together, these data show that the S218L
mutation affects the CF-PC synaptic transmission, but without disrupting the typical all-or-
none response, which is warranted by the saturated release probability at this synapse [8].

Membrane potential (mV)

Altered Ca**-influx in Cacnala®'*t Purkinje cells

Aside from altered synaptic inputs, Cacnala®'®" Purkinje cells are likely to be affected
intrinsically, as 90% of their high-voltage activated Ca’*-influx is mediated by Ca,2.1-

175



Chapter 7

A Figure 4. Irregular pacemaking activity of Cacna-
1a"'% Purkinje cells

—WT
— s218L 3 1 wT

(A) Moving averages (bin width 100 ms) of the firing
frequency of intrinsic Purkinje cell activity in WT (grey
line) and Cacnala®'®" (black line) Purkinje cells. Left
arrow indicate the time point of representative traces
of continuous firing pattern in WT and CacnalaS*'*t
shown in the top and middle insets and right arrow in-
dicates Cacnalas*"" burst pattern shown in the lower
inset (scale bar: vertical 50 pA; horizontal 200 ms).
~ (B) Representative autocorrelograms of interspike in-
< tervals from intrinsic WT (grey line) and Cacnalas'*-
§ (black line) Purkinje cell activity. (C) Mean second
% coefficient of variance (CV2) and firing frequency of
2

g

i

N

081 Owr
W s218L

spontaneous Purkinje cell activity from WT (n = 15)
and Cacnala®'®" (n = 15). Asterisks indicate significant

Autocorrelation

A \ o differences (p-values indicated in the results section).
100 0 100 See also Figure S4.
Interspike interval (ms)

channels [10,20] and, moreover, the Ca,2.1-channel activation curve in cerebellar
Cacnala®*® granule cells where shown to have a clear negative shift [13,21]. In order
to clarify to what extent Ca,2.1-mediated Ca**-influx in Purkinje cells is changed by the
S218L mutation we recorded the whole-cell Ca**-current density in acutely dissociated
Purkinje cell somata from pl16-p21 CacnalaS*'®" mice and wild type littermates. In WT
we recorded an inward Ca*'-current in response to depolarizing voltage steps from -44 +
2 mV, which peaked (-67.3 + 6.3 pA/pF) at -10 mV (Figure 3A). In contrast, CacnalaS*'%"
mutant Ca,2.1-channels in Purkinje cells were activated at a more negative membrane
potential of -56 £ 2 mV (p < 0.001 compared to WT) and peaked (-103.5 £ 12.1 pA/
pF) at -25 mV. To quantify the effect of the mutation on voltage-dependent activation,
we determined the normalized whole-cell conductance at each voltage and fitted the data
to a Boltzmann function, revealing a significant negative-shift in V , of the Cacnala®'*"
neurons relative to WT neurons (-36.4 £ 1.2 mV vs. -21.2 £ 1.5 mV; p < 0.001) (Figure
3B). The potency of this shift can be appreciated by considering the larger current density in
Cacnalas*'® neurons upon relatively mild depolarization (e.g., at —=30 mV currents through
Cacnalas*® channels are 5 times greater than WT). In addition, we recorded Ca**-currents
of Purkinje cells in neonatal cerebellar slices (at pS-p6). These recordings showed a similar
negative voltage shift in CacnalaS?"®" Purkinje cells (p < 0.001) (Figure S3), confirming
the persistence of this direct effect of the S218L mutation throughout the development of
Cacnala®"*" mutants. Together these findings indicate that Ca 2.1 VGCCs in Cacnala®'™"
Purkinje cells respond more readily and robustly to minor depolarization of the membrane
potential.

Irregular spontaneous spiking patterns in CacnalaS"*" Purkinje cells

The extent of the negative shift in the Ca, 2.1 activation curve predicts a severe effect of the
S218L mutation on intrinsic pacemaking activity of Purkinje cells (see also [11]). Therefore,
we recorded in loose cell-attached mode the spontaneous activity patterns of Purkinje cells
in acutely prepared cerebellar slices in the presence of blockers for all synaptic transmission.
Under these conditions, the Purkinje cell spiking activity appeared continuous and regular
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Figure 5. Irregular Purkinje cell firing in alert Cacnalas""
mutant mice

(A) Typical extracellular recordings of single unit Purkinje
cell activity in wild type (WT; Top) and Cacnala®'® (S218L;
Bottom) (Scale bars: vertical 400 wV, horizontal 100 ms). Ar-
rows indicate complex spikes and all negative going events are
simple spikes. (B) Left: average simple spike (SS) firing fre-
quency (FF). Middle: SS coefficient of variation (CV). Right:
SS second coefficient of variation (CV2) for WT (white; n =
14) and S218L (black; n = 25). (C) Accompanying average
complex spike (CS) FE, CS CV, and length of climbing fiber
(CF) pause. (D) Normalized probability distribution of all
inter-simple spike-intervals pooled from all recordings of WT
(grey line) and S218L (black line). Note that the burst activ-
ity of simple spikes in Cacnala®'®" is illustrated by the peak
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at short inter-simple spike-intervals (left arrow) and the long
pauses in simple spike activity are illustrated by the long tail
in long inter simple spike intervals range (right arrow). Aster-
isks indicate significant differences (p-values indicated in the
results section). See also Figure S5.
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in all 15 recorded WT cells, but in only 1 out
of 15 recorded Cacnala®*"®" Purkinje cells: the
bulk of Cacnala®'™" Purkinje cells showed an p
intermittent firing pattern (Figure 4A) in which
periods of continuous firing (27.8 + 6.1 s) were
interrupted by bursting activity (35.3 £ 9.5 s).
As a result, both the regularity and the average
firing frequency of Cacnala®*'®" Purkinje cell 0
activity were significantly different in that

the second coefficient of variance (CV2) (c.f.
Material and methods) was also higher and the average firing frequency was lower (p =
0.003 and p < 0.001, respectively) (Figures 4B and 4C). In addition, similar disruptions
of Purkinje cell activities were observed both in the absence of blockers for all synaptic
transmission and in ACSF containing a lower K'-concentration (3.2 mM) (Figure S4),
which together underline the persistent effects of the S218L mutation on Purkinje cell
intrinsic pacemaking activity.

o

Normalized probability

100 107 102 10°
Inter-Simple Spike-Interval (ms)

Disrupted Purkinje cell firing in alert Cacnala®*'®" mice

To study the combined effects of the altered synaptic inputs and the irregular pacemaking
activity in Cacnala®'®" mutants on the output of the cerebellar cortex we next performed
in vivo extracellular recordings of Purkinje cell activity in alert mice. Cacnala®*'3" Purkinje
cells showed qualitatively normal simple and complex spikes waveforms (Figure 5A).
However, the average simple spike firing frequency was significantly lower (p < 0.001)
(Figure 5B). A more detailed quantification of the simple spike firing patterns revealed
severe irregularity in Cacnala®'®" Purkinje cells by the occurrence of long pauses and
occasional burst firing (Figures 5A and S5). In fact, both the average irregularity calculated
over the whole recording (CV) as well as the irregularity calculated on a spike-to-spike basis
(CV2) were significantly increased in Cacnala'®" Purkinje cells (p-values < 0.02) (c.f.
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Figure 6. PF-stimulation induces Ca*-spikes in Cacnala™® A B
Purkinje cells WT S218L
P =
(A) Top: Representative traces of 2 mV PF-EPSP (top inset, scale ‘ ‘
bars: vertical 2 mV, horizontal 50 ms) and typical Purkinje cell H’H_MMJL JJM‘L m/ MJJML
t t t

spiking pattern in response to PF stimuli (bottom inset, scale bars: N
vertical 20 mV, horizontal 50 ms). Vertical arrow indicates time of o | i I
stimulus. Bottom: Histogram of spike counts and accompanying X s
raster plot of 30 repeats of single PF stimulus (scale bar: 4 spike
counts). (B) Similar to (A) for a typical Cacnalas'*" Purkinje cell
that showed intermittent continuous and bursting episodes. Bottom
insets show representative responses to single PF stimulus while the
neuron fired continuously (left) or burst-like (right) prior to the stim-
ulus. Note that when the Cacnala®*'*" Purkinje cell fired continu-
ously, single PF-EPSP induced a burst; whereas when the Purkinje
cell fired bursts the PF-EPSP depolarized the membrane potential to

reset the burst-pause-burst cycle. (C, D) similar to (A, B) but now for JJ MU U :JJ U MJ i JL
a 100 Hz train of 5 PF-stimuli. (C) WT Purkinje cells respond with e s L b Pl o

an action potential to each individual PF stimulus in the train (bot-

tom inset). Scale bars: for PE-EPSP, vertical 4 mV, horizontal 50 ms; ‘ I ‘ i |
for action potential, vertical 20 mV, horizontal 50 ms; for histogram: M
4 spike counts. (D) Cacnala®'®" Purkinje cells always responded

with a burst to the PF train stimulus, regardless of the pre-stimulus
firing pattern.

5X PF 100 Hz

Material and methods) (Figure 5B). Moreover,

the pause in the simple spike activity after each

complex spikes was 4-fold longer in Cacnala®"*" Purkinje cells (p < 0.001). Remarkably,
pauses in the simple spike firing with a length similar to CF pauses often occurred without
a preceding complex spike (Figures SA and 5D). In contrast to this disrupted simple spike
firing pattern, both the firing frequency and the regularity of complex spikes was not
affected in Cacnala®*'®" Purkinje cells (p-values > 0.4) (Figure 5C). Thus, increased PF-
PC synaptic transmission and the irregular pacemaking activity are manifested in severely
deregulated simple spike firing patterns in Cacnala®'®" mutants.

Parallel fiber output elicits burst-like activity in Cacnala>'®" Purkinje cells

In order to further reveal how the PF-PC synaptic input contributes to disrupting the simple
spike firing in Cacnala®'™" Purkinje cells, we next studied the effects of PF input on
spontaneous Purkinje cell activity in vitro. To do so, we first adjusted the PF stimulation to
elicit PF-EPSPs of 2 mV (c.f. Material and methods) in both groups, by which we canceled
any influence of differences in PF input strength (c.f. Figure 2). Under these conditions, all
Purkinje cells fired spontaneously, and a single PF-EPSP stimulus consistently resulted in
one well-timed action potential in all 12 WT Purkinje cells, but elicited a burst and pause
sequence in 12 out of 13 Cacnala®"" Purkinje cells (Figures 6A and 6B). The average
burst and pause sequence consisted of 6.4 = 1.3 action potentials and a 186.6 = 25.6 ms
long pause. In Cacnala®*'®" Purkinje cells that fired a burst or was pausing after a burst,
the PF stimulus seemed to reset the burst-like firing state (Figure 6B). This difference in
response pattern to PF stimuli between WT and Cacnala®'*" Purkinje cells persisted when
we applied a 100 Hz stimulus train of 5 pulses [22] (Figures 6C and 6D). All WT cells
responded to each PF-EPSP in the train with a well-timed action potential, whereas in the
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A B Figure 7. Hyperexcitable action potentials and

WT oo S218L Ca*-spikes in Cacnala®'®" Purkinje cells
| o oea- |

-~ 100pA -~ ~— | |

(A, B) Samples of Purkinje cell responses to 1500
ms depolarizing current pulses ranging from 100
— 1000 pA in WT and Cacnala®"" (Scale bar:

20 mV). Bottom: Purkinje cell responses of 150

ms represent regular Na'-spikes in WT and Ca*'-

spikes in Cacnala®'t. (C) Cumulative percentage
LLLEA)
i

L

of spiking thresholds plotted against the injected

‘ Iy currents in WT (n = 13) and Cacnala®'®" (n = 13)
o \ Purkinje cells. (D) Left: Representative examples
- of action potentials from WT and Cacnala®'®"
Purkinje cells; Right: mean action potential (AP)

threshold in WT (n = 13) and Cacnala®'®" (n =

13) Purkinje cells. (E) Cumulative percentage of

Purkinje cells firing bursts during the 1500 ms

current injections. (F) Mean number of bursts in

response to current injections of 100 - 1000 pA in

cf_ - D 20 S WT (n = 13) and Cacnala®*"*" (n = 13) Purkinje
S gfg Py o %730 £, § cells. (G) Top: Sample of CacnalaS*" Purkinje
E 8l [/ /7 - = 3 s«  OWT cell responses to 1500 ms long current injections of
§S40{ // _—sma & £ e 54 os218L 500 pA depolarizing current; Middle: after applica-
ES 2 =g LTI £-48 { tion of 1 uM TTX; Bottom: after co-application of
3% e sl wr st T 1 uM TTX and 100 uM Cd?** (scale bar: 20 mV).

Current Injection (pA) Asterisks indicate significant differences (p-values
indicated in the results section). See also Table S3.
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input with normal amplitudes elicits
burst-like firing in Cacnala®'"
Purkinje cells, which together with increased PF-PC synaptic transmission, is likely to
mediate the disrupted simple spike firing in vivo.

Hyperexcitability of action potential and burst activity by somatic current injections
in CacnalaS"®" Purkinje cells

To determine the origin of the altered excitability in CacnalaS*'®" Purkinje cells, we tested the
responses to somatic current injections ranging from 100 — 1000 pA relative to the holding
current (c.f. Material and methods) (Figures 7A and 7B). Starting at the lowest current
injection tested, CacnalaS*'®" Purkinje cells fired action potentials, whereas WT Purkinje
cells remained silent (p < 0.005) (Figure 7C). Analysis on the kinetics of CacnalaS*'®"
Purkinje cell action potentials showed a more negative initiation threshold (p <0.001) and
resting membrane potential, but the action potential rise time, amplitude and decay time
kinetics as well as the basic membrane properties of the cells were normal (Figure 7D
and Figure 11E; Table S3). Again, like with the PF stimulation, burst-like firing could be
readily elicited by direct current injection in Cacnala®*'® Purkinje cell somata, whereas
such activity was observed only in 2 out of 15 WT neurons and only in response to current
injections of > 600 pA (p < 0.001) (Figures 7E and 7F). Since previous studies identified
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Figure 8. Dendritic Ca**-spikes and enhanced back- A B
propagation of somatic action potentials in Cacna- wT S218L
1a"'% Purkinje cell dendrites

. . o . — Soma
Simultaneous recordings of spontaneous spiking activ-

ity from Purkinje cell somata and dendrites. (A) Stable J
level of somatic action potential firing in the WT Pur- —}-‘J%P—A}-ﬁ% 7
kinje cells causes poor back propagation of membrane
depolarization into the dendrite (top, scale bars: verti- L 1 J
cal 20 mV, horizontal 10 ms). The accompanying de- l l
rivatives (dV/dt) show equal time scales in the somatic i

(black) and dendritic (red) waveforms (scale bars: so- ‘lr'—"'lr——‘lr'—‘lr—“lr— L l,_a‘r_—‘,.MJ/H,__
mata: vertical 300 mV/ms, horizontal 10 ms; dendrites:

vertical 30 mV/ms, horizontal 10 ms). (B) Somatic

and dendritic membrane potentials during spontane- o

ous burst firing in Cacnalas*®" Purkinje cells (top, 40 16 * 2

= Dendrite

scale bars: vertical 20 mV, horizontal 10 ms). A rise of o an 23 og
dendritic membrane potential (red arrow) precedes the = 8 T Scys
burst firing that is composed of somatic action poten- g %20 § g % E o
tials and dendritic Ca*"-spikes. Dendritically generated ?Eé S0 55, 58

Ca?"-spikes can be recognized from their distinct kinet- *;; NiA s ow s

o

ics compared with backpropagated somatic action po- 0 0

& & 0 50 100 150 200
tentials (indicated by asterisks). Both the rise and decay $ @‘\'7 $ éi\ Distance from soma (um)
time of Ca?'-spikes are slower than the backpropagated
somatic action potentials (see main text for quantifica-
tion; scale bars: somata (black): vertical 300 mV/ms, horizontal 10 ms; dendrites (red): vertical 30 mV/ms, horizontal 10 ms).
(C) Summary of the maximum amplitudes of Ca?" spikes in the CacnalaS?'*" Purkinje cell dendrites (n = 10). No dendritic
Ca?" spike was observed from WT Purkinje cells (left). The level of attenuation (indicated as the ratio of dendritic and so-
matic spike amplitudes) of somatic action potential backpropagation was smaller in CacnalaS*'®" Purkinje cells as shown in
the averaged attenuation (middle) and attenuation from individual neurons (right) (WT (n = 13) and Cacnalas**" (n = 10).

similar burst-like activity in Purkinje cells as dendritic Ca*-spikes [6,23], we repeated
the current injection experiment in Cacnala*'®" Purkinje cells in the presence of the Na*-
channel blocker tetrotodoxin (TTX), which abolishes the fast somatic action potentials,

A B Figure 9. Concurrent left shift of SK-channel activation
%_\ WT Membrane potential (mV)
f:-, Zz :;vz:m_ 2omv ;SSVT% i i (A) Voltage-current relationship of SK-currents in WT (n = 18)
2 [’};\, es218L and Cacnala®*'"®" (n = 20) Purkinje cells. Peak tail current densities
5 10 L were plotted against depolarizing voltages. Insets show representa-
z K" 1o tive traces of tail currents in WT and Cacnala®*'*" Purkinje cells
g 0 dmminl 40mv 15 evoked by 50 ms depolarizing pulses to -40 and -20 mV (holding
O 60 40 W 0 g L potential = -70 mV; scale bars: vertical 10 pA/pF, horizontal 20
Memprane potenta (mV) ms). (B) Ratio of Ba*"- and SK-currents at various voltages in WT
(4 (n=9) and Cacnala®"™" (n = 8) Purkinje cells. (C) Mean afterhy-
% 10 perpolarization (AHP) amplitude in WT (n = 13) and Cacnala®*'®"
g 8 (n = 13) Purkinje cells in acute cerebellar slices. Representative
26 examples of the AHP amplitude (indicated by dashed lines and ar-
g 4 rows) in 10 action potentials (grey) from a single WT and a single
; 2 Cacnala®*"*" Purkinje cell and their average (red) (scale bars: verti-
< cal 10 mV, horizontal 2 ms). Note that action potentials have been

WT s218L . ; .
clipped for clarity of representation.

but not the slow spikes. Co-application of CdCl,, a non-specific Ca*"-channel blocker,
completely abolished the remaining slow spikes, confirming that CacnalaS*'®" Purkinje
cells fire Ca?*-spikes (Figure 7G). Thus, these data suggested that the S218L mutation
induces a reduction in the initiation threshold of both action potentials and dendritic Ca*'-
spikes in Cacnala®*'®" Purkinje cells.
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Cacnala®®" mutation induces dendritic calcium spikes and enhances backpropagation
of somatic action potentials

Figure 10. Simulated regulation of dendritic Ca**-spiking A wr B
———————————— 4 wWT x
Model of an isolated piece of Purkinje cell dendrite to simulate Ca** W z
spike generation. The model contained five active membrane conduc- :Q;:' 2 {
tances, of which the upstroke and repolarization of a spike where fa- an x
cilitated by a P/Q-type calcium current and a B-type potassium cur- S
rent, respectively. (A) Development of the membrane potential (V| ) in m‘“’ mv % 1 2

CaP density (norm)

response to current injections (Imj) of 0, 1.4, 2.8, 4.2, 8.0 and 12.8 pA,
from bottom to top. Traces were separated by 40 mV intervals for clar-
ity of display. The model generated calcium spikes for a finite range of o 528
L (B) The bounded area indicates combinations of L and CaP channel
density that were suited for generating sustained calcium spiking in the
model. The crosses correspond to the first four traces in (A). (C) Simu-

(2}
o

Icap (norm)
\
Iy (PA)
N
N

lated steady-state Ca**-current I_ through the model CaP-channel as a s218L
function of V_, for WT (black) and Cacnala®'®" (grey). The mutation T — 20 % T 2
was simulated by shifting the half-maximum activation value (V) of Vim (mv) CaP density (norm)

the CaP-channel by 12 mV in the hyperpolarizing direction. (D) The

bounded area indicates the combinations of [, ; and CaP-channel density s218L .
WT,

that were suited for generating sustained Ca* spiking with mutant CaP- S

cahnnels. (E) Membrane potential in response to current injections as in W z,

(A), for the Cacnala®**" model. (F) Regulation of the onset of spiking. = s218L
The solid curves show the current injection L onser AL which sustained T

spiking starts for WT (black) and Cacnala®'* (grey), as a function of —{aomv ¢ : )
the SK-channel density. The Cacnala®'*" model had a lower threshold 100 ms SK density (Norm)

for firing Ca**-spikes as compared to the WT model, while for both
models the threshold could be modulated by changing the SK-current
density.

To investigate the effect of a hyperpolarizing shift in Ca*-channel activation on Ca?*-
spiking in Cacnala®*'®" Purkinje cell dendrites, we performed simultaneous patch clamp
recordings from both the Purkinje cell soma and dendrite. In WT Purkinje cells the
spontaneous action potential firing did not elicit any burst like activity and both the somatic
and dendritic recordings showed stable waveforms during spontaneous activity as well as
in response to current injections (Figure 8A). In accordance with previous findings [24] the
action potentials generated from the soma were heavily attenuated in the dendrite, and thus
had little influence on the dendritic waveforms. In fact, even direct current injections of
up to 1000 pA in the dendrite did not elicit any dendritic Ca**-spikes in WT Purkinje cells
(data not shown). In contrast, all of the 10 recorded Cacnalas*'®"Purkinje cells frequently
showed spontaneous bursting activity that consistently started with an elevation of the
dendritic membrane potential (5.2 + 1.3 mV relative to the membrane potential during
the previous interspike-interval; c.f. Material and methods) that preceded the initiation of
somatic bursting activity (Figure 8B). During the bursting activity, the dendritic electrode
recorded both the dendritic spikes as well as the backpropagated somatic spikes (Figure 8B).
Although the dendritic amplitude of the somatic action potential firing was related to the
distance between the soma and the dendritic recording electrode, our results show that the
backpropagation of somatic spikes was enhanced in the Cacnala®*'® Purkinje cells (Figure
8C). The dendritic spikes and backpropagated action potentials were separated by amplitude,
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Figure 11. SK-channel activator 1-EBIO increases the thresh-
old for Ca**-spike activity in CacnalaS*'®" mice.

(A) Left: Cumulative percentage of bursting thresholds plotted
against the injected currents in Cacnala?'8t Purkinje cells with
0.5 nM apamin (n = 7) or in Cacnala®'®" Purkinje cells with 10
UM 1-EBIO in the bath (n = 8). For comparison the WT and Cac-
nalas*'"®" Purkinje cell data are represented again (as in Figure 7).
Right: Averaged bursting threshold for the four groups represented
in left panel. Note that the WT values did not differ significantly
from the S218L + 1-EBIO group. (B) Left: Similar groups as in
(A) but now representing the mean number of bursts in response to
1500 ms current injections of 100 - 1000 pA. Right: The average
number of bursts at 600 pA of current injection. Note that appli-
cation of apamin increases the bursting activity, whereas 1-EBIO
rescues the bursting activity. (C) Average action potential threshold
(Left) and Ca*" burst threshold (Right) in Cacnalas*'®" cells with
and without 1-EBIO. (D) The average input resistances recorded at
34 + 1°C of all cells presented in (A, B and C). Asterisks indicate
significant differences.

rise time and decay time: The maximal amplitude
of the dendritic spikes during a single burst was
31.5 £ 2.7 mV relative to the spiking threshold,
which surpasses the dendritic amplitude of the
backpropagated action potentials when recorded
as proximal as ~50 um (Figure 8C). The rise
(1.46 £ 0.15 ms) and decay time (1.92 + 0.1 ms)
of these dendritic events is significantly longer

than from backpropagated somatic events (0.29
+0.04 ms and 0.21 + 0.01 ms; both p < 0.001). Moreover, towards the end of the bursts the
dendritic events preceded the somatic events (Figure 8B). These results indicate that the
S218L mutation promotes both dendritic depolarization and backpropagation of somatic

Figure 12. SK-channel activator 1-EBIO reduces irreg-
ular simple spike firing and shortens CF pause in alert
Cacnala®™®" mice

(A) Top: average complex spike (CS) firing frequency (FF)
(Left), CS coefficient of variation (CV) and climbing fiber
(CF) pause for WT (white; n = 14), WT + 1-EBIO (light
grey; n = 13), Cacnala**"" (black; n = 25), and Cacna-
1a%"t + 1-EBIO (dark grey; n = 21). Bottom: Accompa-
nying average simple spike (SS) FF, SS CV, and SS CV2.
(B) Normalized probability distribution of all inter — simple
spike — intervals pooled from all recordings of Cacnala®*'s"
(thin) and Cacnala®*'® + 1-EBIO (bold). Note the absence
of bursting simple spike activity in the presence of 1-EBIO
(indicated by arrow). Inset shows a zoom in on the normal-
ized probability of long (50 — 300 ms) inter — simple spike
— intervals for Cacnala®*'®" (thin), Cacnala®**" + 1-EBIO
(bold) and WT (gray) (for clarity reasons constructed us-
ing a 1 ms bin size). Note the significant reduction of long
simple spike pause in the presence of 1-EBIO. Asterisks in-
dicate significant differences (p-values indicated in results
section).
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action potentials, which together frequently trigger dendritic Ca**-spike firing.

Involvement of Ca**-activated K*-channels in modulating dendritic Ca**-spike activity
in CacnalaS'® Purkinje cells

As indicated by various studies [11,25,26], the balance between Ca, 2.1 and Ca*-dependent
K*-channels is crucial for proper Purkinje cell functioning. To study the possible effects
of the negative shift in activation of Ca 2.1-channels on Ca**-dependent K*-channels,
we recorded the tail currents in response to Ca’*-influx at various holding potentials in
dissociated Purkinje cells. Under our conditions (c.f. Material and methods), the tail
currents are known to be indicative of small-conductance Ca’’-dependent K*-channels,
e.g., SK-channels [27]. The activation curve of these SK-currents showed a significant
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Figure 13. Oral administration of CHZ improves motor performance in Cacnala®*'®" mice.

The performance of Cacnala®*'* mice (n=9) and WT littermates (n = 14) were evaluated using an accelerating rotarod on
daily bases. CHZ was applied for 7 days (black bar) after a stable score was achieved for three days. The performance was
scored before, during and after CHZ treatment by comparison of the latency to fall in time (left) and rotations per minute
(RPM; right). Three days were averaged during each period as indicated by grey bars, e.g., A, B and C, respectively. CHZ
administration improved the motor performance, in that the latency to fall was significantly increased in Cacnala®"*" mice
but not their WT littermates. Asterisks indicate significant difference.

left-shift in Cacnala®*'™" Purkinje cells relative to WT Purkinje cells (V,, in Cacnala®'™"
-41.9 £ 0.1 mV vs. WT -30.6 £ 0.6 mV; p < 0.001) (Figure 9A). The maximal amplitude
of these SK-currents in CacnalaS?'®" Purkinje cells are similar to those in WT (p = 0.69).
The extend of adaptation of SK-currents in CacnalaS?'®t Purkinje cells becomes apparent
from the ratio between Ca,- and SK-currents (see Material and methods): at all membrane
potentials that evoked > 5 pA/pF current density for both Ca - and SK-currents in WT
Purkinje cells, the ratio was not significantly different (all p-values > 0.15) (Figure 9B).
In addition, the ratio between Ca,- and SK-current densities remains within normal limits
at membrane potentials more hyperpolarized than -35 mV, e.g., potentials at which only in
Cacnala®'*" Purkinje cells Ca,2.1 are activated. Similarly, in cerebellar slices we found
no difference in the amplitude of the afterhyperpolarization (AHP), which is known to be
mediated by SK-currents, relative to the action potential threshold (p = 0.26) (Figure 9C).
These results indicate that in Cacnala*'®" Purkinje cells the SK-channels activate at more
negative membrane potentials in response to the left shift of the Ca 2.1 activation without
apparent compensatory properties.
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Given that SK-channel functions have been shown to be the critical modulator
of Purkinje cell burst firing [26,28], we next studied the possible effects of left shift in
Ca,-channel activation and concurrent shift in SK-channel activation on dendritic Ca*'-
spiking and the impacts of modulating SK channel function in regulating Purkinje cell burst
firing. We first modeled an isolated piece of a Purkinje cell dendrite with active membrane
currents that control dendritic excitability to generate Ca?*-spikes (see Material and methods
for details). The upstroke and repolarization of the Ca?*-spike were facilitated by a high-
voltage-activated Ca?'-current (CaP) and a high-affinity Ca?*-activated potassium current
(SK), respectively. In addition, the model contained a low-threshold calcium current (CaT),
a persistent potassium current (KM) and the BK-type Ca**-activated potassium current. The
model generated Ca**-spikes upon increasing external current injection I, (Figure 10A),
for a range of CaP channel densities (Figure 10B) and shifting the activation of the CaP
channel (Figure 10C) indeed increased the excitability of the model, up to a point where a
CaP-generated upstroke was generated even when no external current was injected (Figures
10D and 10E). The threshold for Ca**-spike generation could be modulated by changing the
SK current density in that decreasing the SK channel density did not reduce the excitability,
but increasing SK channel density effectively elevated the threshold that elicit Ca**-spikes
(Figure 10F). In contrast, the CaP-BK balance proved irrelevant for the threshold for spike
generation. Taken together, the model shows that dendritic Ca**-spike firing indeed could
be modulated by increasing the SK current density.

Inorderto test the computational predictions of the effects of SK-channel modulation
on the occurrence of dendritic Ca**-spikes in Cacnala®*'®" Purkinje cells, we studied the
effects of both SK-channel blockers and activators. We first applied a SK-channel blocker to
cerebellar slices of the gain-of-function Cacnala*'® mutants. Bath-application of various
concentrations of apamin (0.5 nM - 1 mM) did not restore the disrupted spiking pattern
in Cacnalas*'® Purkinje cells. Instead, similar to the effect of apamin to WT Purkinje
cells, application of apamin (shown 0.5 - 1 nM apamin) to Cacnala®*'®" Purkinje cells
induced continuous burst firing of Na*-spikes and decreased threshold of dendritic Ca**-
spikes (Figures 11A and 11B). In contrast, bath-application of the SK-activator 1-EBIO (10
uM) restored the thresholds of both Na*- and Ca?*-spiking as well as the number of bursts
in Cacnala®"" Purkinje cells to near WT levels without changing the input resistance (all
p-values > 0.3) (Figures 11C and 11D). Thus, the enhanced SK-channel function following
application of 1-EBIO (as indicated by the increase threshold of Na*- and Ca?*-spikes)
counteracts the effects of the S218L mutation on Purkinje cell spiking in vitro.

In vivo application of SK-activators increased regularity of Purkinje cell firing and
improved motor performance

To further test the effectiveness of 1-EBIO in normalizing CacnalaS*'8" Purkinje cell
firing, we applied this drug in vivo. Following the application of 1-EBIO to the craniotomy
(c.f. Material and methods) extracellularly recorded activity patterns of CacnalaS*'®"
Purkinje cells reverted towards WT levels: both the CV- and CV2-values decreased, the
average firing frequency increased and the climbing fiber pause reduced (all p-values <
0.02) (Figure 12A). Most strikingly, 1-EBIO almost completely eliminated the burst-like
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activity as well as the long spontaneous pauses in the simple spike firing, and thereby
greatly improved the regularity of simple spike firing (Figure 12B). Moreover, 1-EBIO
also induced a change in WT Purkinje cell firing, in that the average CV2-value reduced
significantly (p < 0.03) (Figure 12A). Thus, our data show that enhancing SK-currents
counteracts the disruptive effect of the S218L gain-of-function mutation on Ca,;2.1-currents.

The positive effects of enhancing SK-currents in Cacnala®*'®t Purkinje cells
prompted us to test whether the motor behavior would also improve by application of SK-
activators, as recently shown for loss-of-function Cacnala mutants [29]. In order to do
so, we trained the animals on the accelerating rotarod until a stable score was reached
(Figure 13). In Cacnala®*'®" this baseline score was 111 £+ 15 s and for wild type 275+ 6 s
(p <0.001). During the next 7 consecutive days we supplied the mice with Chlorzoxazone
(CHZ), a FDA-approved drug that has been indicated to enhance SK-currents, in their
drinking water (c.f. Material and methods) [29]. Whereas in wild type CHZ did not affect
their near maximal rotarod score, in Cacnala®*'®" we found a significant increase in the
maximal rotation speed (Figure 13) (p = 0.02). After we stopped the supply of CHZ the
scores of the Cacnala®'*" mutants returned to baseline values, whereas in wild type mice no
change was observed. Together these data show that application of a SK-channel activator
reduces both the irregularity of Purkinje cell firing in CacnalaS*'®" mutants as well as the
ataxic motor performance.

Discussion

Previous studies have provided clear evidence as to how cerebellar ataxia comes about in
loss-of-function Cacnala mutants, but as of yet it remained unclear how gain-of-function
mutations in the same gene can induce ataxia. Here we show that mice that harbor the S218L
gain-of-function mutation in the Cacnala gene [13] exhibit typical cerebellar hallmarks
of ataxia, such as altered connectivity and transmission at the PF-PC synapse as well as
irregular Purkinje cell pacemaking activity and disrupted simple spike firing. Moreover, our
results reveal that the irregular firing of Purkinje cells in alert Cacnala®*'®" mutants is based
upon hyperexcitability; somatic current injections trigger action potentials and dendritic
Ca?"-bursts more readily and PF stimulation also results in Ca**-spikes. Finally, our study
reveals that not only the Ca**-spikes in Cacnala®*'®" Purkinje cells, which are enabled by
a left-shift in the activation curve of Ca,2.1-channels, and the burst-pause sequences in
simple spike firing can be counteracted by increasing the SK-channel function, but also the
ataxic motor behavior of Cacnala®*'8" mutants is relieved by a similar approach. Below we
will discuss the impact of these findings for cerebellar functioning in general and we will
address the analogy with phenotypes of loss-of-function Cacnala mutants.

Origins of increased synaptic transmission between granule cells and Purkinje cells
in Cacnala®"™" mice

Instead of showing compensational signs of decreased activity such as a decreased number
of PF-PC synapses, PF varicosities or Purkinje cell spines, our results demonstrated that the
S218L gain-of-function Cacnala mutation increased the percentage of PF varicosities that
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contact multiple Purkinje cell spines. This alteration in connectivity between granule cells
and Purkinje cells was counterintuitive, since the same increase was found in various loss-
of-function Cacnala mutants and was suggested to be a likely candidate to compensate for
the partial loss of synaptic transmission at this synapse [9,30,31]. Since we did not observe
any Purkinje cell spine contacting with multiple PF varicosities in the CacnalaS*'®" mutants,
the normal density of PF-PC synaptic components may be due to some PF varicosities
contacting no Purkinje cell spine. In principle such varicosities may also contact spines of
multiple Purkinje cells, molecular layer interneurons or Golgi cell dendrites, and further
detailed experiments are needed to elucidate how the offset in Ca*-homeostasis affects
the distribution of such synaptic connections in both loss- and gain-of-function mutations.

Apart from the altered morphology, the granule cell — Purkinje cell synaptic
connection is strengthened by the S218L mutation, in that both the stimulation of a bundle
of granule cell axons and the activation of a single granule cell elicit a larger response in
Cacnala®*® Purkinje cells. Although our experiments were not designed to unravel to
what extend the release probability at granule cell — Purkinje cell synapses is increased in
Cacnala®*'™ mice, our findings are in parallel with those of a recent study that reported
on the continuously facilitated Ca,2.1-channels and enhanced Ca**-influx in Cacnala®'*"
granule cell terminals [32]. In summary these recent and our current findings indicate that
the release of glutamate is presumably increased at Cacnala®"" granule cell — Purkinje
cell synapses.

In contrast to the differences in PF-PC contacts, we found that the synaptic
transmission at the CF-PC synapse is relatively unaffected in Cacnala®'™" mutants.
Although a substantial portion of neurotransmitter release from climbing fibers is mediated
by Ca,2.1-channels we only found a reduced release in response to the second stimulation
at longer intervals (> 200 ms). As both loss-of-function Cacnala mutants and the gain-of-
function Cacnala®*'® mutant show a normal initial CF-EPSC amplitude [8,33], our data
support the possibility that synaptic transmission at the CF-PC synapse is less vulnerable
to Ca?*-channelopathies than PF-PC synapses; this difference may be due to the saturated
release probability of transmitter release at the CF-PC synapse [8,34]. Our in vivo data
further support this idea in that both the frequency and regularity of complex spikes
remained intact in Cacnala®'®" Purkinje cells. Although we cannot rule out the possible
effect of decreased T cay of CF-EPSCs, it seems reasonable to state that the S218L mutation
affects the CF input less than the PF input.

The CacnalaS® mutation induces Purkinje cell hyperexcitability and irregular
pacemaking activity

The current results show that, as in other cell types (including cerebellar granule neurons
[13], and transfected cortical neurons [21]), in Purkinje cells the S218L mutation causes
a negative shift in activation of Ca,2.1-currents, which probably leads to Purkinje cell
hyperexcitability and irregular pacemaking activity. These phenomena could be explained
by various factors. First, Cacnala®'™ Ca2.1-channels are activated at membrane
potentials (~-56 mV in dissociated somata and -48 mV in p5/p6 Purkinje cells) close to
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the initiation threshold of Na*-dependent action potentials [23,35,36]. As the lower action
potential threshold was partially rescued by blockage of VGCCs (Figure S6), the Ca,2.1-
channels are the most likely candidate for the hyperexcitability of action potential firing.
Second, Ca, 2.1 channels in Cacnala®'*" Purkinje cells are prone to be active more during
spontaneous action potential firing and thus could readily initiate Ca?*-spikes, as indicated
by the frequent burst-pause sequences in spontaneous pacemaking activity. At this point,
however, we cannot rule out the possibility that the S218L mutation also induces secondary
effects on various Na'- and K*-channels, which in turn could also have a direct impact on
action potential firing in Purkinje cells (see also [35]). Third, our simultaneous somatic
and dendritic whole cell patch clamp recordings during spontaneous activity show that
depolarization of the dendritic membrane triggers the burst-firing in Cacnala®*'®" Purkinje
cells. This bursting activity can also be elicited by minor current injections to both soma
and dendrite of Cacnala®*'®" Purkinje cells, but not in wild type Purkinje cells. Moreover,
when we project the increased PF-EPSC amplitude on the intrinsic hyperexcitability of
Cacnala®*'®" Purkinje cells, it becomes clear that the PF-input further disrupts the irregular
pacemaking activity, which together form a solid basis for the irregular simple spike firing
found in alert Cacnala®*'"* mice.

Still, we cannot exclude a contribution of disrupted feed-forward inhibition by the
molecular layer interneuron - Purkinje cell input to the irregular Purkinje cell firing pattern
[37,38]. One possible effects of the S218L mutation on this prominent inhibitory input to
Purkinje cells is that the release of GABA is enhanced, since it was found to be decreased
in various loss-of-function mutants [39]. However, it was recently found that in the cerebral
cortex the comparable R192Q gain-of-function mutation in the Cacnala gene did not affect
inhibitory transmission whereas it did enhance excitatory transmission [40]. We found no
difference in the in vitro Purkinje cell activity with or without inhibitory neurotransmission
and thus it appears likely that the enhanced granule cell input to Purkinje cells and the
hyperexcitable intrinsic pacemaking activity together are the main cause for the disrupted
Purkinje cell output in CacnalaS*'3" mice.

Ataxia in gain- and loss-of-function Cacnala mutants

The current study reveals striking similarities in the effects of Cacnala®*'8" gain-of-function
mutants with those described in ataxic loss-of-function Cacnala mutants. Clearly, PF-PC
synapses and Purkinje cells are both sensitive to increases and decreases in Ca, 2.1-currents.
However, the type of disturbance of Purkinje cell pacemaking activity that these shifts in
Ca,2.1-currents induce differs between Cacnala®'™" gain-of-function mutants and loss-of-
function mutants. Whereas the hyperexcitability of CacnalaS*'®" Purkinje cells results in
frequent spontaneous or PF-induced burst (e.g., Ca?*-spike) firing, ataxic tottering, leaner
and ducky mice show a highly irregular pacemaking activity in Purkinje cells, but no
spontaneous Ca*"-spikes [11,35]. Still, both types of abnormalities are equally detrimental
for information processing in the cerebellar cortex and both gain-of-function and loss-of-
function Cacnala mutants are ataxic [7,13].

A recent study showed that both irregular Purkinje cell pacemaking activity and
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ataxic motor behavior in loss-of-function Cacnala mutants were rescued by SK-channel
activators [11]. Similarly, but counter intuitively, the same SK-activator also improved the
regularity of Purkinje cell firing and motor performance in gain-of-function CacnalaS*'*"
mutants. Although both in loss-of-function and gain-of-function Cacnala mutants direct
evidence for a misbalanced Ca -SK ratio in loss-of-function Cacnala mutants is not
available([11] and this study), it appears that enhancing the SK-channel function reduces
the effects of the decreased and increased Ca,2.1-mediated current. Application of SK-
channel activating drugs like 1-EBIO and CHZ improves the regularity of Purkinje cell
pacemaking activity in loss-of-function mutants whereas these drugs reduce the burst
firing in gain-of-function mutants. Therefore, the present study further widens the avenue
of therapeutical applications for SK-channel activators in treating ataxia in CACNA1A4-
mutated patients (see also [29]). Interestingly enough, 4-AP, a voltage gated K*-channel
inhibitor, also restores the precision of Purkinje cell pacemaking activity by broadening the
action potentials and increasing the AHP amplitude in tottering Purkinje cells [41]. These
data suggest that in loss-of-function mutants, other drugs that promote AHP are functional
in restoring regular Purkinje cell firing and hint that perhaps in gain-of-function mutants
substances that reduce the bursting threshold and/or hyperexcitability could also reduce
the irregularity of Purkinje cell firing and thereby reduce ataxic motor performance like we
found for 1-EBIO and CHZ.

Granting the irregular Cacnala®*'®" Purkinje cell firing pattern, we should also
consider potential additional downstream effects of the S218L mutation. For instance, as
shown for ataxic loss-of-function mutants, irregular Purkinje cell firing may result in a
further loss of information since the propagation reliability of Purkinje cell axons drops
off at intra-burst frequencies (e.g., > 280 Hz) [42,43]. Moreover, it is known that (semi-)
chronic alterations of the Purkinje cell firing patterns can lead to severe morphological
aberrations of their axon terminals [44,45,46] and thereby mediate irregular activity of
cerebellar nuclei neurons, as was recently shown for the loss-of-function Cacnala mutant
tottering [47]. Our results thus predict that the firing patterns of Cacnala®'" cerebellar
nuclei neurons are similarly disturbed as in loss-of-function Cacnala mutants, and that
their activities should be carefully addressed in exploring the potential therapeutical power
of SK-channel activators.

Material and Methods

Animals

S218L S218L

Cacnala®'™ mice were generated as previously described [13]. Homozygous Cacnala
mice and WT littermates (both genders) ranging from postnatal day (p) 5 to three-month-old
were used in the experiments. Animals were maintained at 22 = 2 °C with 12 hrs dark and
light cycle and were provided with food and water ad libitum. All studies were performed
with experimenters blind to the genotype and in accordance with the guidelines of the
respective universities and national legislation.
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Immunohistochemistry

Two-month-old Cacnala®*'®" mice and WT littermates were anaesthetized with Nembutal

(50 mg/kg, i.p.) and perfused transcardially with 50 ml phosphate-buffered saline (PBS) (pH
7.4) containing 4% paraformaldehyde. The cerebellum was carefully removed and post-
fixed in fresh fixative for 2 hrs at room temperature. Sixty-um thick parasagittal sections
were sliced with a cryotome (Leica, Wetzlar, Germany), collected in 0.1 M PB and rinsed
in 50 mM PB. Free-floating slices were blocked with 10% normal horse serum (NHS)
and 0.5% Triton-X100 for 1 hr and incubated with rabbit anti-calbindin D-28K antibody
(1:10.000, Sigma-aldrich, Zwijndrecht, Netherlands), diluted in PBS with 2% NHS and
0.5% Triton-X100 for 72 hrs. Subsequently, slices were incubated with biotinylated goat-
anti-rabbit secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA) for
1.5 hrs and followed by 1.5 hrs incubation with avidin-biotinylated horseradish peroxidase
complex (ABC-HRP, Vector Laboratories). Sections were rinsed in 0.1 M phosphate buffer
and visualized with 0.05% 3, 3-diaminobenzidine tetrahydrochloride. After rinsing in 0.1
M PBS, slices were mounted and counterstained using Nissl staining. For a subset of mice
(n =3 for each genotype) we applied a fast Golgi-Cox staining method as described before
[48]. Spine numbers per 10 pm of dendritic length and varicosities along parallel fibers
[49] were quantified using MetaVue (Universal Imaging Corp., San Francisco, CA, USA).

Electron microscopy

Four two-month-old Cacnala®"" mice and four WT littermates were anaesthetized with
Nembutal (50 mg/kg, i.p.) and perfused transcardially with 50 ml 0.12 M phosphate buffer
(pH 7.4) containing 4% paraformaldehyde and 0.2% glutaraldehyde. Next, cerebella were
cut into 80 to 100 um sections using a vibratome (Technical Products International, St.
Louis, MO, USA) and collected in 0.12 M phosphate buffer. Sections were post-fixed
in 1% osmium tetroxide, stained with 1% uranyl acetate, dehydrated and embedded in
Araldite (Durcupan ACM, Fluka, Germany). Ultrathin (50-70 nm) sections were cut using
a ultramicrotome (Leica), mounted on Formvar-coated copper grids, contrasted with 2%
uranyl acetate and 1% lead citrate (Fluka), and analyzed using a CM 100 electron microscope
(Philips, Eindhoven, The Netherlands). Electron micrographs were collected with a CCD-
camera (Megaview II, Olympus Soft Imaging System, Munster, Germany) and analyzed
with AnalySIS (Olympus Soft Imaging System) and MetaVue (Universal Imaging Corp.,
San Francisco, CA, USA) image processing software. To estimate the average numbers
of Purkinje parallel fiber-Purkinje cell synapses, 25 images of the most distal 1/3 of the
molecular layer were collected per animal at 13,500X. PF-PC synapses were recognized as
asymmetrical contacts with loosely clustered spherical synaptic vesicles in PF varicosities
and clear postsynaptic density structures in Purkinje cell spines. CF-PC synapses were
identified by their more proximal location and high number of tightly compacted vesicles.
The morphology of PF varicosities and Purkinje cell spines was analyzed at 19,000X. To
verify the percentage of PF varicosities that contact multiple Purkinje cell spines, 1000
synaptic contacts per genotype were quantified. To quantify the dimensions of the PF
varicosity and dendritic spine > 50 structures per animal were used. The Purkinje cell spine
length was calculated by measuring the distance between the tip of the spine head and
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the base of the spine neck. Electron micrograph analysis was performed by averaging per
animal and then by genotype. Data are represented as mean + S.E.M.

Slice preparation for electrophysiology

Cacnala®*'® mutants and WT littermates of various ages were decapitated under isoflurane

anesthesia. Subsequently, the cerebellum was removed and transferred into ice-cold slicing
medium that contains (in mM): 240 Sucrose, 5 KCI, 1.25 NaZHPO4’ 2MgSO,, 1 CaCl,, 26
NaHCO, and 10 D-Glucose, bubbled with 95% O, and 5% CO,. Parasagittal slices (200 or
250 um thick) of the cerebellar vermis were cut using a vibratome (VT1000S, Leica) and
kept in ACSF containing (in mM): 124 NaCl, 5 KCl, 1.25 Na,HPO,, 2 MgSO,, 2 CaCl,, 26
NaHCO, and 20 D-Glucose, bubbled with 95% O, and 5% CO, for > 1 h at 34 °C before
the experiments started.

Whole-cell electrophysiology

Experiments were performed with a constant flow of oxygenated ACSF (1.5-2.0 ml/
min). Purkinje cells were visualized using an upright microscope (Axioskop 2 FS plus,
Carl Zeiss, Jena, Germany) equipped with a 40X water immersion objective. Patch-
clamp recordings were performed using an EPC-10 double amplifier (HEKA electronics,
Lambrecht, Germany). Voltage-clamp recordings were performed at room temperature
whereas current clamp and loose cell-attached recordings were performed at 34 + 1 °C. All
in vitro experiments are performed in the presence of picrotoxin (100 M) except for the
recording of spontaneous Purkinje cell activity presented in Figure S4. Blockers of other
neurotransmitters were applied where indicated.

Parallel fiber response

Four two- to three-month-old Cacnala®'"® mutants and five WT littermates were used
to record Purkinje cell responses to PF stimulation. The resistances of borosilicate patch
pipettes ranged from 2.8 - 3.5 MQ when filled with intracellular solution containing (in mM):
70 Cs-Methalsulfonate, 80 CsCl, 2 MgCl,, 1 EGTA, 10 HEPES, 4 Na ATP and 0.4 Na,GTP
(pH 7.3). Membrane potentials were clamped at -70 mV with holding currents ranging
from -100 to -200 pA. A voltage step of -10 mV was applied following each stimulus to
monitor series and input resistances. Cells were discarded if the input resistance was < 150
MQ or when series and/or input resistance shifted more than 15% during the recording. To
evoke PF-mediated excitatory postsynaptic currents (PF-EPSCs), patch pipettes filled with
ACSF were placed in the most distal 1/3 of molecular layer adjacent to the patched Purkinje
cells at the same distance and orientation. To assess the stimulus intensity - EPSC output
(input-output) ratio consistently, only Purkinje cells with similar dendritic arborization
(based on the width of molecular layer) were selected. To elicit paired-pulse facilitation,
two consecutive stimuli with 8-10 pA stimulus intensity were given with 25 - 500 ms inter-
stimulus intervals. PF-EPSC kinetics were characterized by calculating the 10 - 90% rise
time and T decay using a single exponential fit (IGOR pro, Wavemetrics, Inc., Portland, OR) to
averaged (4-6 subsequent) PF-EPSCs recorded in response to stimuli of 10 pA.
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Paired Purkinje cell and granule cell recordings

P21-30 Cacnala®® mutants (n = 10) and WT littermates (n = 12) were used for paired
whole-cell recording. Purkinje cells were voltage clamped at -65 to -70 mV with intracellular
solution containing (in mM): 120 K-Gluconate, 9 KCl, 10 KOH, 3.48 MgCl,, 4 NaCl, 10
HEPES, 4 Na,ATP, 0.4 Na,GTP 17.5 sucrose and 10-20 uM Alexa 488 (pH 7.25). Purkinje
cell dendritic arborizations were visualized using epifluorescence to select Purkinje cells with
complete dendritic tree. Following the visualization of Purkinje cells, granule cells below
the Purkinje cell dendrite tree and < 100 pm away for soma were randomly selected. Whole-
cell recordings of granule cells were performed using intracellular solution containing (in
mM): 126 K-Gluconate, 1 MgSO,, 4 NaCl, 0.1 BAPTA, 0.05 CaCl,, 5 HEPES, 3 MgATP,
0.1 Na,GTP and 15 D-Glucose (pH 7.2). In our preparation, > 95% patched granule cells
were excitable. Granule cells were held at -60 mV with minimal current injection (-20 to
0 pA) in current clamp mode. Trains of granule cell action potentials were evoked with a
50 ms square current pulse, of which the current intensity was adjusted in that the action
potential train was maintained at a physiological relevant frequency (~ 200Hz). Although
no effort was made to differentiate between parallel fiber connections and ascending axon
connections, it is likely both connections were included in our experiment (see also [50]).
Purkinje cell recordings with 15 to 30 repetitive granule cell stimulations were selected for
offline analysis. The EPSC amplitude at a single granule cell-Purkinje cell synapse elicited
by such high frequency spike train was usually > 5 pA, thus could be unambiguously
depicted from baseline noise. Experiments were performed at 34 = 1 °C.

Climbing fiber response

Eight CacnalaS"" mutants and eight WT littermates ranging from p16 - p21 were used to
quantify Cf-PC synaptic transmission [51]. To avoid contamination of CF-EPSC by Na*-
spikes, we included 5 mM QX-314 in the Cs*-based intracellular solution. To standardize
the driving force, we continuously clamped the membrane potential at -20 mV from the
reversal potential (~0 mV). This also implicated that the elicited currents are well within
the limits of our amplifiers; at resting membrane potentials (~-65 mV) the currents elicited
by climbing fiber activation often saturate the amplifier. Only cells with low initial series
resistance of 8 - 12 MQ and series resistance compensated for > 70% were included in
the study. Reversal potentials were measured before and after experiments and cells were
excluded if reversal potential shifted > 3 mV. Stimulation electrodes were placed in the
granule cell layer surrounding the Purkinje cell somata. We checked for Purkinje cells
innervated by multiple climbing fibers by gradually increasing the stimulus intensity
while recording CF-EPSCs. Purkinje cells that responded with a stepwise increase of CF-
EPSC amplitude were considered to be innervated by multiple climbing fibers [52] and
were excluded from further analysis. Paired-pulse depression was measured using two
stimulation pulses with inter-stimulus intervals ranging from 50 - 800 ms. For paired-pulse
depression measurement, a low affinity, competitive AMPA receptor antagonist 2 mM
vyDGG was added into ACSF to prevent receptor saturation [18]. The y-DGG molecules
compete with the glutamate and thereby reduce the CF-EPSC amplitude. However, the
paired-pulse ratio is still proportional to the glutamate released from the presynaptic
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terminal. CF-EPSC kinetics where characterized by calculating the 10 - 90% rise time
and the single-exponential t docay O averaged (4 - 6 consecutive) CF-EPSCs with Igor Pro
(Wavemetrics, Inc., Portland, OR).

Estimation of VGCC subtypes that contribute to neurotransmitter release at PF-PC
and CF-PC synapse

N-type blocker w-Conotoxin-GVIA (o-CgTx) and P/Q-type blocker w-Agatoxin-IVA
(ow-Aga-IVA) (Peptide Institute, Osaka, Japan) were applied to the bath after stable baseline
EPSCs were obtained. Reductions of relative EPSCs were taken as functional indications
after each blocker was applied. Stock solutions were prepared in ACSF in the presence
of 1 mg/ml Cytochrome C to minimize nonspecific binding. Stock solutions (0.1 mM
concentrations) were stored at -20°C and used within two weeks. ©-CgTx and o-Aga-IVA
stocks were diluted in ACSF supplemented with 0.1 mg/ml Cytochrome C, yielding final
concentrations of 3 pM ®-CgTx and 0.2 uM w-Aga-IVA.

Ca?-current and Ca’*-dependent K*-current in dissociated Purkinje cells

Purkinje cells were isolated enzymatically from pl6 to p21 mouse cerebellum using
a protocol adapted from [53]. 250 or 300 pum thick coronal slices were incubated in
dissociation solution containing (in mM): 69 Na,SO,, 30 K, SO,, 5 MgCl,, 25 NaHCO,, 10
D-Glucose, supplemented with 3 mg/ml protease XXIII, bubbled with 95% O, and 5% CO,
at 32 °C for 7 min. After incubation, slices were washed three times with warm dissociation
solution containing 1 mg/ml trypsin inhibitor and 1 mg/ml BSA, and subsequently washed
in Tyrode’s solution containing (in mM): 150 NaCl, 4 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES
and 10 D-Glucose, at room temperature. Slices were triturated in Tyrode’s solution with
fire polished Pasteur pipettes to liberate individual neurons. Neurons were suspended and
mounted on Poly-D-Lysine/Laminin coated coverslips (BD Biosciences, Bedford, USA)
for further experiments. Purkinje cells were identified by their large diameter and pear-
shaped soma. To insure an adequate voltage clamp, only Purkinje cells that lost most of
the primary dendrites were selected. Whole-cell Ca?*-currents were recorded in dissociated
Purkinje cells from Cacnala®*'® and WT animals using an intracellular solution containing
(in mM): 100 Cs-Methalsulfonate, 2 MgCl,, 20 TEA, 10 EGTA, 5 QX-314, 10 HEPES, 10
Na-Phosphocreatine, 4 Na,ATP and 0.4 Na,GTP (pH 7.3). Additionally, 1 uM TTX and 2.5
mM 4-AP were added in the ACSF to block voltage-gated Na*- and K*-currents. The series
resistance was compensated for > 70% and leak and capacitive currents were subtracted
by the -P/4 method. Cells were discarded when the holding current at -70 mV exceeded
-100 pA. Ca**-currents were obtained by 50 ms depolarizing pulses to various membrane
potentials ranging between -70 mV and +40 mV at 5 mV increments. Current-voltage (I-V)
curves were obtained only from cells with a voltage error of <5 mV and without any signs
of inadequate voltage-clamp as measured by notch-like current discontinuities and slow
components in the decay of capacitance currents (in response to hyperpolarizing pulses). The
current density was calculated by dividing the current amplitude by the cells capacitance.
We consider currents > 3 SD from the average holding current detectable. To estimate the
Ca?"-dependent K*-channels, whole-cell currents were measured with intracellular solution
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containing (in mM): 120 K-Gluconate, 9 KCl, 10 KOH, 3.48 MgCl,, 4 NaCl, 10 HEPES, 4
Na,ATP, 0.4 Na,GTP and 17.5 sucrose (pH 7.25). One uM TTX, 2.5 mM 4-AP and 1 mM
TEA were added into ACSF to block voltage gated Na*™ and most of voltage-gated K*- and
BK-channels [27,53]. To estimate the remaining Ca*-dependent K*-channels, we adopted
a protocol used previously to isolate SK-mediated tail currents in Purkinje cells [27]. Ca**-
influx were obtained by 50 ms depolarizing pulses to various membrane potentials ranging
between -70 mV and +20 mV and adjusted back to holding potential. A positive tail current
after depolarizing pulse were measured as indication of Ca*-dependent K* channels. To
estimate the ratio between Ca,- and SK-conductances in individual Purkinje cell, Ca*'-
dependent K*-currents were first measured in Tyrode’s solution supplemented with 2.5
mM 4-AP, | mM TEA and 1 pM TTX (pH 7.25). After a stable I-V curve was obtained,
the extracellular solution was replaced by the second extracellular solution containing (in
mM): 165 TEA-CI, 2 BaCl, 10 HEPES, 2.5 4-AP and 0.001 TTX (pH 7.25) to isolate the
Ba?*-current. I-V curves were constructed from data obtained after a stable Ba?*-current was
achieved. SK- and Ba*"-current densities of < 5 pA/pF were excluded to avoid inaccurate
analysis of the ratio between these currents for each Purkinje cell.

Purkinje cell spontaneous activity and current clamp recording

The Purkinje cell spiking activity was recorded in loose cell-attached configuration with
patch pipettes (diameter 2-3 um) filled with ACSF at 34 + 1°C. Eight two- to three-month-
old Cacnala®*'®" mutants and 10 WT littermates were used in this experiment. Spontaneous
activity was observed as fast current deflections of -100 to -200 pA. Analysis of the regularity
of spiking and the frequency was performed with MATLAB Matlab (Mathworks, Natick
MA, USA) and Excel (Microsoft) using the first 5,000 spikes recorded from each cell.
The regularity of firing was calculated using the second coefficient of variance (CV2) of
interspike intervals (ISI), to quantify the instantaneous regularity of firing (CV2 = 2[ISI | —
IS |/(ISI_, +ISI )) [54]. Autocorrelograms of ISIs were generated using a 1 ms bin width as
previously described [7] using custom-written Matlab routines.

For current clamp experiments, an intracellular solution containing (in mM): 120
K-Gluconate, 9 KCI, 10 KOH, 3.48 MgCl,, 4 NaCl, 10 HEPES, 4 Na,ATP, 0.4 Na,GTP
and 17.5 sucrose (pH 7.25) was used. Purkinje cells from eight two- to three-month old
Cacnala®*® and eight WT animals were held at -65 to -70 mV using -400 to -500 pA
current injection to avoid spontaneous spiking activity at 34 £ 1 °C. To study the effects
of PF input on Purkinje cell spiking patterns, holding current injections were cancelled to
allow spontaneous firing. For current injection experiments, after obtaining stable holding
potentials, spiking patterns were elicited by injection of depolarizing currents ranging from
100-1000 pA (relative to the holding current). Simultaneous recordings from Purkinje cell
somata and dendrite were performed in a set of experiment. Both somatic and dendritic
recordings were obtained in current clamp with either no holding current injections or -400
to -500 pA somatic current injection to keep Purkinje cell at -65 mV. Dendritic spikes were
characterized by their distinct dV/dt from backpropagation potentials (Figure 8B) and the
spiking thresholds were set when dV/dt exceeds 5 mV/ms.
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Extracellular recordings in vivo

Extracellular recordings of Purkinje cell activity patterns were performed as described
previously [55]. In short, mice (WT n=4, Cacnala®*'3" n = 5) were immobilized using head-
fixed pedestals over the frontal, medial and temporal bones constructed of dental acrylic
and stainless steel screws of 1 mm diameter equipped with custom-made connectors that
were located in the frontal, medial and temporal bones. Craniotomies (~2 mm in diameter)
were placed in the occipital bone overlying (para)vermal regions. In order to prevent
Cacnala®*'™ mice from seizing [13] it was essential to let the mice wake up slowly in the
restrainer by means of reducing the 1.5% isoflurane anesthesia (in O,) in a slow fashion.
The recovery from this anesthesia was monitored by electro-encephalograms (EEG) that
was recorded from the motor and sensory cortices. To prevent any possible contamination
from the anesthesia, the extracellular recordings were started > 1 hour after standard fast
fourier transform analysis of the EEG signals indicated a full recovery (see also [56]).
Extracellular recordings were performed using borosilicate glass pipettes filled with 0.5 M
NaCl of 4-8 MQ, which were advanced into the cerebellum using a hydraulic manipulator
(Trent wells, Austin, Texas, USA). Only single-unit Purkinje cell recordings (qualified as
such by the presence of a clear climbing fiber pause following each complex spike [57]) of >
60 s were analyzed using principal component waveform analysis [58]. For each recording
we analyzed the firing frequency, coefficient of variance (CV = stdev (ISI) / mean (ISI))
and the minimal climbing fiber pause. In addition, for simple spikes we calculated the mean
CV2 value as a measure for irregularity on a spike-to-spike basis (temporal coding) [54].
Recordings were subsequently amplified, filtered, and digitized using a CyberAmp (Axon
Instrument, Inc., Union City, CA, USA) and CED1401 (CED, Cambridge, UK), and were
stored for off-line analysis using custom-written Matlab (Mathworks) routines. Inter spike
interval distributions were constructed using a 0.1 ms bin size, unless stated otherwise. The
normalization of the distribution was performed by dividing by the maximal probability.

Behavioral analysis

Motor coordination on the accelerating (4—40 rpm, in 5 minutes) rotarod (model 7650, Ugo
Basile Biological Research Apparatus, Varese, Italy) was measured every day in 2 trials
with 1 hour inter trial interval. The indicated time is the time spent on the rotarod, or time
until the mouse made 3 consecutive rotations on the rotarod.

CHZ (Sigma) was orally administrated by adding it to their drinking water as previously
described [29]. In short, the 15 mM CHZ solution was prepared fresh every day in the
water supplemented with 0.1% hydroxypropyl-p-cyclodextrin (Tocris Bioscience) and 10%
sucrose. pH was adjusted with 1 M NaOH till CHZ just dissolved completely. Mice drank
on average 5.5 ml/d in our experiments, resulted in an estimated plasma concentration of
~30 uM [29]. The weight of the animals and the extent of their water intake were monitored
throughout the experiment and no significant change was found.

Computational modeling
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Mechanisms of dendritic calcium spikes were simulated in a single-compartment model of
an isolated piece of Purkinje cell dendrite, using the NEURON environment (For details
see supplemental experimental procedures).

Statistics

Statistical comparison between Cacnala®*'® mutants and WT littermates was performed

using paired or unpaired two-tailed Student’s t-test or two-way ANOVA, with P < 0.05
defining a significant difference. Summarized data are represented as mean + S.E.M.
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Supplementary information
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.y m s218L — W s218L
E?° * 5 g o° x [® = (A) Quantification of 10 - 90% rise time (left)
g 12 E g 08 6 E and 1, (right) of PF-EPSCs (WT n = 8,
=10 g8 8 £ o4 4 ¥ Cacnala™® n = 10). (B) Quantification of 10
8 0s . o 2 02 ) & —90% rise time and t,_ of CF-EPSC (WT n
. 4 =21, Cacnala®®n = 20). Asterisks indicate
0 0 0 0 significant differences (p < 0.05).
PF-EPSC CF-EPSC
B Figure S2. P/Q- and N- type VGCC sensitive
401 @ SeL 100 o fractions of PF-EPSC and CF-EPSC
5 S2
;Z;% " $%  (A) Representative examples of the time course
@ 220 50 3£ of PF-EPSC amplitudes of WT (grey triangle)
oE £e¢ and Cacnala®** (black dots) Purkinje cells
38 2% during the subsequent application of 3 uM
2 40 60 80 0 ® "%  u-Conotoxin-GVIA (0-CgTx) and 0.2 uM
Time (min) w-Agatoxin-IVA (w-Aga-IVA). The PF-EPSC
amplitudes before toxin application were
C D o wr normalized to 100%. Inse_ts represent example
w-CgTx w-Aga-IVA w0 W S28L o EPSC traces takgn from indicated qme points
100 s WT N §§, (scale bars: vertical 200 pA, horizontal 20
S m_.. . 91 £8 52 ms). (B) Summarized toxin-sensitive PF-EPSC
2 , ﬁ";-‘ L 8520 50 ;é— components (WT n = 5, Cacnala*'®'n = 6).
g %0 :gvaﬂzL 1 S8 me k8 (C, D) Similar to (A, B), the representative
5 N (;1 38 5;’ % time course of CF-EPSC amplitudes and
or pa s p 2 0 0 ° ¢ summarized ®-CgTx and w-Aga-IVA sensitive
Time (min) components of CF-EPSC were presented (WT
n = 4, Cacnala®"®n = 4). Asterisks indicate
significant differences (p < 0.05).
A B Figure S3. Negative shift of voltage-current
Membrane potential (mV) 8.10- relationships of whole-cell Ca**-currents in
-80 § Jowr °  p5-6 Cacnala®**" Purkinje cells
5081 e s2t8L
EO'S (A) Voltage-current relationship of Ca?-
o 2181 %z:: current in WT (n = 14) and Cacnala®"" (n =
E '0 13) Purkinje cells. Mean current densities were
z

plotted against depolarizing voltages. Insets
show representative traces of Ca>" currents in

75 60 45 30 -15 0

-20
Current density (pA/pF) Membrane potential (mV)

40my , WT and Cacnala®'®" Purkinje cells evoked

| ———— 40mvV_ g
Wi G| Lo m S218L by 50 ms depolarizing pulses to -40, -30 and
o “2omv -20 mV (holding potential = -80 mV; scale

bars: vertical 10 pA/pF, horizontal 20 ms).
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Figure S4. Irregular Purkinje cell
activity pattern under various in vitro
conditions

(A) Mean second coefficient of
variance (CV2) and firing frequency of
spontaneous Purkinje cell activities from
WT (n=21) and Cacnala®'®" (n =26) at
physiological temperatures in the absence
of any blocker. (B) Similar to (A), but
now representing pacemaking activity
recorded in 3.2 mM K*ACSF from WT (n
= 20) and CacnalaS"®! (n = 18) Purkinje
cells. Asterisks indicate significant
differences (p < 0.05).

Figure S5. Burst-like simple spike
pattern in alert Cacnala®'® mutant
mice

Extracellular  recording of single
unit Purkinje cell activity in alert
Cacnala®™"® mutant mice. Arrows
indicated simple spike burst activities
and subsequent pauses (scale bars:
vertical 400 pV, horizontal 100 ms).
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Figure S6. Blocking VGCCs partially restore hyperexcitable action
potential threshold in Cacnala®"" Purkinje cells

Bath application of 100 uM CdCl, restored the mean action potential (AP)
threshold in Cacnala®**" Purkinje cells towards the WT level (n = 8 for
S218L+CdCl,). For comparison the WT and Cacnala®'® Purkinje cell
data are represented again (as in Figure 7). Asterisks indicate significant

differences (p < 0.05).
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Table S1. Quantification of cerebellar volume, Purkinje cell number and dimensions of individual components of

PF-PC synapse

Estimated cerebellar volume in mm? and total number of Purkinje cells (n =4 for both WT and Cacnala®*'®"). Quantifications
(n =3 for both WT and Cacnala®'®") of Granule cell density per um?; density of parallel fiber-Purkinje cell synapses (PF-
PC) per 20 pm? of molecular layer; Purkinje cell spine density per 20 pm? of molecular layer; PFV size; Purkinje cell spine
length; spine head size from EM studies. Spine density along PC dendrite (# Spine/um) and PFV density along granule cell
axon (#PFV/um) were quantified with Golgi-Cox stained specimen (n = 4 for both WT and Cacnala®'®").

oo | 3% [ [aber] " [ s [ gas [ s | sreim

WT 3541+£3.01 | 21.76£5.00 | 3.98+0.14 21.34£1.30 0.22£0.02 0.99£0.03 0.12+0.01 1.37£0.18 0.20£0.09

S218L 36.24+£210 | 2250+£533 | 4.08+0.15 20.87 £1.36 0.19+0.03 0.98 £0.02 0.1210.01 124 +£0.51 0.18 £ 0.06
T-test 0.84 0.42 0.50 0.62 0.43 0.82 0.63 0.25 0.94
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Table S2. Multiple synaptic contacts between PFV and PC spines

Quantification of the proportion of parallel fiber varicosities that contact with multiple Purkinje cell spines

Number synapses per PFV (1 to 4)
1 2 3 4 5 6
WT 977 23 0 0 0 0
S218L 844 139 14 1 1 1

Table S3. Action potential kinetics and basic Purkinje cell properties

Absolute amplitude of action potential (AP); half width (HW) (ms) of AP; maximum rising slope (dV/dt) (V/s); maximum
repolarizing slope (-dV/dt) (V/s); resting membrane potentials (RMP) and decay time constance (t

tecay) Of membrane
capacitance calculated from 19 WT and 18 Cacnala®*'*" Purkinje cells. )
AP amplitude
() HW (ms) dvidt (VIs) -dVvidt (Vis) RMP (mV) Tyocay (MS)
wT 69.89 £ 2.18 0.22 £ 0.01 397.42£19.66 | 343.32 +13.87 47.96+0.71 11.06 £ 0.37
S218L | 66.33+1.64 0.22 £ 0.01 399.87 £22.07 | 369.00 £ 14.27 -50.38 £ 0.81 10.33 £ 0.37
T-test 0.22 0.96 0.93 0.21 0.03 0.64
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Stereological quantification

Calbindin and Nissl double-stained tissue was used for stereological quantification of
Purkinje cell numbers using an Olympus BH2 Microscope equipped with a motorized
stage controlled by a computer running Stereolnvestigator 4 software (MBF Bioscience,
Williston, VT, USA). To estimate the total volume of the cerebellum, virtual contours
were drawn around cerebellar tissue. Within each contour, optical grids (300 x 300 pum?)
including a 3D counting frame (150 x 150 x 15 pm?®) were systematically placed. Purkinje
cells with nucleoli inside the counting frame or contacting the upper and right border of the
counting frame were included in the counting, according to standardized criteria [1]. The
total Purkinje cell number was estimated using the formula:

N=>Q " (t/h) - (1/asf) n

Where N is the estimation of Purkinje cell number in the cerebellum, Y Q is the total
counted cell number, t is the thickness of the slice, h is the height of the counting frame, asf
is the ratio between the area of the frame and the area of the sampling grid and n is the slice
sampling interval. The cerebellar volume was estimated by multiplying the total contour
area with the section thickness without correcting for shrinkage factors.

Computational modeling

Mechanisms of dendritic calcium spikes were simulated in a single-compartment model
of an isolated piece of Purkinje cell dendrite. The model contained the following set of
membrane currents: a high threshold voltage-activated P/Q-type calcium channel (CaP), a
low-threshold voltage activated T-type Ca**-channel (CaT), a voltage-activated persistent
K*-channel (KM), a low-affinity calcium-activated voltage dependent K*-channel (BK) and
a high-affinity calcium-activated K*-channel (SK). Simulations were done in NEURON
with an integration time step of 25 ps. BK, CaT and KM channel descriptions were taken
from [2] (as implemented in NEURON by [3]). The CaP channel description was taken
from [4] and the SK-channel from [5].

The model simulated an isolated piece of Purkinje cell dendrite and consisted of
a single cylindrical compartment with length L = 4 pm, diameter d = 2 um and specific
membrane capacitance C_ = 1.64 pF/cm’. Calcium entering the compartment diffused
instantaneously within a thin sub-membrane shell with thickness d, , = 100 nm. The shell
defined a volume that was used to compute the intracellular Ca**-concentration, which
was regulated by Ca?*-entry through membrane channels and removal by a first-order
mechanism with rate constant B, = 0.6 ms™'. The extracellular Ca*"-concentration was 2
mM, and the internal Ca?'-concentration was not allowed to decrease below 100 nM.

For BK, CaT, KM and leak currents, the current density i for was calculated as
i=gm’h’z’(V, - E), where g is the conductance density, m is an activation variable with p
order kinetics, h is an optional inactivation variable with q order kinetics,

zis an optional Ca?*-dependent activation variable with r order kinetics, ¥, is the membrane

potential and E is the reversal potential for the ionic species (E,= -85 mV, E,, = -80

leak

mV). Channel activation and inactivation variables were expressed in terms of a steady
state value m_(V,) and a time constant 7, (V,) . Voltage-dependent gating parameters were
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calculated from a first-order reaction scheme with forward rate «(7,) and backward rate

BW.,) as m, =a/(a+p) and 7, =1/(a+p), except for KM and leak currents, for
which they were defined explicitly. Ca?'-

dependent gating parameters were calculated as z, =1/(1+ea, /[Ca®]) and z,=p4.. The
specific settings for each current were as follows.

BK: g=80,p=1,9=0,r=2,0=175,8=0.11/exp((V,, —35)/14.9),cx, =40, 8, =10

g=05,p=Lg=1r=0,a, =0.0025/(1+exp((v+40)/8)),8, =0.19/(1+exp(—(v +50) /10)),
a,=2.6/(1+exp(—(v+21)/8)),5, =0.18/(1+exp((v+40)/4))

CaT:
KM:
g=0.013,m, =1/(1+exp(—(V, +35)/10)),
7, =3.3(exp((V,, +35)/40) + exp(—(V,, +35)/20)) / 200

Leak: g=033,m=1Lh=1z=1
Conductance densities are in mSem™, voltages in mV.
The SK-channel was simulated by a Markov-chain scheme with six states, where the

conductance was determined by the sum of two open probabilities, multiplied by a factor

2=0.4. To account for heterogeneities in submembrane calcium concentration, the
effective calcium concentration for SK-channels was set to one third of the global
concentration. Details can be found in [5].

For the CaP channel, current density was determined as i, =ml_, , with m a voltage-

dependent gate and 1, calculated from the Goldman- Hodgkin-Katz
current equation.  Definitions were as follows.

m, =1/ (1+exp(~(V, +19)/5.5))

0.000264 +0.128exp(0.1037,) v, <-35mV

T =

" 10.000191+0.00376exp(—((V, +41.9)/27.8)*) ¥, >-35mV

2 2+ 2+
I =4P. . VE[Ca” ], ~[Ca” ), exp(=2FV | RT) Where PC L. =1x10cm/sec ,
¢ RT 1—exp(—2FV / RT) ‘
[Ca*'], >100nM

, [Ca*],=2mM, T=310K, F=9.6485x10"C/mol and R =8.3145JK 'mol™ .

The effects of a mutation in the CaP channel parameters on the initiation of Ca*'-spiking
were investigated by introducing a-12 mV offset to the voltage dependent gate m. Parameter

space of determinants of spike onset was explored by varying the densities of CaP- and
SK- channels and the critical parameter 7,;, for both wild-type and CacnalaS'®' mutants.

This allowed investigation of the qualitative effects of e.g. certain channel
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affecting drugs or potential compensatory mechanisms in CacnalaS*'8: Purkinje cell
dendrites. Ca**-spikes in the model were detected by implementing a membrane potential
threshold criterium, and the occurrence of three or more consecutive threshold crossings
was taken as an indication of sustained spiking. The threshold in both models was V_=-20
mV.
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Discussion

This thesis describes several aspects of the role of Ca?" mediated signalling in cerebellar
function and motor learning. Using genetically modified mouse models, we are able to pin
down the involvements of one or several fundamental components in the cerebellar func-
tioning. We show for the first time how dampening the Ca?*-induced transmitter release at
parallel fiber — Purkinje cell (PF-PC) synapses provides us a new insight in the properties of
the granule cell network (Ch. 3). It suggests a fundamental dissociation between the role of
granule cell output in maintaining normal motor performance and the role in consolidating
newly learned information. In addition, this thesis emphasizes on the specific forms of cer-
ebellar synaptic plasticity and their potential role in cerebellar learning. We use cell specific
manipulation of long-term potentiation and depression (LTP/LTD) at PF-PC synapses, as
well as the synaptic transmission and plasticity at molecular layer interneuron — Purkinje
cell (MLI-PC) synapses by targeted lesioning of key enzymes or neurotransmitter recep-
tors (Chs. 4-6). These data provide new insights in the involvement of specific synaptic
inputs at the Purkinje cell network during synaptic plasticity and motor learning. Last but
not least, we show that gain-of-function mutations that enhance Ca**-influx induce cerebel-
lar ataxia by a similar pathophysiology as loss-of-function mutations. The importance and
implication of these findings will be discussed in detail below.

Function of granule cell network: spreading diversity and setting the time-windows

The structure of the granular layer network is well suited for spreading diverse sets of
information. The mossy fibers (MF) themselves are derived from many different sources
and they cover large parts of the cerebellar lobules innervating many different granule cells
(GrCs). The numerosity of GrCs in turn provides ample inputs to large parts of the molecu-
lar layer. The Golgi cells, which form a very heterogeneous group of interneurons that are
superimposed on the GrCs (Simat et al., 2007), may well serve to further enhance the di-
versity of the information that they encode. The combination of feedforward and feedback
inhibition superimposed by the Golgi cells will allow the granular layer to control spike de-
lay, to increase the firing rate for specific short periods, to induce delays in changes of firing
rate, and to generate prolonged periods of increased firing (D’ Angelo and De Zeeuw, 2009).
In such a process, sufficient number of GrCs is thus critical for generating and maintaining
the vast diversity of output patterns from GrC layer networks. Several attempts have been
made to answer the question that to what extend the GrCs is needed for proper cerebellar
function (Yamamoto et al., 2003; Wada et al., 2007; Kim et al., 2009). These studies target
the direct upstream cascade of neurotransmitter release at PF-PC synapses and effective
interrupt the GrCs outputs. Both of the strategies reveal similar results that the basal motor
performances are severely impaired following the lesion of GrCs outputs. Wada et al. also
present the involvement of granule cell output in a cerebellum related learning task, e.g.,
eye-blink conditioning. Clearly, GrCs are required for the cerebellar functioning since they
are the major output neurons that innervate molecular layer networks. However several as-
pects of the GrCs output and functions remain puzzling. Wada et al. described the absence
of PC simple spike firing following the silencing the GrC output, which is contradictive
to the intrinsic pacemaking activity of PCs (Raman and Bean, 1999). Although it could be
attributed into the involvement of inhibition from intrinsically active MLIs that silence the
PCs, it is not consistent with the ample evidence from /n vitro studies that show the GrCs
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outputs to be negligible. Moreover, PCs remain active with and without MLI inputs (Ch. 7).
In addition, MLIs are also innervated by GrCs and thus could in theory be equally affected
by the absence of GrC output as PCs. It remains to be shown whether the PC simple spike
firing is silent in the mice where GrCs outputs are chronically rather than acutely silenced
using genetic approach (Kim et al., 2009). Second, GrCs themselves remain silent most of
the time and often operate with long brief high frequency bursts (Chadderton et al., 2004;
Arenz et al., 2008; Ruigrok et al., 2011). It has been estimated that the majority of energy
consumption in the cerebellum is to maintain the metabolism and resting membrane poten-
tials of the cerebellar GrCs (Howarth et al., 2010). It would be extremely energy inefficient
to maintain such a system, if not necessary.

In order to answer the question what are the functions of the GrCs outputs in cer-
ebellar learning, we studied the a6“*-Cacnala KO mice, in which the GrC output is damp-
ened but not silenced completely (Ch. 3). In these mice, the synaptic transmission at PF-PC
synapses is minimized to < 30% of wt littermates, whereas the basic motor performance
is intact. Such a surprising normal basic motor performance contradicts with the previous
two studies, which showed that abolishing the PF-PC synaptic transmission result in severe
cerebellar ataxia (Wada et al., 2007; Kim et al., 2009). In addition, previous studies on Cac-
nala mutant mice also suggest that the lack of PF-PC inputs might contribute to the ataxic
phenotype, although such studies cannot pin down the origin of ataxia due to the wide
spread expression of P/Q-type calcium channels throughout the whole cerebellum (Rhyu et
al., 1999; Matsushita et al., 2002). This thesis presents that the ataxia is absent with mini-
mal GrC output (Ch. 3), but is pronounced when PF-PC synaptic input is increased (Ch.
7). Thus, to what extent the reduction of synaptic input at PF-PC synapses contributes to
motor deficits remains elusive. Evidently, a certain minimal percentage (although less than
30%) of functional intact GrCs is required for fundamental motor performance. In order
to investigate such a bottom limit of GrCs population, several factors have to be addressed
experimentally. First, are all the GrCs functionally homogeneous? Although it is feasible
to assume that the existence of certain variance in the GrC physiological properties given
the extreme numerosity, it is not shown whether GrCs can be categorized into functionally
specific subgroups. Second, GrCs receive MF inputs from diverse brain regions, which
raises the question whether there is any regional specificity of GrC groups that are reserved
for fundamental cerebellar functions? If there is regional specificity, which groups of GrCs
full fill what function? Last, what is the exact population of GrCs required to sustain normal
motor performance? Future studies should aim at varying the percentage and location of
functionally intact GrCs and study the motor performance.

The absence of overnight consolidation of newly acquired procedural memory in
the a6 -Cacnala KO mice (Ch. 3) suggests that a large population of GrCs is essential
for stringent cerebellar learning tasks. Randomly silencing the majority of GrC output is
likely to affect motor learning in several ways. 1. The reduction of GrC output in a random
fashion is likely to minimize the diversity of output patterns, which we proposed to be es-
sential for cerebellar learning in later paragraphs of this chapter. 2. The mosaic organiza-
tion of the remaining GrC output alters long-term plasticity at PF-PC synapses, which is
also essential for memory consolidation (Ch. 4b). 3. Reduction of PF-MLI and potentially
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also PF-Golgi cell inputs could disrupt the feedforward and feedback inhibition from GrCs
and thus affect the PC firing patterns and ultimately also the memory process. A similar
increase in PC simple spike regularity and loss of memory consolidation is also observed
in the PC-Ay2 mice, which lack functional synaptic inhibition at MLI-PC synapses (Ch. 5),
which validates our working hypothesis that a complete and dynamic GrC layer network is
essential for delicate learning process.

Apart from Purkinje cell spiking activity it remains to be elucidated how spiking
patterns in the GrC layer network are modulated. We propose that the various forms of
plasticity present in the granule cell network serve to fine-tune and preserve these spatio-
temporal patterns of GrC activity. For example, the level of LTP at the MF-GrC synapse
may have a prominent impact on the time of occurrence of the first GrC spike in response
to a particular MF input. By controlling first spike delay, this form of LTP may allow spikes
to fall inside the window set by the feedforward inhibition provided by the Golgi cells,
whereas LTD at the MF-GrC synapse may drive the GrC response beyond the window
limit. By controlling the exact onset of a time-window and the number of spikes that oc-
cur within a time-window such fine-tuning may modify the MF patterns that enter the GrC
network (Brickley et al., 1996; Armano et al., 2000). In principle plasticity at the MF-GrC
synapse could continuously modify the spike discharge of a group of GrCs operating within
a particular time-window. The feedback inhibition provided by the Golgi cells in turn might
control the offset of a time-window as well as the duration of the silent period after the
time-window of GrCs spiking activity (Fig. 1). In addition, plasticity at the PF-Golgi cell
synapse, intrinsic plasticity of GrCs or undiscovered forms of long-term plasticity such as
that of the MF-Golgi cell synapse or Golgi cell-GrC synapse may contribute to the same
processes that determine the windows of spiking and the intermittent silent periods in be-
tween. As potentiation of intrinsic excitability can be achieved at a relatively low threshold
in GrCs, it may help to maintain their readiness for generating action potentials in condi-
tions of strong synaptic inhibition and/or weak synaptic excitation (Fregnac, 1998; Daoudal
and Debanne, 2003). Since GrCs form relatively compact electrotonic structures with rela-
tively small losses of potential between dendrites and soma, the mutual impact of changes
in intrinsic excitability and strength of synaptic inputs may be relatively robust. Thus, if
the synergistic roles of both synaptic and intrinsic plasticity in the granular cell network are
fully exploited, it may operate as a flexible device for expanding and redistributing spiking
information in the spatiotemporal domain.

Function of Purkinje cell network: creating output by selecting input

Several hypotheses have been proposed about how vast amount of inputs from GrCs net-
work could be stored and converted into cerebellar working memory. Among those the
Marr-Albus-Ito theory is one of the most influential concepts. In this theory, the synaptic
plasticity at PF-PC synapse, to be specific, long-term-depression (LTD) at this synapse, is
critical for learning and memory in the cerebellum. The CF fiber input derived from inferior
olivary neurons is considered to act as the ‘teaching signal’ that induces LTD at the PF-PC
synapses when coincidently activated with PF input, and thus is the considered to act as the
cue for memory formation (Ito, 2001). However the recent experimental evidence appears
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Figure 1; Spreading diversity and setting the time-windows in the granule cell network.

The Left panels illustrate the diagram of connectivity, known sites of plasticity, and phasic activity patterns of cellular com-
ponents following sinusoidal stimulation. The activity profiles reflect average responses from a group of cells or fibers and do
not represent individual activity patterns. Within the glomeruli mossy fiber (MF) rosettes have excitatory effects on granule
cells (GrC), unipolar brush cells (UBC) and Golgi cells (GoC) (synapses are displayed separately for clarity). UBCs have
excitatory projections on granule cells, which can be prolonged for hundreds of milliseconds. GoCs receive excitatory inputs
from GrCs and project back to the glomeruli where they again inhibit GrCs. Together, this constitutes a network in which a
combination of feedforward excitation, feedforward inhibition, feedback inhibition and lateral inhibition, conveyed by the
MF-UBC, MF-GoC, GrC-GoC and GrC-GoC pathways, respectively (indicated by dashed arrows), controls the timing and
diversity of parallel fiber (PF) output. The lower left panel displays phasic activity from the two main inputs to the cerebel-
lum, i.e. MF and climbing fiber (CF) input. In the top part of the left panel it is shown how plasticity can set a time-window in
which the GrCs can overcome tonic inhibition from GoCs. Sustained MF activity leads to presynaptic LTP, thereby increasing
the driving force onto the GrC. Increased activity in the PF leads to LTD at the PF-GoC synapse, attenuating feedback inhibi-
tion and further facilitating transduction of MF signaling into PF activity (PF ). The middle panel depicts how GrC activity
can be altered in the vestibulocerebellum. Although the general anatomical organization in the granular layer is conserved
throughout the cerebellar cortex, the predominant presence of UBCs forms the one distinct feature that sets aside the more
primitive vestibulocerebellum from the rest. Prolonged and delayed responses from these cells can adjust the time-window
of activity in about half of all GrCs. Congruent activity from PFs and CFs may lead to LTP at the PF-GoC synapse, which
enforces lateral inhibition to suppress out-of-phase GrC activity creating an opposite phase in the PFs (PF)). Right panels
displays how distinct forms of inhibition and plasticity may modify the firing behaviour in GrCs. A summary is given in the
right bottom figure. See main text for further explanation.

to be diverse, some support this notion whereas others contradict (De Zeeuw et al., 1998;
Welsh et al., 2005; Hansel et al., 2006; Ke et al., 2009) and (Ch. 4-6). As a matter of fact,
the core of this controversy lies in the discussion of the feasibility and significance of LTD
at the PF-PC synapses. Several issues have been hotly debated: First: are the CF input and
subsequent LTD at the PF-PC synapses essential for cerebellar learning? It has been shown
that the CF inputs do not necessarily act as the key signal during learning tasks (Welsh et
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al., 2005; Ke et al., 2009). These data argue against the essential role of CF induced LTD in
the cerebellar memory formation. Second: is the PF-PC LTD exclusively CF-dependent?
The coincident detection of PF-CF inputs by inducing the mGluR1-mediated supralinear
Ca?"-influx has been emphasised to support the theory of the CF-dependent LTD induction
(Wang et al., 2000). However recent evidence show that the supralinear Ca?*-concentration
and LTD at PF-PC synapses can be well induced with high frequency PF inputs, which
saturate the local Ca*-buffering capacity (Hartell, 1996; Canepari and Vogt, 2008). Al-
though one should be cautious to interpret cerebellar learning using /n vitro evidence, there
is a fair chance to reconsider the specificity of the CF input in LTD induction. In addition,
it seems to be inefficient use depression and not potentiation of GrCs output, since GrCs
remain silent most of the time. Considering that most of the cerebellar neurons are intrinsi-
cally active, continuously induced suppression of excitatory inputs at such an autonomous
system will result in severe loss of information in the output patterns.

Previous studies utilizing genetically modified mouse models, including the PKC,
PKG and CaMKII mutants (De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al., 2006;
Ch 6) unambiguously show the positive correlation of the aberrant LTD induction and mo-
tor deficits. However this thesis also provides arguments that interruption of PF-PC LTD
at the level of AMPA receptors does not interrupt the cerebellar mediated learning, which
indicates that the lack of LTD can be compensated for by other mechanisms within/outside
of the cerebellar cortex to allow for motor learning to occur (Hansel et al., 2001; Khaliq
and Raman, 2005; Bagnall and du Lac, 2006). On the other hand, this thesis also provides
evidence that the long-term potentiation (LTP) and intrinsic plasticity at PF-PC synapses,
the synaptic inhibition between the MLIs and Purkinje cells are involved in cerebellar
learning (Ch. 4b, 5). Since multiple learning mechanisms other than the LTD at PF-PC
synapses may play a role in cerebellar learning and memory, we propose a more general
concept onhow various types of synaptic input and plasticity may act during learning in the
PC network. To start with, it is reasonable to state that the CF input indeed plays a central
role in cerebellar learning, although the CF-induced LTD at the PF-PC synapses may not
be the only learning mechanism (Ch. 4).

How will the diverse pattern produced from GrC networks be further processed
in the PC networks? It is likely that the guiding signals provided by the CF can select and
sculpt the codings that are needed to improve behavior. The CF does this by the presence
and absence of heterosynaptic effects, either directly or via spillover. As explained above,
CF activity may not only reduce Purkinje cell activity by inducing LTD at the PF-PC syn-
apse, but also by promoting potentiation at the PF-MLI and MLI-PC synapse (Fig. 2),
and probably even at the PF-Golgi cell synapse. Vice versa, the absence of climbing fiber
activity can increase Purkinje cell activity by permitting LTP at the PF-PC synapse, and by
promoting LTD at the PF-MLI synapse. Since these depressing and potentiating effects,
which work in synergy, are all timing-dependent in that they all depend on whether the
CF activity coincides within a particular time frame with the PF activity or not (Bell et al.,
1997; Han et al., 2000; Wang et al., 2000; Coesmans et al., 2004), it will be critical to have
sufficient variety in the temporal codings of the PFs. This variety will allow the CF to drive
the simple spike activity of the Purkinje cells into any direction, even into a phase that is
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opposite to that of the MFs (compare phase of MFs in Fig. 1 with that of simple spikes in
Fig. 2). Interestingly, such an opposite phase in MF activity and Purkinje cell simple spike
activity is exactly what has been found on various occasions and what has been considered
as enigmatic. For example, during the vestibulo-ocular reflex the vast majority of the ves-
tibular simple spike responses of PCs in the vertical-axis zones of the floccular complex
in primates shows a phase that is opposite to that of the majority of the corresponding MF
inputs (Lisberger and Fuchs, 1978a, b; Miles et al., 1980). Likewise, during smooth pursuit
eye-movement the percentage of Purkinje cell simple spike responses that are excited for
rotation of the ipsilateral eye to the ipsilateral side of recording is significantly higher than
that of the corresponding MF responses (Lisberger and Fuchs, 1978a, b). Thus, we argue
that the combination of diversity spreading in the GrC network and guided selection in the
molecular layer provides a powerful mechanism to create the appropriate phase in the PC
simple spike output.

Distributed Dynamic Plasticity

We refer to the combination of the main forms of plasticity involved in cerebellar learning
as distributed dynamic plasticity; distributed, because it includes various types of synaptic
and intrinsic plastic effects in various types of neurons and superimposed interneurons
occurring at the same time under similar induction protocols (c.f. Ch. 2), and dynamic,
because the plasticity occurs as various, early/late short-term and long-term processes that,
since their timescales cannot be separated, move at a functional level smoothly from one
learning stage into the other. This concept implies that memory formation and storage in
the olivocerebellar system is created in a distributed and dynamic fashion allowing con-
tinuous expansion and fine-tuning to the changing body and environment conditions. The
CF play a critical role by inducing various forms of heterosynaptic plasticity when they are
active, and by permitting various forms of homosynaptic plasticity when they are silent.
For instance, simultaneous activation of PF and CF input results in a weakening in the syn-
aptic strength at the PF-PC synapse, a strengthening at the PF-MLI synapse, and possibly
also concurrent strengthening of inhibition at the MLI-PC synapse. As a consequence, all
these forms of synaptic plasticity function together to reduce the spiking output from PCs.
Similarly, PF only input facilitates LTP at PF-PC synapses as well as LTD at the PF-MLI
synapse that could ultimately enhance the spiking outputs from PCs. Importantly, all these
forms of plasticity are antidirectional including both depressing and potentiating effects,
and they are all reinforcing in that the potentiating and depressing effects at the superim-
posed interneurons operate in synergy with the depressing and potentiating effects at their
target neurons, respectively.

Our conceptual model of distributed dynamic plasticity elaborates upon the gen-
eral concepts initiated by Marr, Albus and Ito (Marr, 1969; Albus, 1971; Ito, 1982), and
recently modified by Roberts (Roberts, 2000, 2007) and Dean and colleagues (Dean et al.,
2010). Yet, we attribute relatively major roles to plasticity at the input and output of the
interneurons superimposed on both GrCs and Purkinje cells, and we argue that potentiation
of both the superimposed interneurons and their target neurons forms, at least initially, the
dominating type of plasticity. Although LTD may contribute at various levels and might to
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some extent even compensate for deficits in potentiation, it is probably not absolutely es-
sential at any location in the chain of events, whereas LTP is more critical at various levels
(Fig. 2, 3). One might even speculate that LTP and intrinsic changes in excitability form
in principle the fundamental memories that persist and are being used throughout life. It
follows the notion that we have an excessive amount of GrCs and even more parallel fiber
varicosities, the vast majority of which is silent (Isope and Barbour, 2002; Brunel et al.,
2004; Chadderton et al., 2004; Arenz et al., 2008; Barmack and Yakhnitsa, 2008; Ruigrok
et al., 2011) and hence tends to be more sensitive to potentiation than depression.

It has been proposed that bidirectional plasticity at the PF-PC synapse is essential
to avoid saturation of the synapse by noise and thereby to prevent meaningless modifica-
tion of synaptic strengths by random activation and to eventually prevent overexcitation or
underexcitation of the Purkinje cell involved (Coesmans et al., 2004; Jorntell and Hansel,
2006). Bidirectional plasticity may indeed be helpful in these processes, but in our work-
ing hypothesis potentiation at this synapse does not necessarily need to be controlled by
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Figure 2; Creating output by selecting input in Purkinje cell network.

By controlling the direction of plasticty at multiple synapses, the climbing fiber links the appropriate PF-phase to the de-
sired target. When CF activity is in-phase with PF-activity, it will promote LTP at the PF-MLI synapse, LTD at the PF-PC
synapse, and rebound potentiation at the MLI-PC synapse (for simplicity the rebound potentiation is here also indicated as
LTP). Conversely, when CF activity is absent, LTD is induced at the PF-MLI synapse, whereas LTP is induced at the PF-PC
synapse. Through this mechanism, the CF can induce opposite phases in the MLI and PC. Ultimately, simple spike activity in
PCs is controlled directly by excitatory inputs from out-of-phase PFs (PF,) and suppression from in-phase PFs (PF,) through
feedforward inhibition from MLIs. As a consequence, the simple spike output of PCs will be out-of-phase with CF activity
(indicated as complex spikes, i.e. CSs).
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Figure 3; Phase reversal of the vestibulo-ocular reflex; phenotypes in plasticity-deficient preparations. A, Phase rever-
sal of the vestibulo-ocular reflex (VOR) can be obtained following visuovestibular mismatch training during which the opto-
kinetic stimulus is constantly given in phase with the turntable stimulation, but gradually at greater amplitude; here it starts
with an optokinetic stimulus that is stationary with an amplitude of zero degrees on day zero (left), and, is, over the course of
two to three additional days, cranked up to 10 degrees in phase with the table (right), which kept rotating at 5 degrees through-
out the experiments. This mismatch training will ultimately force the mouse to make a compensatory eye movement during
vestibular stimulation in the dark that is opposite in direction (green line). B, schematic drawing of the cerebellar cortex and
some of its plasticity sites, which are indicated by the letters C to F; these letters refer to synaptic transmission at the parallel
fiber (PF) to Purkinje cell (PC) synapse (C), LTD at the PF to PC synapse (D), LTP at the PF-PC synapse (E), and synaptic
transmission at the molecular layer interneuron (MLI) to PC synapse (F). The letters correspond to the phenotypes in phase
reversal depicted in panels C to F. C, If one dampens the synaptic transmission at the PF-PC synapses, one does observe a
deficit in phase reversal learning (Ch. 3). D, If one genetically tackles LTD at the PF-PC synapse selectively downstream at
the level of the AMPA receptors (GluR2d7 or GluR2K882A) or its insertion (PICK1) in three different mutants (Ch. 4.1),
there is no phenotype, neither in motor performance, nor in motor learning or consolidation. Likewise, if one blocks PF-PC
LTD pharmacologically by applying T-588, phase reversal learning is not impaired (Ch. 4.1). E, Instesad, if one block PF to
PC LTP and intrinsic plasticity of Purkinje cells simultaneously by deleting PP2B in a Purkinje cell specific manner, there is
a prominent phenotype in phase reversal learning (Ch. 4.2). F, Similarly, if one in effect deletes synaptic transmission at the
PF-MLI synapse and plasticity at the MLI-PC synapse, there is a phenotype in phase reversal learning (Ch. 5).

PF-PC LTD, because potentiation at the input and output of MLIs can make up for PF-PC
LTD maintaining a stable level of excitability (Ch. 5), and because all synapses are in the
end controlled by climbing fiber feedback, thereby facilitating stability in the learning pro-
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cess (Roberts, 2000, 2007). The fact that a stored procedural memory should in principle
be retrievable for the rest of one’s life demands a mechanism that can last forever. In this
respect the detailed molecular mechanisms underlying LTP at the PF-PC synapse may dif-
fer from that at the CA3-CA1 synapse in the hippocampus, which is required for declara-
tive memory formation and which can and needs to be formed more rapidly with more
prominent options for extinction (Motris et al., 1986; Myers et al., 2006). Since procedural
memories formed at a young age can indeed last forever (Stahl et al., 2006), while the
ability to form new procedural memories is affected by aging (Woodruff-Pak et al., 2010),
it will be interesting to find out whether the capacity for potentiating PF synapses both at
PC and interneurons is diminished over time, and if so, to what extent this is reflected in a
saturation of particular GluR subunits at the end of life (Douyard et al., 2007; Kessels and
Malinow, 2009).

Taken together, we propose that the options provided by distributed dynamic plas-
ticity in the cerebellar cortex are sufficiently rich to modify phases of activity and behav-
iour in any direction, and that these acquired behaviours can be preserved and saved for
a lifetime in the sets of potentiated inputs to GrC and PCs as well as their superimposed
interneurons, while LTD at these synapses might help to handle saturation due to noise is-
sues and to allow for compensation when necessary.

Phase reversal of the vestibulo-ocular reflex explained by distributed dynamic plasticity.

Over the past decade many mouse mutants have been designed to investigate the roles of
particular forms of plasticity in various forms of cerebellar motor learning such as eyeblink
conditioning, locomotion conditioning and adaptation of the vestibulo-ocular reflex (VOR)
(Aiba et al., 1994; Shibuki et al., 1996; De Zeeuw et al., 1998; Miyata et al., 2001; van
Alphen and De Zeeuw, 2002; Feil et al., 2003; Hansel et al., 2006; Kishimoto and Kano,
2006; Andreescu et al., 2007). In particular phase reversal of the VOR has been shown to
be a sensitive paradigm to detect differences in cerebellar motor learning and consolidation
(Ch. 4-6). VOR phase reversal can be obtained following several days of visuovestibu-
lar mismatch training during which the optokinetic stimulus is constantly given in phase
with the turntable stimulation, but gradually at greater amplitude (Fig. 3). This mismatch
training will ultimately force the mouse to make a compensatory eye movement during
vestibular stimulation in the dark that is opposite in direction, because the error signals of
retinal slip during the training in the light are reversed in direction. This reversal of retinal
slip signals will reverse the phase of the climbing fiber activity, which in turn will induce,
according to the principles of distributed dynamic plasticity, various changes in neuronal
spiking activity. The reversal of the phase of the CF signals will induce potentiation at the
PF-PC synapses and the PF-MLI synapses including stellate cells, basket cells and presum-
ably also Golgi cells that were in a silent or depressed state before the reversal. Likewise, it
will depress the PF-PC and PF-MLI synapses that were potentiated in the initial state (Fig.
1, 2). Thus, in contrast to real life where new procedural memories are mostly formed by
increasing or decreasing the phase of the CF signals, while the direction of the modulation
is relatively stable, this paradigm provides the maximum challenge to the system enforc-
ing a complete reversal in the direction of the CF signals. And so ultimately, there will be
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a complete reversal of the direction of movements following the same stimulus; whereas
the direction of compensatory eye movements during vestibular stimulation in the dark is
contraversive before the training paradigm, it will be ipsiversive at identical stimulation
parameters after the training (compare green eye movement traces before and after training
in Fig. 3).

Since so many different reinforcing forms of plasticity are probably involved si-
multaneously in this form of motor learning, there must be ample room for compensation
in case a single form of plasticity is impaired. Thus, one expects the most prominent phe-
notypes in mouse mutants in which multiple forms of plasticity are affected. The severity
of the deficits in motor learning and consolidation of phase reversal that we have now
observed in tens of mutants are in line with this prediction (Fig. 3). For example, if one
tackles LTD at the PF-PC synapse selectively downstream at the level of the AMPA recep-
tor or its insertion (Ch. 4.1), there is indeed no phenotype, neither in motor performance,
nor in motor learning or consolidation (Fig. 3). However, if one tackles this form of LTD
centrally in the metabolic pathways of the PCs by interfering with one of the kinases such
as PKC, PKG or CaMKII (De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al., 2006),
thereby presumably also affecting postsynaptic plasticity at the MLI-PC synapse (Kano
et al., 1996; Song and Messing, 2005) and/or presynaptic plasticity at the PC- cerebel-
lar nuclei neuron synapse (Pedroarena and Schwarz, 2003), motor learning is affected.
Likewise, if one blocks the activity of approximately 70% of all GrCs, basic motor perfor-
mance and motor learning are not affected, while there is a phenotype in consolidation of
phase reversal learning (Ch. 3). Instead, if one blocks PF-PC LTP and intrinsic plasticity
of Purkinje cells simultaneously by deleting PP2B in a PC specific manner, possibly also
affecting plasticity at their inhibitory synapses (Ch. 2, 6.2), there is a prominent phenotype
in phase reversal learning (Fig. 3). Similarly, if one in effect deletes plasticity at the PF-
MLI synapse and plasticity at the MLI-PC synapse while inducing compensatory effects in
excitability of PCs by deleting the GABAA-y2 receptor specifically in PCs (Ch. 5), there is
a phenotype in phase reversal learning and consolidation (Fig. 3). Taken together, it is our
working hypothesis that cerebellar learning is only prominently affected when at least two
main sites of plasticity are affected, with potentiation at the PF synapses being one of the
most dominant players. If one only affects LTD at the PF-PC synapse, there is apparently
sufficient compensation at the other sites to take over and allow completely normal cer-
ebellar motor learning. Interesting enough, the memory learning and consolidation could
be compensated at other sites inside/outside of the cerebellar cortex. It has been suggested
that once acquired, the consolidation motor memory can be stored and extrapolated in the
absence of PF inputs (Wada et al., 2007). It is quite plausible that the memory consolidation
deficits found in various mouse mutants in this thesis are underestimated due to the com-
pensatory mechanisms at other locations, such as PF-MLI synapses, PC-cerebellar nuclei
neuron synapses, or in the vestibular nuclei (Bagnall and du Lac, 2006; Pugh and Raman,
2009; Liu et al., 2010). In this case, development approaches of interrupting specific sites
in the cerebellar cortex could reveal more subtle alterations in the cerebellar functioning.
Thus it remains to be illustrated what are the functions of various types of synapses in the
cerebellar cortex. What is apparent is that synaptic plasticity at various cerebellar neurons,
which cannot be masked during development, is essential for motor memory formation and
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consolidation.

In this respect, one can hypothesize that the superimposed MLIs, which may have
occurred later in evolution than their target neurons, i.e. the PCs and GrCs, have endowed
the cerebellar cortex with ample possibilities to compensate for potential deficits in one
of the plasticity mechanisms in the target neurons themselves. This development in it-
self would indicate how important the role of the cerebellar cortex in motor learning and
consolidation has become during evolution. Furthermore, the expanding population of the
cerebellar cortical neurons and their functional circuits during phylogeny may also be su-
perimposed into the existing, motor function related cerebellar circuits to elaborate their
stringent, non-motor related cognitive functions (Scelfo et al., 2008).

Causes and consequences of cerebellar malfunction in ataxia

Previous studies provided clear evidence as to how cerebellar ataxia comes about using
loss-of-function Cacnala mutants. Most of these mutants all have prominent ataxia that
largely resembles episodic ataxia type 2 (EA2) and spinocerebellar ataxia type 6 (SCA6).
Several hallmark features of the cerebellar ataxia, including morphological changes of
neurons and synapses, altered synaptic transmissions between neurons, aberrant intrinsic
pacemaking activity of PCs as well as altered firing patterns in vivo (Rhyu et al., 1999;
Matsushita et al., 2002; Hoebeek et al., 2005; Walter et al., 2006) have been shown in these
loss-of-function mutants. The selective degeneration of PCs in parasagittal patterns is only
found in a small fraction of all these mutants, including the homozygous Ca,2.1""and la
mice, whereas much milder but clear PC degeneration is also found in 1 year old tg mice
(Pietrobon, 2010). However no clear neuronal death has been reported in 747 and 7o/ mice.
The neuronal death in the cerebellum could be related to the extent of reduction in Ca*' cur-
rent density, since the highest Ca*" current reduction have been found in Ca,2.17- (100%)
and la (70%) mice; whereas only 50% reduction in current density are found in other mu-
tants as well as the heterozygous Ca,2.1"" mice. To what extend the cerebellum exceeds its
threshold to trigger neuronal death remains to be determined. At the ultrastructural level,
alterations in PF-PC synaptic formations, including ectopic spines in dendrite and single
PF varicosity contacting multiple PC spines are generally found in the loss-of-function
mutants (Rhyu et al., 1999). In addition, the global Cacnala KO mice also show multiple
CF innervations onto the same PC. These observations have been interpreted as a rescue
mechanism to compensate for the loss of synaptic transmission due to the loss of Ca** in-
flux at presynaptic terminals. Here we show that in the Cacnala*'® mutants, in which the
Ca 2.1 (P/Q-type) mediated Ca*"-influx is increased in both the soma and axon terminals
of various neurons (Adams et al., 2010) and PF-PC EPSC appeared to be larger, the mal-
formed PF varicosity contacting multiple spines are also found ( Ch. 7)). Since there is no
need for such compensation mechanism in Cacnala®*'®t mutants, the malformation of PF-
PC synapses is likely to be the direct consequence of a abnormal Ca?*-channel functioning.

The increased irregularity of PC pacemaking activity and simple spike firing are
considered as the main causes of ataxia (Hoebeek et al., 2005; Walter et al., 2006). Also in
Cacnala®*'® mice we found irregular PC firing activities, probably more severe than that
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in the tg mice. In vitro, Cacnala®*'3" PCs consistently generate spontaneous bursts that are
facilitated by spontaneous dendritic Ca?* spikes. in vivo, PCs show similar burst-like activi-
ties in the alert CacnalaS*'®" mice, suggesting a main contribution to the ataxic phenotype.
Thus it is not surprising to point out that the Cacnala®*'3" mice are also more ataxic than
the tg mice. Previous studies provide ample evidence that SK- and BK-channels contribute
to the intrinsic firing of PCs (Edgerton and Reinhart, 2003; Womack et al., 2004; Alvina
and Khodakhah, 2008). In the loss-of-function mutants, the Ca*" activated K* channel (SK
and BK) functions are compromised thus lead to irregular PC firing patterns (Walter et al.,
2006). However it remains enigmatic that reduced SK- and BK-conductance changes the
regularity between spikes rather than increases firing frequency in a more homogeneous
pattern. It is possible that the Ca**-influx and the subsequent activation of SK- and BK-
channels vary randomly from trial to trail, and such a natural variation could be saturated in
the loss-of-function mutants. The Cacnala®*'3" mutant, on the other hand, shows extremely
irregular Purkinje cell firing patterns due to the spontaneously occurring Ca?*-bursts. Thus
both reduced and increased Ca?*-influx ultimately leads to irregular PC firing via distinct
mechanisms. Interestingly enough, both ataxic phenotypes can be partly rescued by a SK-
channel enhancer, which increases the SK mediated AHP thus improve the regularity of PC
firing patterns in loss-of-function mutants and reduces the susceptibility of Ca?*-burst firing
in the Cacnala®*®" mutants. Thus a generalized therapeutic strategy aiming at enhancing
SK-channel functions could have a broad application in ataxic patients.

It is worth mentioning that it is generally accepted that PCs have extremely regu-
lar pacemaking activity In vitro, although several previous studies also show alternating
trimodal and bursty intrinsic firings patterns in wild type PCs In vivo (Womack and Kho-
dakhah, 2002; Loewenstein et al., 2005). Phamacological studies reveal that the SK- and
BK-channels are also involved in the regulation of such burst firing patterns (Womack and
Khodakhah, 2002; Womack et al., 2009). Up to date, the occurrence and functional con-
sequences of such irregular PC firing patterns have not been fully characterized. Although
operating in various intrinsic pacemaking firing states could enrich the coding patterns of
PCs, previous studies unequivocally show that PCs operate constantly in up-states in alert
mice and the down-states are largely influenced by the anaesthesia (Loewenstein et al.,
2005; Schonewille et al., 2006). It is likely the case, that the PC firing patterns /n vitro can
be further influenced by various factors, including the general health conditions of PCs
after slice preparation, the ionic composition of the recording solutions and interference
from recording electrodes. Thus future experiments are needed to unravel the conditions
that trigger the transition between tonic and burst-like firing patterns in the PCs.

Various mouse models described in this thesis are designed to elucidate the role of
long-term plasticity in the cerebellar learning and show different levels of basic motor per-
formances. The a6“-Cacnala™, PICK1", GIluR247 and GIuR2K8824 all have normal mo-
tor performance (Ch. 3, 4), whereas the L7-y2 and L7-PP2B have modest motor impairment
(Ch, 5) and BCaMKII- show profound ataxia (Ch, 6.2). Surprisingly, a6“*-Cacnala™, in
which more than 70% of the GrC output are silenced, have normal motor performance. It
seems unlikely that the mild ataxia in L7-PP2B mice is primarily induced by reductions
in the total PF-PC input, because the reduction of PF-EPSC in the A6-Cacnala’ is even
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more pronounced than that in various Ca?* loss-of-function mutants. Considering the re-
maining PF-PC inputs are functionally intact (Ch, 3), it is possible that a small fraction of
well-preserved PF-PC inputs, but not the generally reduced PF-PC inputs is potent enough
to maintain normal motor performance. As a result of reduced PF-PC inputs, an increase
rather than decrease in PC firing regularity has been shown in the a6°-Cacnala’. In line
with this notion, the L7-y2 mice, which lack the phasic synaptic inhibition at the MLI-PC
synapse, show a more regular PC spiking pattern and virtually intact basal eye movements
(Ch, 5). In addition, a previous study shows that a clear ataxic phenotype occurs following
the complete silencing of the GrC output probably due to the complete cessation of simple
spike firing (Wada et al., 2007). Clearly the PC firing regularity is critical for both motor
performance and motor learning, in that the decreased regularity seems to be tightly asso-
ciated with motor performance deficits and increased regularity might be better attributed
to the consolidation impairments. However one should take in mind that the regularity of
firing we refer to is a general indication of PC firing pattern over a certain time period. Such
mean values of regularity do not contain specific information of the instantaneous changes
in PC firing patterns (Shin et al., 2007). To what extend that the PC firing dynamics lead to
a loss of motor performance or motor learning deficits remain to be determined.

Synaptic plasticity to maintain motor performance

What is the relation between synaptic plasticity and motor performance? Previous studies
using global or cell specific genetically modified mouse models that tackle the key en-
zymes involved in synaptic plasticity are usually associated with a basal motor deficits (De
Zeeuw et al., 1998; Hansel et al., 20006). It is possible that alterations in synaptic plasticity
cause cerebellar ataxia by affecting the precision of the synaptic transmission. As men-
tioned previously, the aberrant long-term plasticity might affect either the strength or the
timing of excitatory and/or inhibitory synaptic inputs and consequently an altered regular-
ity of PC simple spike firing patterns. Recent findings presented in this thesis show rather
diverse phenotypes, in that global mutants that lack LTD at PF-PC synapses show normal
motor performances, the PC-specific mutants that lack LTP at PF-PC synapses and intrin-
sic plasticity in Purkinje cells show moderate impairment of motor performance, whereas
a global fCaMKII’- mice that affect plasticity at both excitatory and inhibitory synapses
as a whole show prominent ataxia. The wide range of genetically manipulated mutants in
this thesis allow us to further elaborate the discussion on the role of these key enzymes in
maintaining normal motor performance. The PKC dependent AMPA receptor internaliza-
tion mediated by PICK1 protein binding at the C-terminal of AMPA receptors is critical
for the postsynaptic form of LTD at PF-PC synapses (Xia et al., 2000). However the LTD
deficits per se probably do not contribute to the impaired motor performance, since the
ataxic phenotype is not found in the PICK 1"~ GluR2A47 and GluR2K882A mice. Besides the
AMPA receptors, a large number of substrates can also be phosphorylated by PKC in PCs.
It remains to be illustrated which downstream targets of PKC dependent phosphorylation
are involved in the pathogenesis of ataxia. Similarly, PP2B mediated dephosporylation
plays critical roles in LTP at PF-PC synapses, intrinsic plasticity in PCs as well as iLTP at
MLI-PC synapses. These synaptic changes could individually or simultaneously contribute
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to the moderate motor deficits in the L7-PP2B mice. Up to now it is rudimentary to con-
clude the involvements of LTP or intrinsic plasticity in maintaining motor performance.
Future studies should be conducted to dissect their unique contribution by specifically af-
fecting individual types of synaptic plasticity in PCs. When one considers the results pre-
sented in Ch. 6, it is interesting to point out that o and fCaMKII~ mice have distinct phe-
notypes. Deleting fCaMKII causes severe ataxia whereas little motor dysfunction is found
in aCaMKIT" mice, although the learning of new motor tasks is abnormal (Hansel et al .,
2006). This difference could be contributed by both the spatial and functional differences
between these two isoforms. aCaMKII is exclusively expressed in the PCs in cerebellum,
whereas BCaMKII is expressed throughout the cerebellum in most of the neurons. Thus de-
leting BCaMKII might have broader impact on various sites in the cerebellum than deleting
aCaMKII. Furthermore, Ch. 6 suggests functional difference between o and fCaMKII in
mediating synaptic plasticity at both excitatory and inhibitory synapses. At the PF-PC syn-
apses, deleting aCaMKII impair LTD induction without affecting LTP, whereas LTP/LTD
induction roles are inverted in the fCaMKII KO mice. Likewise, at the molecular layer
interneuron-PC synapses, deleting aCaMKII completely abolishes the enzymatic power
of the CaMKII holoenzyme and deleting fCaMKII shifts the induction threshold. These
results suggest that aCaMKII serves a pure enzymatic role and BCaMKII fulfils both enzy-
matic and structural functions. What are the functional consequences of genetically ablat-
ing aCaMKII or BCaMKII in simple spike output and motor performance? As is commonly
found in various ataxic mouse models, the regularity of PC simple spike firing plays a criti-
cal role in maintaining normal motor performance. It is indeed the case that the irregular
PC firing patterns are found in the fSCaMKIT'- but not aCaMKII- mice (Hoebeek, personal
communication). Up to date, little evidence of PC firing regularity has been shown in other
mutants with concurrent reversal of synaptic plasticity and motor performance deficits; it
would be interesting to dissect the synaptic plasticity component in the induction of ataxia.
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Summary

The calcium influx and calcium dependent signalling cascades play essential roles in
the proper neuronal functions, such as mediating neurotransmitter release, facilitating
carious forms of synaptic plasticity and controlling neuronal spike firings. In cerebellum,
these functions are well tuned to maintain high specificity and precession during motor
performance and learning. This thesis attempts to dissect the fundamental roles of calcium
related pathways in cerebellar learning and functions. To do so we combined the genetically
manipulated mouse models that specifically target certain cascades of the calcium signalling,
with the molecular, electrophysiological and behavioural examinations.

Chapter 3 demonstrate that the deleting P/Q type voltage gated calcium channels
specifically at the parallel fiber to Purkinje cell (PF-PC) synapses using a cre-loxP system
results in silencing of the majority of the cerebellar granule cells. Stochastic reduction of the
synaptic inputs from granule cells up to 70% does not affect the basal motor performance
of the mice, but rather disrupts the overnight memory consolidation. We further show this
loss of consolidation is correlated with reduced dynamic range of PC simple spike firing
pattern and impaired long term synaptic plasticity. Thus our results suggest that the majority
of the cerebellar granule cells do not contribute to the fundamental motor performance,
but participate in more sophisticated, memory consolidation process. In order to study the
underlining mechanisms of such motor learning and memory consolidation at the PF-PC
synapses, we further examine the involvements of long term synaptic plasticity at this
synapse.

Long term depression (LTD) at the PF-PC synapses has been suggested to be
one of the best candidate mechanisms for cerebellar learning. In Chapter 4.1 we show a
rather unexpected but extremely interesting result that genetically blocking LTD induction
does not affect the motor learning in mouse models. We do so by affecting the target at
the very downstream cascades of LTD induction, the internalization of AMPA receptors
and examine the VOR adaptation, the eye blink conditioning, as well as the performance
on the Erasmus ladder of these mutants. All three mutants perform equally well as the
control groups, challenging the classical LTD hypothesis as the main learning mechanism
in the cerebellum. Further, we provide an alternative suggestion, that the LTP and intrinsic
plasticity might be also important for proper cerebellar learning in Chapter 4.2. The mutant
mice with PC specific ablation of the protein phosphotase 2B (L7-PP2B) show impaired
LTP at the PF-PC synapses and intrinsic plasticity in PCs, however normal LTD. These mice
have mild motor performance deficits but severely aberrant short and long term learning
abilities, which could be caused by more regular simple spike firing at lower frequencies.

The positive correlation between increased regularity of simple spike firing
and motor learning/memory problems are observed not only in those mutants that PF-
PC synapses are affected, but also in the mouse model that lack phasic inhibition from
molecular layer interneurons (MLIs, Chapter 5). The PC specific deletion of the y2 subunits
in GABA  receptors prevents GABA, receptors from entering the synapses. This results in
a severe loss in inhibitory synaptic transmission and thus a more regular PC firing pattern.
A computational simulation further supports that the inhibition from MLIs is involved in
the fine tuning of the temporal patterns of PCs, which is necessary for the consolidation of
newly acquired memory.
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CaMKII mediates the long term plasticity at both the excitatory and inhibitory
synapses in the cerebellum. Chapter 6 focuses on differentiating the roles of the two
main isoforms of CaMKII, the o and CaMKII in synaptic plasticity. We for the first time
generate the fCaMKII null-mutants and studied the induction of LTP and LTD conditions
in this mouse (Chapter 6.1). This study shows that the fCaMKII plays an essential role
in controlling the direction of synaptic plasticity at the PF-PC synapses. A LTP induction
protocol results in LTD in the fCaMKII knockout PCs, whereas a LTD induction protocol
in turn induces LTP. These data suggest that the BCaMKII plays an additional structural
role that controls the activity of the CaMKII holoenzyme in response to different levels of
the calcium signals during synaptic plasticity induction. In Chapter 6.2 we further study the
role of o and CaMKII isoforms in controlling synaptic plasticity at inhibitory synapses. We
show that both a- and bCaMKII are essential for LTP at the MLI-PC synapses. However,
each of the CaMKII isoforms has a specific role: aCaMKII controls the enzymatic function
that enables inhibitory plasticity whereas bCaMKII has a more structural role. In the
absence of bCaMKII, the suppressing effect of coincident pre- and postsynaptic activity
is reversed to a potentiating effect by means of a novel molecular cascade. Together our
findings pioneer the differentiation of a- and bCaMKII in mediating inhibitory plasticity and
reveal that these individual roles are consistent for both inhibitory and excitatory synapses.

In Chapter 7 we study the pathogenesis in gain-of-function P/Q type voltage
gated calcium channel mutant mice. Both the morphology and synaptic transmission are
altered in this mutant, which together with the burst firing patterns in the PCs, could cause
impairment in motor performance. Further study on the burst firing pattern not only reveals
the involvement of SK channel in regulating the threshold of burst firings in the PCs, but
also suggests rescuing effects on PC spiking patterns and motor performance using SK
channel enhancers. These data explore the consequence of a gain-of-function calcium
channel mutant and suggest several common hallmarks in the pathogenesis shared by both
loss- and gain-of-function mutants.

Taken together, this thesis describes the consequences of genetically manipulating
calcium mediated signalling cascades on the cerebellar learning and functions. It helps
to further understand how various critical neuronal functions can be well controlled by a
single calcium ion.
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Samenvatting

Neuronale functies zoals neurotransmissie, synaptische plasticiteit en actiepotentiaal gene-
ratie worden voor een belangrijk deel gereguleerd door de instroom van calcium ionen en
de secundaire effecten hiervan. In de kleine hersenen (cerebellum) zijn de calcium instroom
en de hieropvolgende effecten zo afgesteld dat ze de neuronale functies optimaliseren wel-
ke nodig zijn voor de regulatie van de motoriek. Mijn proefschrift tracht om de precieze rol
van calcium mechanismen in het optimaliseren van cerebellaire functies te verduidelijken.
We hebben hiervoor gebruik gemaakt van genetisch gemanipuleerde muizen waarin speci-
fieke calcium mechanismen zijn aangedaan en ook van moleculaire, elektrofysiologische
en gedragsexperimenten.

Hoofdstuk 3 maakt duidelijk dat het verwijderen van P/Q-type voltage-gevoelige
calcium kanalen uit de synaps tussen parallel vezels en Purkinje cellen door middel van het
Cre-LoxP systeem de meeste korrelcellen het zwijgen oplegt. Na stimulatie van de korrel-
cellen blijkt dat ongeveer 70% geen output meer teweeg kan brengen door de afwezigheid
van P/Q-type calciumkanalen. Deze mutatie resulteert in een statische parallel vezel — Pur-
kinje cel synapse: Synaptische plasticiteit van deze specifieke synaps is sterk aangedaan.
Het effect op het gedrag van deze mutante muizen is echter miniem: Alleen het onthouden
van nieuwe motorische taken is aangedaan, terwijl de het aanleren van deze nieuwe taken
wel goed verloopt. Ook het effect op de activiteit van Purkinje cellen is beperkt: Alleen de
regelmatigheid van de Purkinje cel activiteit is verhoogd. Onze resultaten geven aan dat
wanneer 70% van de korrelcellen monddood wordt gemaakt, er vrijwel geen effekten te
meten zijn in het basale functioneren van het cerebellum. Alleen specificke gedragstesten
wijzen uit dat het onthouden, maar niet het aanleren van een nieuwe motorische taak aange-
daan is. Om de correlatie tussen aanpassingen van de motoriek en synaptische plasticiteit in
de cerebellaire schors beter te bestuderen, hebben we vervolgens de afzonderlijke vormen
van plasticiteit gemodificeerd.

Synaptische plasticiteit van de parallel vezel — Purkinje cel verbinding is traditie-
getrouw een veel bestudeerd mechanisme in het onderzoek naar de regulatie van motoriek.
Met namen ‘long-term depression’, de verzwakking van de parallel vezel — Purkinje cel
verbinding op lange termijn, werd sinds de 60-er jaren van de vorige eeuw gezien als hét
functionele mechanisme achter motorisch leren. Hoofdstuk 4.1 laat echter zien dat wanneer
alleen long-term depression van de parallel vezel — Purkinje cel verbinding is aangedaan, er
geen effect is op het motorisch leren. Verandering van de verantwoordelijke neurotransmit-
ter receptoren in deze synaptische verbinding hadden namelijk geen effect op het aanleren
of onthouden van veranderde oogbewegingreflexen of oogknipperreflexen. Ook de scores
bij de Erasmus ladder tests lieten geen afwijkingen zien. Long-term depression blijkt dus
niet het neuronale substraat te zijn voor aanpassing van de motoriek. Hoofdstuk 4.2 laat
zien dat ‘long-term potentiation’, de versterking van de parallel vezel — Purkinje cel ver-
binding op lange termijn, een beter alternatief is als neuronaal substraat van motorisch
leren. De Purkinje cel specifieke verwijdering van het enzym ‘proteinfosfatase 2 B’ (PP2B)
voorkomt long-term potentiation, maar heeft geen effect op long-term depression. Deze
‘PP2B’-muizen hebben verstoorde motoriek. Het aanleren van nieuwe motorische taken
lukt wel, maar het onthouden niet. Onze resultaten laten zien dat behalve het gedrag en de
plasticiteit van de parallel vezel — Purkinje cel verbinding ook de activiteit van Purkinje
cellen is veranderd in PP2B-muizen: actiepotentialen komen minder vaak voor, maar zijn
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wel regelmatiger.

De positieve correlatie tussen de toename in regelmaat van actiepotentialen in
Purkinje cellen en motorisch leren blijkt niet alleen voor te komen wanneer de parallel
vezel — Purkinje cel verbinding is veranderd, maar ook wanneer de interneuron — Purkinje
cel verbinding is veranderd. In hoofdstuk 5 staat beschreven dat wanneer de inhibitoire,
synaptische verbindingen niet meer functioneren door het verwijderen van een essentieel
component van zg. GABA-erge receptoren, de Purkinje cel activiteit regelmatiger is dan
normaal. Door middel van een computersimulatie tonen we aan dat het gebrek aan functio-
nele inhibitoire synapsen in Purkinje cellen en de toename van regelmaat in de output van
de cerebellaire schors, oftewel in de Purkinje cel activiteit, leidt tot een probleem met het
onthouden van aangeleerde motorische taken, zoals bepaalde oogbewegingreflexen.

Een van de belangrijkste moleculen die geactiveerd wordt door calcium is ‘CaM-
KII'. Dit zg. Kinase-enzym is essentieel voor synaptische plasticiteit van zowel excitatoire
als inhibitoire synapsen in Purkinje cellen. Hoofdstuk 6 tracht de verschillende functies
van aCaMKII en BCaMKII te onderscheiden in excitatoire plasticiteit (hoofdstuk 6.1) en
inhibitoire plasticiteit (hoofdstuk 6.2). In hoofdstuk 6.1 laten we zien dat fCaMKII essen-
tieel is voor het induceren van zowel long-term potentiation als long-term depression van
de parallel vezel — Purkinje cel verbindingen, terwijl aCaMKII alleen noodzakelijk is voor
long-term depression. Deze resultaten laten zien dat fCaMKII naast een kinase-activiteit
ook nog een structurele rol heeft die essentieel is voor «CaMKII om normaal te functio-
neren bij het moduleren van de synaptische plasticiteit van de excitatoire verbindingen in
een Purkinje cel. In hoofdstuk 6.2 beschrijven we eenzelfde essentiele rol voor fCaMKII
in de modulatie van synaptische plasticiteit van inhibitoire verbindingen in Purkinje cel-
len. Wanneer BCaMKII afwezig is, schaadt dat de functie van aCaMKII. Tezamen vor-
men de resultaten uit hoofdstuk 6 de eerste differentiatie van de functies van aCaMKII en
BCaMKII in het reguleren van synaptische plasticiteit in Purkinje cellen.

Hoofdstuk 7 beschrijft welke effecten van de zg. S218L puntmutatie in het Cac-
nala gen, dat codeert voor een essentieel deel van de P/Q-type calcium kanalen, ataxie
veroorzaken. Zowel de morfologie als de sterkte van de parallel vezel — Purkinje cel ver-
bindingen is verhoogd in deze Cacnala®*'®" mutante muizen. Purkinje cellen laten ook een
versterkte respons zien op synaptische en elektrische stimulaties, waaruit blijkt dat Pur-
kinje cellen hyper-excitabel zijn. De Purkinje cel activiteit gemeten in vivo is dan ook erg
onregelmatig. Echter, door het stimuleren van calciumafthankelijke kalium kanalen wordt
niet alleen het onregelmatig vuren van de Purkinje cellen verminderd, maar ook de ataxie.
Bij een gedragstest genaamd rotarod, waarbij de muizen op een horizontale, roterende balk
moeten lopen, blijkt dat de CacnalaS*'®" deze test beter uit kunnen voeren wanneer ze het
medicijn Chlorzoxazone, dat calciumathankelijke kalium kanalen stimuleert, toegediend
krijgen via hun drinkwater. Dezelfde therapeutische strategie is ook effectief bij andere
muismodellen met een mutatie in het Cacnala gen.

Dit proefschrift beschrijft de consequenties van genetische manipulering van calci-
um mechanismen met betrekking op het functioneren van de cerbellaire cortex. De resulta-
ten dragen bij aan een verduidelijking hoe het calcium ion de vele verschillende neuronale
functies beinvloedt.
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