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INTRODUCTION

I. INTRODUCTION

Although the full extent of cerebellar involvement in the many aspects of behaviour
remains elusive, its role in the control of movement has been known for more than a
century (Glickstein et al., 2009). Positioned as an isolated network superimposed on other
structures within the brain, the cerebellum is typically regarded as a ‘controller’ of ongoing
processes, such as the fine-tuning of movement and posture (Fig 1). As a controller, the
output of the cerebellum needs to be flexible and constantly adapt to (re-)establish the
desired level of control. It is generally believed that plasticity (i.e. the ability of a synapse
to alter its connective strength) underlies the process of adaptation and embodies the
structural substrate of learning and memory formation.

1.1. Cerebellar organization

1.1.1. Layer organization of the cerebellum

Although voluntary and involuntary movements can be initiated without a cerebellum, the
proper execution of movements as well as their adaptive modification and possibly cognitive
preparation require an intact cerebellum (De Zeeuw et al., 2011). This agrees with the position
and connectivity of the cerebellum: it is superimposed on, but not an essential part of, the brain
systems that are required for the initiation and occurrence of movements (see Fig 1, part a).

The cerebellum is itself composed of layered networks (see Fig 1, part b): first, the
cerebellar cortex is superimposed on cerebellar and vestibular nuclei, to which it projects
and via which it exerts all its effects; second, the granular layer of the cerebellar cortex
contains the mossy fibre (MF) - granule cell (GrC) pathway on which Golgi cells (GoC)
and unipolar brush cells (UBCs) (both interneurons) are superimposed (Geurts et al.,
2003; van Versendaal et al., 2012) ; and third, in the molecular layer another group of
interneurons (molecular-layer interneurons (MLI)), formed by stellate cells and basket
cells, is superimposed on Purkinje cells (PC)(Jorntell et al., 2010). Finally, the cerebellar
cortex contains a type of interneuron, the Lugaro cell (LC), that is superimposed on all
other types of interneurons in both the granular and molecular layers (Geurts et al., 2003).

Because of the layered character of its networks, the cerebellar cortex is well suited
to be dissected into cellular components so that their individual functional contributions
within the networks can be analyzed. Such an approach follows the concept that during
CNS evolution the implementation of new functions involves imposing new networks onto
existing circuitries and/or expanding existing circuitries (Nakanishi, 2009; Simat et al.,
2007). Specific functions may thus be attributed to separate network layers in the cerebellar

cortex and their target neurons in cerebellar and vestibular nuclei.

1.1.2. Pathways in the cerebellar network

In part a (Fig 1), pathways directly involved in olivocerebellar processing are shown in
individual colours, and other pathways are indicated in dark grey. Mossy fibres (brown
arrow) and climbing fibres (CF) (yellow arrow) convey their input to both the nuclei
and cortex of the cerebellum (dashed border). Purkinje cells in turn project from the
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Fig 1 Intro (on the previous page): Layered character of the cerebellum and its position
in the brain. Although voluntary and involuntary movements can be initiated without a
cerebellum, the proper execution of movements as well as their adaptive modification and
possibly cognitive preparation require an intact cerebellum. This accords with the position and
connectivity of the cerebellum: it is superimposed on, but not an essential part of, the brain
systems that are required for the initiation and occurrence of movements (see the figure, part
a). The cerebellum is itself composed of layered networks (see the figure, part b): first, the
cerebellar cortex is superimposed on cerebellar and vestibular nuclei, to which it projects and
via which it exerts all its effects; second, the granular layer of the cerebellar cortex contains
the mossy fibre (MF) - granule cell (GrC) pathway on which Golgi cells (GoC) and unipolar
brush cells (UBCs) (both interneurons) are superimposed; and third, in the molecular layer
another group of interneurons (molecular-layer interneurons (MLI)), formed by stellate
cells and basket cells, is superimposed on Purkinje cells (PC). Finally, the cerebellar cortex
contains a type of interneuron, the Lugaro cell (LC), that is superimposed on all other types
of interneurons in both the granular and molecular layers. Because of the layered character
of its networks, the cerebellar cortex is well suited to be dissected into cellular components so
that their individual functional contributions within the networks can be analyzed. Such an
approach follows the concept that during CNS evolution the implementation of new functions
involves imposing new networks onto existing circuitries and/or expanding existing circuitries.
Specific functions may thus be attributed to separate network layers in the cerebellar cortex and
their target neurons in cerebellar and vestibular nuclei. In part a, pathways directly involved
in olivocerebellar processing are shown in individual colours, and other pathways are indicated
in dark grey. Mossy fibres (brown arrow) and climbing fibres (CF) (yellow arrow) convey their
input to both the nuclei and cortex of the cerebellum (dashed border). Purkinje cells in turn
project from the cerebellar cortex to the cerebellar and vestibular nuclei (blue arrow). From
these nuclei, projections are provided to the inferior olive for inhibitory feedback (red arrow)
and to other extracerebellar sites for control of motor behaviour and/or cognitive functions.
The direct projections in the figure from the cerebellar and vestibular nuclei to the motor nuclei
reflect the direct projections towards the oculomotor nuclei; direct connections to other motor
nuclei have so far not been identified. In part b excitatory and inhibitory synaptic connections
are indicated by “+” and “-”, respectively. The cerebellar cortex has many potential sites for
synaptic plasticity at both excitatory and inhibitory terminals, but it may also regulate plasticity
downstream, in the cerebellar and vestibular nuclei. In general, deficits in motor consolidation,
motor learning and motor performance result from mild, mediocre, and severe problems in
cerebellar function, respectively; thus, the larger the number of sites of synaptic plasticity are
affected in the cerebellar circuitry, the more severe the impairment in motor function.

cerebellar cortex to the cerebellar and vestibular nuclei (blue arrow). From these nuclei,
projections are provided to the inferior olive for inhibitory feedback (red arrow) and to
other extracerebellar sites for control of motor behaviour and/or cognitive functions. The
direct projections in the figure from the cerebellar and vestibular nuclei to the motor nuclei
reflect the direct projections towards the oculomotor nuclei; direct connections to other
motor nuclei have so far not been identified.

In part b (Fig 1) excitatory and inhibitory synaptic connections are indicated by “+”
and “-’, respectively. The cerebellar cortex has many potential sites for synaptic plasticity
at both excitatory and inhibitory terminals, but it may also regulate plasticity downstream,
in the cerebellar and vestibular nuclei. In general, deficits in motor consolidation, motor
learning and motor performance result from mild, mediocre, and severe problems in
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cerebellar function, respectively; thus, the more sites of synaptic plasticity are affected in

the cerebellar circuitry, the more severe the impairment in motor function.
1.2. Synaptic transmission

1.2.1. Basic overview of synaptic transmission

Both electrical and neuronal circuits process a given input by guiding the flow of information
over specific relays. In electrical circuits, these relays are often subject to all-or-none
characteristics, whereas in neuronal networks these connections display a graded range of
responses, allowing for a higher level of detail that can be carried over a single relay.

Signalling between neurons occurs predominantly over synapses. Whereas other forms
of transmission exist, synapses provide the potential to adjust connective strength, making
them the perfect tool for a network to alter its computative properties.

A synapse consists of a presynaptic and a postsynaptic site. The presynaptic site, also
known as the presynaptic terminal, is a specialized structure of the ‘sending’ neuron in
which electrical signals (action potentials) are translated into a local rise of free calcium
ions. Sensitive to relative fluctuations in the calcium concentration, small pockets (vesicles)
release their content of freely diffusible molecules (neurotransmitter) into the synaptic cleft.
The postsynaptic site (spine) is a specialized structure belonging to the ‘receiving’ neuron.
Here, neurotransmitters bind to receptors, which translate this signal back into an electrical

current and/or activate molecular signalling pathways.

1.2.2. Plasticity of synaptic transmission

This structural organisation provides numerous potential sites at which small alterations can
affect synaptic behaviour (Hebb, 1949). For example, addition of a presynaptic calcium buffer
will reduce responsiveness by ‘filtering’ fluctuations in the calcium concentration to individual
action potentials; altering vesicular content or changing the total number of postsynaptic
receptors will modify the amplitude of transmission. Depending on preceding activity,
synapses can adapt their connective strength (Bliss and Lomo, 1973). Such adaptations can be
transitory (short-term plasticity) or long-lasting (long-term plasticity). Generally, persistent
activity will strengthen a connection (potentiation), whereas absence of activity while

neighbouring synapses are responsive leads to weakening (depression), as predicted by Hebb.

1.2.3. Functional role of plasticity

Historically, declarative and procedural memory formations in cortical structures have been
proposed to be predominantly mediated by a specific, monosynaptic form of plasticity. Long-term
potentiation (LTP) at synapses of CA3 axons onto CA1 pyramidal cells was originally considered
the sole substrate for hippocampal learning (Neves et al., 2008), whereas long-term depression
(LTD) at the parallel fibre-Purkinje-cell synapse has been proposed to be the dominant type of
plasticity for cerebellar learning (Ito, 2001). However, different forms of plasticity can occur at
multiple, synaptic and extrasynaptic sites within the same network and serve complementary
or overlapping functions. For example, evidence is now emerging that LTD in the hippocampus
and intrinsic plasticity in the cerebral cortex are likely to contribute to particular components of
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spatial and visual learning (Collingridge et al., 2010; Feldman, 2009; Griffiths et al., 2000; Kessels
and Malinow, 2009; Luscher and Huber, 2010; Malenka and Bear, 2004). Likewise, procedural
memory formation, which underlies the coordination of movements, may be mediated by
multiple forms of plasticity including those occurring in the cerebellum (Belmeguenai et al.,
2010; Ito and Kano, 1982; Lev-Ram et al., 2002).

Neurons in cerebellar cortex and neurons in cerebellar and vestibular nuclei show
various forms of synaptic and intrinsic plasticity(Bagnall and du Lac, 2006; Hansel et al.,
2001; Pugh and Raman, 2009), and neurons in both regions are innervated by axons from
the mossy fibre and climbing fibre system (Fig 1). This raises the possibility that the various
forms of plasticity induced in the cerebellar cortex and nuclei are not independent, but are
finely regulated in a coordinated fashion (De Zeeuw et al., 2011; Kassardjian et al., 2005),
and that some of the memories that are formed in the cerebellar cortex ultimately are also
consolidated and stored in the cerebellar and vestibular nuclei (Kassardjian et al., 2005;
Kellett et al., 2010; Shutoh et al., 2006).

Cerebellar research has benefitted from discoveries of cell-specific promoters for
the neurons that form the main chain of information through the different layers in the
cerebellar cortex. These include both the promoter for gamma-aminobutyric-acid type-
A-receptor (GABA,) a6-subunit, which is specific for cerebellar granule cells (Bahn et al.,
1997), and the Pcp2 promoter L7, which is specific for Purkinje cells (Oberdick et al., 1990).
These tools have enabled the creation of transgenic animals with cell-specific deletions
in both the granular or molecular layer. As a result, one can specifically and directly
manipulate the output of the granule cells and Purkinje cells themselves (De Zeeuw et al.,
1998; Schonewille et al., 2010; Seja et al., 2012). Moreover, by manipulating postsynaptic
receptors and/or second messenger systems inside these cells, one can in effect also make a
specific interruption of the output of presynaptic interneurons involved (Wulff et al., 2009).

1.3. Plasticity at the parallel fibre-Purkinje cell synapses

Purkinje cells receive their input from granule cells via thousands of parallel fibre varicosities
(Palay and Chan-Palay, 1974). All four forms of long-term plasticity that can occur at a
synapse — postsynaptic LTD (Ito and Kano, 1982), postsynaptic LTP (Coesmans et al.,
2004; Lev-Ram et al., 2002), presynaptic LTP (Salin et al., 1996) and presynaptic LTD (Qiu
and Knopfel, 2009) — have been described for the parallel fibre-Purkinje cell contacts.
Whereas the functional relevance of the presynaptic forms of plasticity remains to be largely
demonstrated at the behavioural level (Le Guen and De Zeeuw, 2010; Neher and Sakaba,
2008), the postsynaptic forms of plasticity have been implicated in learning.

1.3.1 Postsynaptic LTD

Postsynaptic LTD at the parallel fibre-Purkinje cell synapse is typically induced by paired
stimulation of parallel fibres and climbing fibres. This combined stimulation induces a
large Ca?* influx and activates both AMPA and mGluR1 receptors (Fig 2), which in turn
facilitate phospholipase C to produce inositol-1,4,5-triphosphate (IP,) (Hartell, 1994;
Khodakhah and Armstrong, 1997; Linden and Connor, 1991). Boosted by IP,- and Ca**-
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Fig 2 Intro. Molecular mechanisms underlying plasticity in Purkinje cells.. The schematic
drawing presents the main molecules and pathways involved in the various forms of synaptic
plasticity that can occur at synapses between parallel fibres (PF), climbing fibres (CF) or
molecular-layer interneurons (MLI) and Purkinje cells (PC). Pathways involved in long-term
depression (LTD) at PF-PC synapses are marked in blue, and pathways involved in long-term
potentiation (LTP) at PF-PC synapses are marked in red. Green arrows indicate pathways
involved in LTP at MLI-PC synapses, and the brown arrow indicates the molecular cascade
for intrinsic plasticity. All freely diffusing messenger pathways are marked in black. AC,
adenylyl cyclase; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
CaMKII, Calcium/calmodulin activated kinase II; cAMP, cyclic adenosine mono-phosphate;
CBIR, cannabinoid receptor 1; cGMP, cyclic guanosine mono-phosphate; CRE, corticotropin-
releasing factor; CRFR, corticotropin-releasing factor receptor; D32, DARPP-32; DAG,
diacyl glycerol; eCB, endocannabinoid; GABA, gamma-aminobutyric acid; GABA ,, gamma-
aminobutyric acid type A receptor; GABA,, gamma-aminobutyric acid type B receptor;
GABARAP, GABA  R-associated protein; GC, guanylate cyclase; Glu, glutamate; GIuRS2,
Glutamate receptor delta2; IGF1, insulin-like growth factor 1; IGFIR, insulin-like growth
factor 1 receptor; IP3, inositol trisphosphate; KaR, Kainate receptor; Kcc2, K*-CI co-
transporter 2; mGIluR1, metabotropic glutamate receptor-1; NMDAR, N-methyl D-aspartate
receptor; NSE, N-ethylmaleimide-sensitive factor; PICK]1, protein interacting with C kinase I;
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;
RIMIa, Rab3-interacting molecule lalpha; SK, small conductance Ca** activated K* channel;
and VGCC, voltage gated Ca** channel.
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mediated Ca** release from the endoplasmatic reticulum, the postsynaptic Ca?* transient
becomes supralinear (Wang et al.,, 2000), and this in turn activates protein kinase Ca
(PKCa) (Leitges et al., 2004) and alpha-calcium/calmodulin-dependent-protein-kinase-II
(aCaMKII) (Hansel et al., 2006). Ultimately, PKCa phosphorylates Ser-880 of the GluR2-
subunit (Chung et al., 2003), which causes dissociation of GluR2-subunit-containing
AMPA receptors from glutamate receptor interacting-protein’ (GRIP) (Matsuda et al,
1999) and facilitates their interaction with protein-interacting with C kinase 1 (PICK1)
(Xia et al., 2000), allowing receptor internalization via a clathrin-dependent process (Wang
and Linden, 2000; Xia et al., 2000). In addition to this general pathway, several factors, such
as GluRd2 receptors (Yamasaki et al., 2011; Yawata et al., 2006), nitric oxide (NO) and cyclic
guanylate monophosphate (cGMP)-dependent protein kinase (PKG)(Lev-Ram et al., 1997;
Safo and Regehr, 2005), endocannabinoids (Miyata et al., 1999), corticotropin-releasing
factor (Hartmann et al., 2008; Sawada et al., 2008) and, possibly, NMDA-receptors (Piochon
etal.,, 2010), may play a facilitating or permissive role in the induction of postsynaptic LTD
(Fig 2). Studies aimed at elucidating the effect of postsynaptic LTD at the parallel fibre-
Purkinje cell synapse on behaviour have received a lot of attention (Ito, 2001). Purkinje
cell-specific and global (that is, brain-wide) manipulation of cytosolic enzymes like PKC,
PKG, aCaMKII or CaMKIV induce impairments in both LTD induction in Purkinje cells
and VOR adaptation (Boyden et al., 2006; De Zeeuw et al., 1998; Feil et al., 2003; Hansel
et al., 2006). However, in more recent studies in which the expression of parallel fibre
LTD was blocked by modifying AMPA receptors (mice with a mutant form of the GluR2
AMPA receptor subunit lacking the last seven amino acids (GIuR2D7 mice) and mice with
a mutant form of GluR2 designed to prevent PKCa-mediated phosphorylation at S880
(GluR2K882A mice) or their endocytosis downstream of the molecular cytosolic pathway
at the level of the membranes (mice lacking PICK1 (PICKI” mice))(Steinberg et al., 2006),
mice did not show deficits in learning, at least not during low-frequency gain-increase,
gain-decrease and phase-reversal learning (Schonewille et al., 2011). These results suggest
that the behavioural phenotypes that have been obtained by manipulating the LTD pathway

upstream result at least in part from deficits in cell physiological processes other than LTD.

1.3.2. Postsynaptic LTP
Postsynaptic LTP can be reliably induced by low-frequency parallel-fibre stimulation

without climbing fibre stimulation (Coesmans et al., 2004; Lev-Ram et al., 2002). Induction
of postsynaptic LTP requires a postsynaptic Ca** transient that is relatively small compared
to that for LTD induction (Coesmans et al., 2004; Miyata et al., 2000). Following such a
transient, calcium/calmodulin-activated protein phosphatase 2B (PP2B) activates protein
phosphatase 1 (PP1) by releasing the block of PP1 by protein phosphatase inhibitor 1
(DARPP32), which itself is under control of PP2B and cAMP-activated PKA (FIG. 3).
Indeed, selective inhibition of phosphatases PP1, PP2A or PP2B prevents postsynaptic LTP
(Belmeguenai and Hansel, 2005). The trafficking of AMPA receptors to the synapse — the

structural correlate of LTP expression — is controlled by Ca*- sensitive n-ethylmaleimide



CHAPTER |

sensitive factor (NSF) (Gardner et al., 2005; Steinberg et al., 2004). As climbing fibre activity
canreverse theinduction of postsynaptic LTP into LTD and at the same time alter postsynaptic
Ca?- transients (Coesmans et al., 2004), these transients may have an important role in
determining the direction of plasticity at the parallel fibre-Purkinje cell synapse. Further
evidence that Ca?*-sensitive phosphatases and kinases act together to control postsynaptic
plasticity is provided by analyses of mice with a global knockout of pCaMKII (van Woerden
et al., 2009). In such mice (Camk2b” mice) LTP and LTD stimulation protocols induce
LTD and LTP, respectively, which can be normalized by inhibiting the pathways involved
(i.e. kinases and phosphatases). LTP induction at the parallel fibre-Purkinje cell synapse
may contribute to cerebellar motor learning. This is supported by the finding that mice
lacking pCaMKII are ataxic and show deficits in the acquisition of new motor tasks (van
Woerden et al., 2009). In addition, mutant mice in which LTP induction is blocked by
deleting PP2B specifically in Purkinje cells (L7-PP2B mice) show pronounced deficits in
motor coordination. These mice show abnormalities in motor performance during both
VOR and optokinetic reflex (OKR), VOR gain decrease and gain-increase learning, and
VOR phase reversal (Schonewille et al., 2010). Finally, natural changes in VOR learning
capabilities during the oestrous cycle in female mice can be correlated with the level of LTP

induction at the parallel fibre-Purkinje cell synapse (Andreescu et al., 2007).

1.3.3 Presynaptic LTP and LTD
At the presynaptic site, plasticity at the parallel fibre-Purkinje cell synapse is dominated by

potentiation and the control thereof by endocannabinoids (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 fibres (Salin et al.,, 1996). This induces a presynaptic
calcium influx that activates a pathway involving Ca**/calmodulin-sensitive adenyl cyclase,
which in turn leads to a rise in cAMP and subsequent activation of cAMP-dependent PKA
(Salin et al., 1996; Storm et al., 1998). PKA activation may further increase the number and
size of presynaptic Ca**-transients, thereby probably further strengthening the potentiation
(Qiu and Knopfel, 2009). In addition, nitric oxide (NO) released from other synapses
may contribute, through diffusion, to the induction of presynaptic LTP in non-activated
parallel fibre terminals. This NO release might be initiated by activation of NMDARs at
sites other than parallel fibres (Jacoby et al., 2001; Qiu and Knopfel, 2009). It is possible
that a short-lasting form of presynaptic potentiation, which can be induced by a periodic
burst pattern of homosynaptic stimulation of parallel fibres, can facilitate the initiation of
presynaptic LTP at the parallel fibre-Purkinje cell synapse (Goto et al., 2006). A recent
study (Qiu and Knopfel, 2009) reported a form of presynaptic LTD that is expressed at the
parallel fibres. Strikingly, this type of plasticity — which is most efficiently induced using a
parallel fibre 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 CB1 receptors in an NMDAR, but not mGluR1, dependent fashion.

Thus, in principle, bidirectional mechanisms exist for both postsynaptic and presynaptic
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plasticity at the parallel fibre-Purkinje cell synapse, but it remains to be shown whether
presynaptic LTD has a behaviourally relevant function. The potential impact of presynaptic
LTP at parallel fibre-Purkinje cell synapses during cerebellar learning may be indirectly
assessed by evaluating granule cell-specific A6-ACacnala mutant mice, in which synaptic
transmission of the majority of parallel fibre-Purkinje cell synapses is impaired (Galliano
et al,, 2009). As indicated above, these mutants show specific deficits in VOR learning and
consolidation (Galliano et al., 2009).

1.4. Scope of this thesis

This thesis is aimed at further clarifying the functional properties of the PF-PC synapse, how
the interplay between molecular pathways regulates the direction of plasticity at this synapse
and whether therapeutic intervention can facilitate memory formation. Together this will
further define the role of the PF-PC synapse in cerebellar function and memory formation.

The MF-GrC synapse is capable of signalling reliably at extremely high frequencies
up to 1kHz (Rancz et al., 2007). Recent observations have indicated that granule cells
themselves generate action potentials at similarly high frequencies (Chadderton et al.,
2004). Even though such burst can reliably elicit presynaptic calcium transients in PF
terminals, initial release probability is thought to be relatively low around 0.05 (Dittman
et al,, 2000). Considering this apparent discrepancy, burst firing could have either one
of two implications: 1) reliable signalling at the PF-PC synapse allows the cerebellum to
compute with high temporal precision; 2) consecutive action potential within a burst can
overcome a low initial release probability to ensure signalling in a noise-free environment
at the cost of temporal precision. To differentiate between these two options and elucidate
if the cerebellum is capable of processing information with high temporal precision, we test
the ability of the PF-PC synapse to convey information at high frequency.

The stimulus protocols to induce presynaptic LTP and postsynaptic LTD share a
low stimulus frequency (8Hz PF stimulation alone for 15 sec and 1Hz PF+CF for 5 min,
respectively) (Coesmans et al, 2004; Salin et al, 1996). Postsynaptic LTD demands
activation of the CF, while PF stimulation is relatively similar in both protocols. This raises
the possibility of counterproductive expression of presynaptic LTP during the induction of
postsynaptic LTD. Endocannabinoids possess the potential to function as a suppressor of
this undesirable presynaptic LTP when postsynaptic LTD is induced; 1) their release from
PC is elicited by CF activity (van Beugen et al., 2006); 2) presynaptically, endocannabinoids
suppress the formation of cAMP, preventing downstream activation of PKA (Salin et al.,
1996; Storm et al., 1998). Because PKA is critical for the induction of LTP, through this
pathway, CF activity could directly inhibit congruent induction of presynaptic LTP when
postsynaptic LTD is expressed.

Following the inverted BCM-rule, in vitro experiments have shown that the direction of
postsynaptic plasticity at the PF-PC synapse is directed by the balance between kinases and
phosphatases (van Woerden et al., 2009). Whereas postsynaptic LTD has been proven to be
essential for cerebellar function in vivo (Boyden et al., 2006; De Zeeuw et al., 1998; Feil et al.,
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2003; Hansel et al., 2006), it is unknown if postsynaptic LTP has any functional relevance. By
creating a cell specific knock-out mouse in which PP2B is selectively removed from PCs, one
can test motor performance while both postsynaptic LTP and intrinsic plasticity are affected.

Ampakines are a recently developed group of memory enhancing drugs designed to
augment glutamatergic synapses. Their effectiveness to improve memory test scores in
Alzheimer patients has already been proven in clinical trials (Ingvar et al., 1997; Lynch et al.,
1997). As allosteric modulators, they prevent AMPA receptors to go into the desensitized
state, allowing them to either transfer into the open state or immediately become available
for glutamate binding again. This enhances synaptic transmission by enlarging and
prolonging the synaptic response, temporally potentiating glutamatergic transmission
during the drugs presence. However, ampakines might also influence long-term plasticity,
as larger and longer depolarization could affect voltage sensitive calcium influx, raising
postsynaptic calcium transients. Because the PF-PC synapse adheres to an inverted
BCM-rule (Coesmans et al., 2004), according to which low and high calcium levels will
induce LTP and LTD, respectively, we test if ampakines can enhances calcium transients
and promote LTD over LTP, potentially benefitting motor performance.

Together, these questions will elucidate how signalling and plasticity at the PF-PC
synapse affect cerebellar function and memory formation. This will greatly benefit our
understanding of how the cerebellum processes information and how this relates to its
function as a controller of ongoing cerebral processes.
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ABSTRACT

Cerebellar granule cells (GCs) convey information from mossy fibers (MFs) to
Purkinje cells (PCs) via their parallel fibers (PFs). MF to GC signaling allows
transmission of frequencies up to 1 kHz, and GCs themselves can also fire
bursts of action potentials with instantaneous frequencies up to 1 kHz. This has
been demonstrated in various mammals, but it remains to be shown whether
high-frequency GC bursts also occur in mice, and if so, to what extent high-
frequency information can also be conveyed onto their PCs. Here, we show that
GCs in mice can also show high-frequency bursting, but that signaling at the
murine PF-PC synapse is limited. The relative peak amplitude of EPSCs of PC
responses increased with stimulus frequency following stimulation of a group
of PFs up to a frequency of 300 Hz. Moreover, the slopes of the virtually linear
correlations between relative charge in PCs and PF burst duration overlapped at
stimulus frequencies > 300 Hz due to insufficient glutamate release. Recordings
from individual GC-PC pairs revealed connections with a low or high release
probability possibly reflecting depressed and potentiated synapses, respectively.
Our data indicate that high-frequency bursting at PF-PC synapses facilitates
release during the first few spikes ensuring signaling, but that vesicular release
falls behind in response to enduring high-frequency activity patterns and that
the responsiveness of individual connections differs substantially supporting the
possibility that the cerebellar granular layer acts as a differential filter between
MF input and PC output.



BURSTING OVERCOMES LOW RELEASE PROBABILITY IN PF TERMINALS.

INTRODUCTION

Understanding synaptic efficacy is a critical step towards unraveling the computational
properties of a neuronal network. In the cerebellum, the cortical network is fed by two distinct
inputs including mossy fibers (MFs) and climbing fibers (CFs), both known to fire action
potentials at high frequencies paired with a high probability of vesicular release (Saviane and
Silver, 2006; De Zeeuw et al., 2011). Even though both projections share these characteristics,
each has a very distinct way of transmitting information to their postsynaptic targets; whereas
CF-terminals display rapid vesicular depletion when they elicit a complex spike composed of
multiple spikelets in a Purkinje cell (PC) (Schmolesky et al., 2005), thus loosing synaptic power
with consecutive action potentials, MF-terminals are remarkably well equipped to facilitate
reliable signaling at a high frequency up to 1 kHz (Sargent et al., 2005; Saviane and Silver,
2006; Hallerman et al., 2010). Together, CFs and MFs represent both ends of the spectrum of
high-frequency coding, namely reliability versus temporal precision, respectively.

Mossy fibers (MFs) convey their information to the Purkinje cells (PCs) via the granule
cells (GCs), each of which provides a single ascending axon that bifurcates into a parallel
fiber (PF). Like MF to GC signaling, GCs themselves can also fire bursts of action potentials
(Chadderton et al., 2004; Hensbroek et al., 2005; Jorntell and Ekerot, 2006). At rest they are
rather silent, but following sensory activation GCs display bursts of tens of action potentials
with instantaneous frequencies up to 1kHz (Isope and Barbour, 2002; Chadderton et al.,
2004). This burst-like mode of activation may have two potential functional implications:
1) when paired with a high synaptic release probability, it would allow granule cells to act as
a relay, preserving frequency-coded information from MFs; and/or 2) when paired with a
low synaptic release probability, it would allow granule cells to function as low-pass filters,
reducing noise from spontaneous activity and signal only when strongly activated, albeit at
the expense of temporal precision. The burst-like activity in GCs has been demonstrated
in various mammals such as rats, rabbits and cats (Chadderton et al., 2004; Hensbroek
et al., 2006; Jorntell and Ekerot, 2006). However, it remains to be shown whether high-
frequency GC bursts can also be induced in mice, and if so, to what extent high-frequency
information can also be conveyed onto their PCs. This question is not only relevant because
of the advent of mouse transgenics, but also because different results have been found for
different strains of rats in this respect. For example, release probability at the PF-PC synapse
ranges from 0.05 to 0.9 among different rat strains and different experimental protocols
(Dittman et al., 2000; Isope and Barbour, 2002; Valera et al., 2012). We therefore set out
experiments in mice to investigate the occurrence of bursting activity of GCs at rest using
patch clamp recordings in vivo, to study the impact of bursting activity in groups of PFs on
the EPSCs of PCs using whole cell recordings in vitro and to examine the unitary impact of
a burst within a single PF on a PC using paired GC - PC recordings.
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CHAPTER I

MATERIAL & METHODS

In vivo recordings in rabbits. Experiments were performed as described in Ruigrok,
Hensbroek and Simpson (2011). In short, extracellular recordings of cerebellar granule
cells located in the flocculus were acquired from awake, behaving Dutch-belted rabbit
(3-6months of age) using fine-tipped glass microelectrodes (~ 1um diameter). Given the
predominant silent behavior of granule cells at rest, cells were located while the animal was
stimulated by rotation around the vertical axis. While characteristic spiking behavior was
often suggestive of the cells subtype, further identification was confirmed by comparison
of spontaneous spiking behavior to the algorithm as described (Ruigrok et al., 2011)
Recordings were filtered below 100Hz and above 3 kHz and sampled at 20kHz (CED power
1401, Cambridge Electronic Design, United Kingdom).

In vivo recordings in mice. Adult (4-10 weeks) C57Bl/6 mice were prepared for in-vivo patch
clamp recordings by placing a pedestal on the skull under general anesthesia with isoflurane/
O,. On the day of the experiment, animals were anesthetized with an initial intraperitoneal
injection of ketamine/xylazine (75 and 12 mg/kg, respectively). Throughout the experiment,
anesthesia was sustained by supplemental dosages when needed. Animals were kept at 37°C
body-temperature via a feedback-controlled heating pad. For experiments in the awake, a
dam of dental cement was built around the occipital bone under anesthesia, while the bone
and dura were left intact.,Prior to the experiment, mice were anaesthetized with isoflurane/O,,
then quickly fixated in the setup via the pedestal and a tubular body restrainer. Access to the
cerebellar cortex was obtain via an occipital craniotomy. Once the dura mater was removed,
animals were allowed to wake up. Electrodes were pulled from borosilicate glass (1.5 OD x
0.86 ID, 1-2 um tips, 8-12 MQ). filled with internal solution (in mM: 10 KOH, 3.48 MgCl2,
4 NaCl, 129 K-Gluconate, 10 hepes, 17.5 glucose 4 Na2ATP, and 0.4 Na3GTP) and inserted
under positive pressure into the cerebellar cortex. After the electrode was positioned in the
target area, pressure was lowered and cells were patched in voltage-clamp. Granule cells were
identified by their high input resistance (>350m(2) and low capacitance (<10pF). Signals were
amplified using a Multiclamp 700B amplifier (Axon Instruments) and digitized for storage
with a Digidata 1440 (Axon Instruments). Junction potential between the electrode and the
extracellular milieu was determined to be 8.53 + 0.87 mV.

In vitro patch clamp recordings from PCs following grouped PF stimulation. Sagittal slices
(200-250 pum thickness) of the cerebellar vermis of adult male C57B1/6 wild-type mice (8-30
weeks) were prepared in ice-cold aCSF and stored at room temperature in carbogen-bubbled
(95% O, and 5% CO,) aCSF containing (in mM): 124 NaCl, 5 KCI, 1.25 Na, HPO, 2 MgSO,,
2 CaCl,, 26 NaHCO,, and 10 d-glucose. Whole-cell patch clamp recordings were acquired
1-6 hrs after slice preparation from Purkinje cells using a HEKA EPC-10 amplifier (HEKA
Electronics, Germany) at near physiological temperature (34 + 1°C). Recording electrodes
(2.5-4.0 MQ) were filled with a solution containing (in mM): 9 KCI, 10 KOH, 3.48 MgClL,
4 NaCl, 120 K-gluconate, 10 HEPES, 4 Na,ATP, 0.4 Na,GTP and 28.5 sucrose (pH-adjusted

to 7.25 £ 0.05). For experiments conducted in current clamp, the membrane-impermeable
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voltage gated sodium channel blocker QX314 was added to prevent generation of action
potentials. Throughout recordings, slices were perfused with carbogen bubbled aCSF to
which picrotoxin (100 uM) was supplemented in order to isolate excitatory inputs. All drugs
were acquired from Sigma-Aldrich, except YDGG (Tocris). Recorded currents were filtered
(low-pass Bessel, 3 kHz) and sampled at 20 kHz through Pulse-software (HEKA Electronics,
Germany). PFs were activated by current injection (100 ps, 0.5-2.0 mA) (ISO-flex current
generator, A.M.P.I, Israel) using a bipolar glass microelectrode positioned in the molecular
layer. Input and series resistance were monitored in each experiment and cells were rejected
if a change of > 10 % occurred. In general, the stimulus protocol consisted of a sequence of
high-frequency bursts of (1), 2, 3, 4, 5, 10, 15 and 20 pulses. This sequence was tested with
burst-frequencies varying between 100, 300, 500 and 700 Hz (with a 10, 3.33, 2, and 1.47 ms
interstimulus interval, respectively) and repeated 3 times. Consecutive bursts were given
at 0.05 Hz to minimize residual effects. For some experiments responses were also tested
with bursts at 200 Hz (5 ms stimulus interval). To minimize the possibility of recruiting
additional PFs with consecutive pulses in a burst and to promote reproducibility between
recordings we applied several strategies: 1) a low-resistance bipolar stimulus electrode was
used to reduce stimulus width and minimize current build-up within a burst keeping the
stimulus region restricted; 2) the stimulus electrode was positioned close to the pial surface
of the molecular layer where PF density is lowest; and 3) stimulus strength was adjusted to
elicit a response of ~100 pA to a single stimulus.

In vitro double patch clamp recordings from GC-PC pairs. A double patch clamp
configuration was favored over the ‘loose-cell-attached’-configuration to exclude the
possibility of exciting more than a single granule cell. Transverse slices and electrodes were
prepared under similar conditions as mentioned above. Granule cell patch pipettes had
a resistance of 8-10 MQ and contained the same internal solution as mentioned above.
After the double platch clamp configuration was established, spike trains were elicited by
somatic current injections for 50 ms in the granule cell. The amplitude was adjusted such
that spiking occurred at ~200 Hz. During the experiment connectivity was confirmed by

eye when an EPSC was detected in the Purkinje cell after averaging a minimum of 10 trains.

Analyses

In vivo recodings. Mice data were analyzed using Clampfit (Axon Instruments) and custom
written routines in MATLAB (Mathworks). Extracellular recordings from the rabbit
were acquired using Spike 2 (Cambridge Electronic Design). Spikes were separated upon
waveform templates and values were exported to Excel (Microsoft) for further analysis.

PF group stimulation and in vitro recordings. Measurements of peak amplitude and
charge were averaged over three recordings to minimize variance and then normalized to
the response elicited by 2 pulses at 300 Hz to allow comparison between cells. For those
experiments in which individual EPSC amplitudes were measured, the derivative of the
stimulus artifact was used to define intervals. Amplitudes were calculated as the difference

between the local minimum and the current directly preceding the artifact. When stimuli
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took place within the rise phase of the preceding EPSC (which was especially prominent at
the higher frequencies) and the response to the first pulse in the burst was more than 10%
smaller than the response measured for a single stimulus, the recordings were excluded
from analysis. The plateau level during prolonged activation was defined as the average of
all values measured directly preceding all stimulus artifacts within a 50 ms time window.
Double patch granule cell - Purkinje cell recordings. After connectivity was confirmed, high-
frequency noise was eliminated offline from individual recordings using a running average (1
ms width). The recording was further processed by averaging the measured current over 800
us creating virtual bins. Whenever the derivative of these values was negative over 2 or more
consecutive bins, events were considered for analysis and both amplitude and derivative of
the rise-phase were measured. Baseline values of these parameters were determined over
a 50 ms period preceding the current injection. Detected events were considered evoked
responses when both amplitude and derivative exceeded 1 x SD over baseline levels and the
detected amplitude rose 2 x SD above background noise levels. This method proved very
effective to detect wider EPSCs while simultaneously rejecting high-frequency background
noise. As an indicator of sensitivity, detected EPSC amplitudes were 5.2 + 0.2 x SD larger
than baseline events. Detection thresholds were -5.76 + 0.32 pA and -5.9 + 1.4 pA for ‘Low
Release Probability (RP)’ and ‘High RP’ pairs, respectively (see text); these values did not
differ significantly (p > 0.05). Significance was tested using (un-)paired Students’ t-test or
ANOVA where applicable. All values are expressed as average + SEM unless otherwise noted.

RESULTS

Bursting activity in vivo

For long, it was believed that cerebellar granule cells operate at low firing frequencies (but
see Eccles, 1969). However, most of these assumptions were based on indirect calculations,
for acquiring direct recordings had proven difficult as a result of the small somatic size of
granule cells (Roth and Hausser, 2001; Chadderton et al., 2004). It is only since the last
decade that more observations have been made that indicate that granule cells can fire
bursts of action potentials at surprisingly high frequencies of several hundred hertz with
instantaneous frequencies up to 1kHz (Chadderton et al., 2004; Hensbroek et al., 2005;
Jorntell and Ekerot, 2006). To underline the intensity of GrC burst firing, we've incuded
examples of burst recorded in vivo both in rabbits and mice (fig 1). The cell taken from the
rabbit did not show any activity when the animal was at rest, whereas vestibular stimulation
via sigmoidal rotation around the vertical axis caused it to fire bursts of action potentials
both during movement in the contralateral direction and while the animal was stationary in
the contralateral position. Burst were defined as a group of >2 spikes separated by less than
50ms between spikes (i.e. >20Hz). A total of 31 burst were fired over 6 cycles. Bursts had
an average firing frequency of 529.8 + 45.7Hz, contained 11.6 + 6.6 spikes and were 23.66 +
15.86ms in length (all values AVG + SD). Surprisingly, for this particular cell, timing of burst
onset was variable (1.49 + 0.80ms from start of movement (AVG + SD), n=31) and multiple
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bursts could occur within a single movement. Due to this inconsistent behavior, bursting
did not directly relate to either velocity, acceleration, position of the table or position of the
eye, but rather seemed to signal movement in the ipsilateral direction indistinctively.

To confirm that GrC are capable of displaying similar characteristics in mice, we've
evoked spiking by current injection in vivo. Fig. 1D shows an example of sustained, regular
activity under anesthesia. This particular burst contained 21 spikes at an average frequency
0f 219.6 + 21.2Hz (AVG + SD). Although less regular, the example from the awake displays

Table movement

ipsilateral

20ms.
contralsteral

[v=]
Frequency (Hz)
g & &

0 20 30 40 S50 60 70 80 9% 100 110

Time {ms)

Sms

20ms.

400

800
= 500
= =
= 700 . . T a0

. = . .
2 . ., P .
3 s00 «** . * . g 300 .
g te et Cen, :
& so0 . . g 200 .
. - . .
400 100
. .
[} 5 10 15 0 Fi3 30 35 40 a5 50 55 60 65 o w 20 30 40 S0 &0 0 80 %0 100 110
Time (ms) Time {ms)

Figure 1. Examples of burst firing in a cerebellar granule cell. A, (top) Extracellular recording
of granule cell in the flocculus of a Dutch-belted rabbit during vestibular stimulation around
the vertical axis. Note absence of activity prior to movement onset, whereas several distinct,
high frequency burst occur during rotation (table position is displayed at bottom). B, Burst
demarked in A shown at larger scale. Identified spikes are indicated by dots. C, Instantaneous
frequency plot of burst shown in B. This particular burst consisted of 24 consecutive spikes
with instantaneous frequencies as high as 694Hz and had an average firing frequency of
589Hz. D, Burst elicited in anesthetized mouse by current injection (50pA) shows regular
firing pattern at high frequency (219.6 + 21.2Hz, AVG + SD). E, Burst elicited in awake
mouse by current injection (25pA) shows irregular firing pattern at high frequency (220.2 +
131.2Hz, AVG * SD) with instantaneous frequencies up to 384.6Hz.
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a similar average frequency of 220.2 + 131.2Hz (AVG + SD) with instantaneous frequencies
up to 384.6Hz (fig. 1E).

While these results confirm that GrC are capable of firing action potentials in high-
frequency bursts as reported previously in other species, it should be noted that these burst are

elicited by mild somatic current injection and do not represent actual physiological responses.

Impact of bursting activity in groups of PFs in vitro

We performed whole cell somatic patch-clamp recordings from PCs to measure EPSCs
evoked by extracellular stimulation of groups of PFs. Bursts of 2, 3, 4, 5, 10, 15 and 20 pulses
were given at frequencies of 100, 200, 300, 500 and 700 Hz (Fig. 2; data obtained at 200 Hz
and 700 Hz are only shown in part of the panels). The peak amplitude of the EPSCs showed
a significant increase with each additional stimulus (p < 0.05 for all frequencies) until a
maximum level was reached at 10 pulses (Fig. 2A); additional pulses did not contribute to
a significant increase in peak amplitudes (p > 0.05 for all frequencies). When comparing
bursts of equal numbers of stimuli over different frequencies (Fig. 2B), a significant increase
in the relative peak amplitude of the EPSCs (i.e. relative to the 2 pulses at 300 Hz condition,
which was set at 100%) was seen for each condition between 100 Hz and 300 Hz (p <
0.05 for all numbers of stimulus pulses). Surprisingly, no further enhancing effect on EPSC
amplitudes could be observed for stimulus frequencies higher than 300 Hz (p > 0.05 for
all numbers of stimulus pulses). In fact, the EPSCs following bursts of 2, 3 and 4 stimuli at
700 Hz were significantly smaller compared to those at 300 Hz and 500 Hz (p < 0.05 for all
comparisons) possibly reflecting insufficient, presynaptic calcium entry, which may occur
at higher frequencies (Brenowitz and Regehr, 2007).

The impact of temporal summation at higher frequencies on the peak amplitude of
EPSCs was also evident when we studied the relevance of the moment of onset of the
second stimulus in relation to the phase of the EPSC evoked by the first stimulus of a burst.
For example, the second stimulus always occurred late in the decay phase of an EPSC at a
burst of 100 Hz, whereas at 500 Hz the second stimulus usually occurred around the peak
of the response (Fig. 2A). Thus, especially at higher frequencies, stimuli could take place
within the rise phase of the preceding EPSC. As a result, many of the recordings at the
higher frequencies had to be rejected from the analyses of the amplitude, because this effect
would have directly biased the measurements (see Analysis section in Methods). Of all the
recordings that were included in the analysis none of the first EPSCs showed a significant
attenuation (p > 0.05 for all frequencies) (Fig. 2A and C).

Remarkably, while the amplitudes of the EPSCs of all frequencies initially showed
facilitation for the first stimuli, these amplitudes could only be maintained at 100 Hz
(Fig. 2C, top graph); at higher frequencies a rapid decline was observed. With an increasing
number of pulses (up to 20), the currents eventually reached a stable amplitude, but these
levels reduced progressively with increases in frequency and at 700 Hz virtually no current
could be detected. The levels at the different frequencies were all significantly different from
each other (p < 0.05 at 20 pulses for all comparisons). When these values were expressed
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Figure 2. PCs can increase the peak amplitude of their EPSCs following high frequency
stimulation of groups of PFs up to 300 Hz. A, (top) Traces of PC EPSCs following stimulus
bursts of 2, 3, 4, or 5 stimuli at 100, 300, 500 or 700 Hz. Response to 2 stimuli is shown in red
for reference. Note the effect of temporal summation on peak amplitude at higher frequencies.
(bottom) Recordings of 2 and 20 stimuli at 300 Hz. Note how in the last half of the long
burst no robust responses can be distinguished. B, 3D representation (left) and top-down
view (right) relative peak amplitudes of EPSCs with respect to different stimulus conditions.
No increase in EPSC amplitude was observed for bursts of more than 10 stimuli at any of
the stimulus frequencies (p > 0.05). For bursts with equal number of stimuli, no significant
increases were observed for frequencies higher than 300 Hz (for all comparisons, p > 0.05).
In fact, bursts of 2, 3 and 4 stimuli at 700 Hz were all significantly smaller than those at
300 and 500 Hz (p < 0.05). C, Relative EPSC increases per stimulus (top) and cumulative
EPSC (bottom) over time. D, Example traces of EPSCs following prolonged stimulation for
300 ms at 100, 200, 300 and 500 Hz. A plateau establishes after ~100ms for all frequencies.
Average current levels were measured early (left orange column) and late (right orange
column) during the plateau over a 50 ms time period. Levels measured during first period
are indicated by dashed lines for reference. E, (top) Bar graph of early plateau current levels;
no significant increase was observed between 300 and 500 Hz (p < 0.05). (bottom) Relative
reduction of plateau current levels (i.e. difference between late and early levels); only at 100
Hz no reduction was observed (p > 0.05).
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as cumulative responses over burst duration (Fig. 2C, bottom graph), the slope measured
over the first 10 ms significantly increased with increasing frequency up to 300 Hz (p < 0.05
between frequencies of 100, 200 and 300 Hz), while no rise was seen above 300 Hz (p > 0.05).

Prolonged stimulation for 300 ms at 100, 200, 300 and 500 Hz produced a plateau in the
amplitude of the EPSCs at all stimulus frequencies after approximately 100 ms (Fig. 2D).
All responses initially showed a rise phase, followed by a decay phase until the plateau was
reached. The level of the plateau, which was measured as the average of current recorded
prior to each stimulus over a 50 ms period (indicated by left red column in Fig. 2D), was
lowest for 100 Hz and significantly increased with stimulations at 200 Hz and 300 Hz (p <
0.05; Fig. 2E, top graph). No further significant increase was observed between 300 Hz and
500 Hz (p > 0.05). As stimulation continued, the level of the plateau was maintained up to the
end of the burst at 100 Hz, but not at the higher frequencies where levels showed a significant
reduction at the end of the burst suggestive of presynaptic depletion (Fig. 2E). It should be
noted though that frequency-dependent limitation of release and depletion probably occur
at frequencies lower than reported here, because the effects following stimulation described
above apply to PF-activity as a bundle; inactivity of a particular fiber can be compensated for
by activity from others and therefore, unless all fibers are continuously active, equilibrium
can be established at a higher level than would be possible for fibers independently.

To compensate for temporal summation in the rise phase of the response and to capture
ongoing activity in the decay phase during prolonged stimulation we calculated the total
charge elicited by a burst (i.e. ‘area-under-the curve’ of EPSCs) as an indicator of ongoing
activity during a particular period. Correlating the total charge to burst duration revealed a
remarkable near-perfect linear fit for all frequencies (R?-values 0.990 + 0.002; Fig. 3A). We
saw a significant increase in the slope of the correlation at 300 Hz compared to that at 100
Hz and 200 Hz (in both cases p < 0.05) indicating increased ability for a bundle of PFs to
maintain activity. However, in accordance with our observations described above, we found
no further rise for the slopes at frequencies higher than 300 Hz (p < 0.05 for all frequencies).
This finding indicates that, within a given time period, stimuli given at a frequency higher
than 300 Hz are ineffective in eliciting any additional activity. These ‘false’ stimuli occur
at a rate faster than a bundle of PFs can compensate for. Considering the compensatory
mechanism of alternate activity that occurs within a group of fibers, the maximum
frequency for individual fibers is likely lower. These results are a first indicator that burst
firing at frequencies higher than 300 Hz cannot relay temporally coded information from
MFs to PCs. To exclude the possibility that these findings resulted from our whole-cell
patch clamp recording conditions, we repeated the experiment in current-clamp mode so
as not to restrict PC behavior. No differences were found (fig 3B, p<0.05 for 100 against
300/500/700, p>0.05 between 300,500 and 700). To confirm a transitional trajectory before
the observed limit is reached, we also included 200Hz (fig 3C). The slope measured for
200Hz was indeed larger than 100Hz (p<0.05), yet smaller than 300 and 500Hz (p<0.05).

To detect any involvement of postsynaptic receptor desensitization on signaling, we
compared the charge with and without application of CX546, which acts as an allosteric
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modulator and prevents AMPARSs to reside in the desensitized state. With CX546 present
(200 uM) the data did not fell along a linear fit as perfect as without (R?-values 0.974 + 0.004),
due to a small facilitation in responses to stimulus bursts smaller than 20 ms in duration
(Fig. 3D). However, over the first 20 ms the slope with CX546 still displayed a rather linear
relation (R?-values 0.989 + 0.002) and differed only significantly from that without CX546
at 100 Hz (p < 0.05). No differences were found for the remaining frequencies (p > 0.05).

While these results suggest some role of AMPAR desensitization in PF-PC signaling, it
cannot explain the restrictions in signaling found for stimulus frequencies over 300 Hz.
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Figure 3. Slopes of near-perfect linear correlations between charge and burst length reveal
limited signaling for frequencies higher than 300 Hz as a result of insufficient glutamate
release. A, Correlations between relative charge and burst length at 100, 300, 500 and 700
Hz; no differences were seen in the slopes between 300, 500 and 700 Hz (p > 0.05). The
slopes represent the ability for a bundle of PFs to maintain activity at the given frequency.
Note that the slope measured for 200 Hz differed significantly from that at 100, 300 and
500 Hz (p < 0.05). B, Similar experiment as shown in A repeated in current clamp. Recording
conditions had no effect on the outcome. C, When CX546 was applied, correlations were less
linear as a result of small facilitations for bursts smaller than 20 ms. However, bursts that
were shorter than 20 ms in duration still displayed a linear relationship and the slopes at 300,
500 and 700 Hz still did not differ significantly from each other (p > 0.05). D, Application of
yDGG (1 mM) did not affect the observed limitation of signaling at frequencies higher than
300 Hz. E, yDGG (1 mM) effectively suppressed all responses by more than 35%. Relative
suppression was significantly smaller after 5 stimuli at 200, 300 and 500 Hz, although no
further decrease was observed for longer stimulus trains. This indicates that additional release
might occur with the first few stimuli, but quickly reaches its optimum.
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Next, to exclude any major involvement of postsynaptic receptor saturation we
investigated the impact of application of YDGG, which is a competitive antagonist of AMPAR
by occupying a portion of the available AMPARs, effectively suppressing EPSCs. Because of
its competitive behavior and fast unbinding rate, yDGG is a perfect reporter of glutamate
transients. In the case of postsynaptic receptor saturation, excessive glutamate will compete
with yDGG to overcome its suppressive effect and EPSCs will be unaffected by its presence.
At 1mM, yDGG effectively suppressed all responses to <65% of their original size. However,
no effect was observed on the linear behavior of responses (R*-values 0.993 + 0.001). In
addition, similar to the data described above, slopes were significantly different at 100 and
200 Hz compared to those at other frequencies (p < 0.05), yet those at 300, 500 and 700 Hz
were indistinguishable from each other (Fig. 3E). Interestingly, the relative reduction was
strongest for short bursts, but showed a gradual decrease towards bursts of 5 pulses at 200,
300 and 500 Hz (p < 0.05 for responses of 2 versus 5 pulses at all three frequencies) (Fig.
3F), indicative of additional glutamate release with consecutive pulses. However, no further
decrease was observed for longer bursts (p < 0.05 for responses of 5 versus 20 pulses),
meaning that release had reached its optimum within 5 pulses. Together, these results
indicate that signaling at high frequency between PF-PC is restricted to the presynaptic site
by insufficient release. While some additional release might occur within the first few pulses
of a burst, prolonged activation cannot be maintained.

Impact of bursting activity on release probability fro paired recordings
of GCs and PCs in vitro

The results described above showed the implications of grouped activity from synchronously
activated granule cells, but they failed to accurately describe the behavior of individual
connections. We therefore performed paired whole-cell patch clamp recordings from 13
connected GC - PC pairs. Because this configuration turned out to be relatively short-lived,
we couldn’t test responses for the same wide range of stimuli as with extracellular stimulation.
We chose to elicit bursts of action potentials at 200 Hz, because at this frequency, on the
one hand, we had found some limitations such as depletion with prolonged activity, while
on the other hand we had observed room for additional signaling at higher frequencies (up
to 300 Hz; see above).

Recordings from individual GC-PC pairs confirmed a low initial release probability,
yet strong differences were observed between these pairs (Fig. 4A-D). Whereas some
connections could only be revealed by averaging multiple recordings, others showed clearly
recognizable events in individual traces. Overall, we found an initial failure rate (FR) of
0.83 £ 0.01 (Fig. 4D). With consecutive action potentials this FR was significantly reduced
to a minimum of 0.66 + 0.02 at the third action potential (p < 0.05). However, from the
third action potential on, FR began to show a gradual increase again to return to baseline
level at the sixth action potential (p > 0.05 1* versus 6% action potential, p < 0.05 3™ versus
6™ action potential). On the basis of cumulative release probability over the first 3 action
potentials (RP = 1-(FR*FR,*FR))), pairs could be separated in a ‘Low RP’-group

cumulative 1-3
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(RP omlative 1.5 = 0-41 £ 0.05, n=8) and a ‘High RP’-group
(RP__ i1 =0.86 * 0.02, n=4) (Fig. 4A). Even though the initial
FR was similar between the 2 groups (p > 0.05), a dramatic difference was observed for the
FR of the 2" and 3" spike (p > 0.05, 0.86 + 0.01 and 0.78 + 0.01 for Low RP; 0.48 + 0.03 and
0.43 + 0.05 for High RP, respectively) (Fig. 4D). No difference in FR was observed after the
= 1-(FR *FR *FR ),

unveiled a striking difference between the 2 groups (Fig. 4E); whereas the chance of release

< 0.55, average RP

cumulative 1-3

> 0.8, average RP

cumulative 1-3

3 spike (p > 0.05). The cumulative release probability (RP__ .~
for at least one of the action potentials reached > 90% for the ‘High RP’-group at the fourth
AP, this chance only reached the level of ~50% for the ‘Low RP’-group and only had reached
alevel of ~75% at the 7™ AP.

The EPSC amplitude of the response to the first action potential was -8.54 pA + 0.22
for the ‘Low RP’-group (Fig. 4C). No further change in amplitude occurred throughout the
burst. Amplitudes in the ‘High RP’-group were significantly larger for the 2%, 3* and 6"
action potential (p < 0.05). It should be noted, however, that it is likely that amplitudes of
the 4™ and 5" were larger as well, although significance could not be reached as a result of
a relatively low number of events. Causal to this amplitude difference can be many factors,
such as proximal vs distal connections, ascending versus branching segments of the PF or
potentiated versus depressed synapses. However, the combined observation that larger EPSC
amplitudes coincided with a higher RP raises the intriguing possibility of multi-vesicular
release in the ‘High RP’-group. Multi-vesicular release is promoted by LTP (Bender et al.,
2009) and therefore, the observed heterogeneity could result from a difference between
potentiated and depressed synapses. Thus, in short, from the paired recordings we conclude
that bursting may facilitate release within the first few spikes in both the Low RP and High
RP groups, and result in a high cumulative release probability especially in the responsive

‘High RP’ group to ensure signaling and overcome a low initial release probability.

DISCUSSION

For a long time, it was believed that cerebellar GCs operate at low firing frequencies (but
see Eccles, 1969). However, most of these assumptions were based on indirect calculations,
for acquiring direct recordings had proven difficult as a result of their small somatic
size (Roth and Héusser, 2001; Chadderton et al., 2004). It is only due to recent technical
advances that GCs have been shown to fire bursts of action potentials at surprisingly high
frequencies of several hundred Hz with instantaneous frequencies up to 1 kHz (Chadderton
et al., 2004; Hensbroek et al., 2006; Jorntell and Ekerot, 2006; Valera et al., 2012) and
that individual action potentials in high-frequency bursts of GCs are reliably translated
into consistent calcium transients at presynaptic PF varicosities, showing only minor
attenuation for intervals starting at approximately 500 Hz (Brenowitz and Regehr, 2007).
Here, we demonstrate mice can also show bursts of GC activity at high frequency, but that
the capability of their PFs to relay information to the PCs is limited to ~300 Hz. In line with

previous studies in rat (Brenowitz and Regehr, 2007; for review see Le Guen and De Zeeuw,
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Figure 4. Paired GC-PC recordings reveal heterogeneity in PF release probability. A,
Examples of paired recordings. Based on the cumulative release probability over the first 3
spikes, pairs could be subdivided into a Low RP’ group (left) and ‘High RP’ group (right).
(top traces) Original voltage clamp recordings from PCs (gray) and their processed signals
used for analysis (red); asterisks indicate detected events. (bottom traces) Current clamp
recordings from GCs. Spiking is induced via current injection. Dashed lines indicate detected
spikes. B, Averaged responses over all recordings from cells shown in A. Beginning and end
of current injections are indicated by arrowheads. Note a faster overall response in the ‘High
RP’ cell (green). C, EPSC amplitudes did not change in size during the burst for ‘Low RP’
connections (purple, p > 0.05 for all comparisons). However, for the ‘High RP’ group (green)
EPSCs elicited by the 2", 3" and 6™ spike were significantly larger than that by the 1 spike.
No significant difference was observed for responses to the first spike between the ‘Low RP’
and ‘High RP’ groups. D, Failure rate for all recorded pairs (gray), Low RP’ group (purple)
and ‘High RP’ group (green). The ‘High RP’ group showed a short-lift facilitation for the 2"
and 3" spike, resulting in a significantly smaller failure rate compared to that of the ‘Low RP’
group (p < 0.05). E, Cumulative probability of release for all recorded pairs (gray), ‘Low RP’
group (purple) and ‘High RP’ group (green).
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2010), murine PF inputs constitute a heterogenic group of terminals with various levels
of release probability allowing differential filtering. Our data suggest that high-frequency
PF activity may facilitate transmitter release during initial spiking ensuring signaling onto
PCs, but that variability is too high to allow temporally coded signaling.

Limitations of vesicular release at the murine PF-PC synapse. Our main finding
demonstrates that vesicular release from PF terminals onto PC dendrites is limited during
physiologically relevant high-frequency bursts. Although the current observations in awake
behaving mice and those of others in anesthetized rats and rabbits indicate that cerebellar
GCs can fire bursts of action potentials with instantaneous frequencies up to ~1 kHz
(Chadderton et al., 2004; Ruigrok et al., 2011), our in vitro results following stimulation of
bundles of PFs show that signaling at the murine PF-PC synapse is confined to ~300 Hz at
best. This maximal limit is probably even an overestimation, because the stimulus conditions
under which these results were obtained allow for different PFs to be active at different time
points within a burst. In this manner, a group of PFs can maintain a highly effective activity
pattern, while the effective activity of each individual terminal is in fact substantially lower
(see also below). Indeed, our double patch clamp recordings of connected GC-PC pairs in
mice confirmed a relatively low RP for most of the individual PF terminals. These recordings
showed a low average initial RP of ~0.17, which is in line with previous observations in rat
by Dittman and colleagues (2000), but not by those of Valera and colleagues (2012), who
reported a RP of 0.44 at a calcium concentration of 1.5 mM. The differences with the latter
study may be partially due to the specific strains of rodents used, differences in extracellular
calcium concentration in the bath, and/or the approach used to calculate the RP. Valera and
colleagues (2012) calculated RP with the Multi-Probability-Fluctuation-Analysis (MPFA), a
method that relies on a presumed distribution of Pr__ (i.e. the probability for a single vesicle
to be released at a particular site) to calculate RP from the quantal distribution. However,
this approach does not take into account heterogeneity between synapses that arise from
differential factors such as presynaptic calcium transients (Mitchell and Silver, 2003) and/or
build-up of residual calcium (Brenowitz and Regehr, 2007). Moreover, whereas Valera and
colleagues (2012) used a noise-based signal-to-noise ratio to discriminate events in paired
recordings, we applied a noise-based multi-variable threshold detection method; both
methods have the potential to misrepresent RP either by missing small events or detecting
noise, resulting in an underestimation or overestimation, respectively.

PF terminals in mice are heterogenic. We noticed a clear heterogeneous distribution
between release properties of individual connected pairs of GCs and PCs. Given that larger
EPSC amplitudes coincided with a higher RP, this difference might reflect diversity between
potentiated and depressed synapses (Bender et al., 2009). However, we cannot exclude the
possibility that this heterogeneity partly also results from differences between terminals
from the ascending versus the horizontal segment of parallel fibers (Sims and Hartell, 2005;
Sims and Hartell, 2006). In addition, the heterogeneity may result from the fact that there
is great diversity in presynaptic calcium transients in PF terminals, which can account
for a ten-fold range in levels of RP (Brenowitz and Regehr, 2007). This enormous range
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may result from the fact that the probability of vesicular release for a given PF terminal is
dynamic and depends on preceding activity as well as terminal specific parameters such as
initial release probability, calcium buffering capacity, number of release sites and the size of
the readily releasable pool. Moreover, the differences in synaptic responses will also depend
on vesicular depletion, rate of vesicular replenishment, transmitter re-uptake and receptor
saturation/desensitization (Neher and Sakaba, 2008). Despite a heterogeneous distribution,
we found a low initial release probability for all PF-PC synapses; whereas the PF to Golgi
cell synapse is considered to be weak (Dieudonne et al., 1998; Robberechts et al., 2010), the
PF to molecular layer interneuron synapse has been shown to be more reliable (Crowley
et al,, 2007; Satake et al., 2012). These observations are remarkable, because all types of PF
connections mentioned above probably persist along a single PF Palay and Chan-Palay, 1974;
Napper and Harvey, 1988). It will be interesting to find out to what extent the heterogeneity
in RP will have impact on the ability of PFs to signal at high frequencies, not only at their
input to PCs but also to Golgi cells and molecular layer interneurons. Moreover, it will be
interesting to find out how the plasticity rules that control efficacy at the PF-PC synapse
compare to those controlling the PF-interneuron synapses (Gao et al., 2012).

Technical limitations and caveats. We took three different approaches in the current study
to investigate GC-PC interactions; these included whole cell patch recordings of GCs in
vivo, recordings of intracellular PC responses in vitro following extracellular stimulation of
bundles of PFs, and intracellular recordings of individual GC-PC pairs in vitro. Each of these
three approaches presented particular technical limitations and caveats. First, the whole-cell
patch clamp approach in mice in vivo was necessary to verify the identity of GCs, but this
configuration disrupts natural behavior. Second, recording EPSCs from PCs following PF
activity is notoriously complicated by several factors (Roth and Héusser, 2001): the large
dimension of a PC prevents the desired control over electrical properties in patch-clamp
experiments; extensive dendritic arborization filters postsynaptic currents; the small size
and condense packing of PFs make isolated activation difficult; and spontaneously active
inputs obscure individually evoked events. These complications probably had impact on
the measurements following PF bundle stimulations as well as those during the paired
recordings. When stimulating a bundle of PFs, the elicited response will be the multiplication
of dynamic stochastic variables and, given a relatively low release probability, will only reflect
activity from a subset of all the stimulated PFs. Considering the heterogenic behavior, where
some fibers might show activity to a substantial portion of the stimuli in a burst, and others
might respond only periodically, the composed response will not reflect activity from a
constant number of terminals. Because the total number of stimulated fibers is unknown,
it is unclear what proportion is unresponsive. When, for example, a burst of ten stimuli is
given, the response to the 4" and 5" stimulus can be made up by a completely different subset
of parallel fibers. As a result, heterogeneity greatly limits the possibilities for group analysis
and, in fact, limits applicability of methods proven effective at other release sites (Saviane and
Silver, 2007; Valera et al., 2012). Yet, an equilibrium between driving and suppressing forces

will establish as sustained activity and heterogenic differences will at least partly be averaged
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out. Thus, the measurements following extracellular bundle stimulation may to some degree
be subject to misrepresentation, but the established plateau current can probably serve as an
indirect indicator of overall synaptic efficacy (Saviane and Silver, 2006; Valera et al., 2012).
Finally, finding connected pairs of GCs and PCs was difficult indeed and holding on to both
cells for long periods of time proved even more challenging. These technical difficulties
forced us to restrict ourselves to investigate only the most physiologically relevant stimulus
parameters and limited the power of our statistical analyses.

Functional implications. The notion that frequency coding is partially lost in individual
GC firing patterns has interesting implications for the cerebellar network as a whole and
challenges the idea that GCs merely act as interposed relay-neurons. What is the purpose
for a GC to fire a high-frequency burst when actual vesicular release partly falls behind?
The main benefit of a relatively low release probability is that few spontaneous events occur,
creating a relatively noise-free background of activity. However, this comes at the expense
of reliability and consistency; such a system is not well designed to employ rate coding over
its entire frequency range in a linear fashion. Nevertheless, as depicted in Figure 4, the
cumulative probability of release at the murine PF-PC synapse reached nearly 1 within a few
spikes for the ‘High RP’-group. This means that a brief PF burst could overcome the initial
low release probability to ensure release within the time window of the burst. Moreover,
as the presynaptic insufficiency caused a rapid fall in release probability, restricted release
probably prevented immediate saturation of the postsynaptic site and thereby left room for
temporal summation at a lower rate. Ultimately, these characteristics point towards a non-
linear mode of synaptic transmission, in which the actual occurrence of a synaptic event
bears significance as well as its timing within a burst.

GC activity is tightly controlled by tonic inhibition from Golgi cells, resulting in few
action potentials at rest (Mapelli and D’Angelo, 2007; Hensbroek et al., 2006); GCs can be
relieved from this inhibition when Golgi cell activity is diminished or when excitatory MF
input exceeds the inhibiting force. Moreover, glutamate released by MFs can directly act
on Golgi cell terminals and suppress GABA release, forming an activity-dependent feed-
forward loop (Gao et al., 2012). When the balance is shifted from inhibition to excitation,
a time window is created in which a GC can fire a burst of action potentials (D’Angelo
and De Zeeuw, 2009). As such, the granular layer can be regarded as a ‘gate-keeper’ that
can selectively allow information to pass from MFs to PCs. Because MF terminals are
well tailored to maintain reliable signaling at very high frequencies (Sargent et al., 2005;
Hallermann et al., 2010), it is remarkable that rate coding is to some extent lost down the
line. This implies that the information encoded by high-frequency firing of MFs may have
limited value for PCs, but rather shapes the time window in which GCs can produce a
burst of activity. Thus, combining strong inhibition together with a relatively low release
probability may result in a system in which synaptic events are restricted and a high signal-
to-noise ratio is effectuated.

Our finding that bundles of PFs can display a near-linear, frequency-sensitive

relationship between burst duration and total synaptic charge bears some physiological
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relevance, because there is strong evidence that PFs are active in bundles (Ebner et al., 2005).
Moreover, GCs are also prone to fire together in groups, because of the impact of Golgi cell
inhibition, which can produce a center-surround pattern of activity in the granular layer
further enhancing the filter function of the granular layer (Mapelli and D’Angelo, 2007). This
leads to the interesting possibility that, while output from individual PFs can be relatively
insignificant and poorly timed, a group of selectively activated PFs can reliably convey and
maintain frequency coded MF activity while further reducing background noise.

In conclusion, our findings indicate that the firing mode of granule cells in high-
frequency bursts of action potentials overcome the unreliability and inconsistency of
PF terminals to ensure signaling at the partial cost of rate coding. Together with strong
Golgi cell inhibition and center-surround group activation this creates an environment
in which the granular layer forms a strong spatio-temporal filter, and, while a single GC
action potential can become insignificant, controlled bursting can reliably convey selective
information from MF input to PC output.
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ABSTRACT

Endocannabinoid signaling has been demonstrated to mediate depolarization-
induced suppression of excitation at climbing fiber (CF) and parallel fiber
(PF) synapses onto cerebellar Purkinje cells. Here, we show that CF-evoked
release of cannabinoids (CBs) additionally suppresses a presynaptic form of
long-term potentiation (LTP) at PF synapses. PF-LTP can be induced by 8 Hz
PF tetanization but is blocked when the PF tetanization is paired with 4 or 1 Hz
CF coactivation. CF activity can be substituted for by bath application of the CB
receptor agonist WIN55,212-2 [R(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)
methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-naphthalenyl) methanone]. In the
presence of the CB1 receptor antagonist AM251 [N-1-(2,4-dichlorophenyl)-5-(4-
iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide], CF activity
no longer suppresses PF-LTP. Presynaptic potentiation can also be obtained by
the adenylyl cyclase activator forskolin. WIN55,212-2 blocked this forskolin-
mediated enhancement, showing that CB1 receptor activation interferes with the
adenylyl cyclase-protein kinase A cascade, which participates in LTP induction.
CF activity has been described to promote the induction of postsynaptic PF-long-
term depression (LTD) and to impair postsynaptic PF-LTP. Our observation that
CF activity blocks the induction of presynaptic LTP suggests that the CF input
controls all forms of presynaptic and postsynaptic PF plasticity and that CF
activity provides a “safety lock” to prevent an enhancement of transmitter release
while postsynaptic AMPA receptor function is downregulated during LTD.
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INTRODUCTION

Long-term depression (LTD) at cerebellar parallel fiber (PF)-Purkinje cell (PC) synapses is
considered a cellular correlate of cerebellar motor learning (Hansel et al., 2001; Ito, 2001).
Whereas PF-LTD induction requires the simultaneous activity of the PF and the climbing
fiber (CF) inputs onto PCs at low frequencies (e.g., 1 Hz for 5 min), PF stimulation alone
leads to the induction of long-term potentiation (LTP) (Lev-Ram et al., 2002; Coesmans
et al., 2004). The CF acts as a heterosynaptic control switch for postsynaptic PF plasticity:
CF-evoked complex spikes evoke large dendritic calcium transients that trigger LTD
induction, whereas LTP results from smaller calcium transients in the absence of complex
spikes (Coesmans et al., 2004). PF stimulation alone can also elicit a presynaptically
expressed form of PF-LTP when applied for short durations at high frequencies (e.g., 8 Hz
for 15 s) (Salin et al., 1996). Induction of presynaptic PF-LTP depends on the activation of
calcium/calmodulin-sensitive adenylyl cyclase I and the subsequent activation of cAMP-
dependent kinase [protein kinase A (PKA)] (Salin et al., 1996; Chen and Regehr, 1997;
Linden, 1997; Storm et al., 1998; Jacoby et al., 2001).

In postsynaptic PF plasticity, CF activity determines whether LTD or LTP is induced
(Lev-Ram et al., 2002; Coesmans et al., 2004). So far, it has not been examined whether CF
activity can suppress presynaptic LTP. We reasoned that such a “safety lock” might exist to
prevent the induction of presynaptic LTP while LTD is expressed postsynaptically, because
the postsynaptic downregulation of response amplitudes might otherwise be accompanied
by an increase in transmitter release. Retrograde endocannabinoid signaling might provide a
possible link between CF activity and the suppression of presynaptic PF-LTP. At cerebellar and
hippocampal synapses, dendritically released endocannabinoids can bind to presynaptically
located CB1 receptors (Diana et al., 2002) and cause depolarization-induced suppression of
inhibition (Llano et al., 1991; Pitler and Alger, 1992; Wilson et al., 2001), or its equivalent
at excitatory synapses, depolarization-induced suppression of excitation (DSE) (Kreitzer
and Regehr; 2001). The release of endocannaboids involved in DSE at PF-PC synapses can
be activated by CF activity (Brenowitz and Regehr, 2005), suggesting that complex spike-
associated calcium transients in PC dendrites are sufficient to initiate the release process.

There have been contradictory reports on the effects of retrograde endocannabinoid
signaling on synaptic plasticity in the cerebellum. It has been demonstrated that
cannabinoids impair PF-LTD induction (Levenes et al., 1998), but also that cannabinoid
signaling is required for PF-LTD induction (Safo and Regehr, 2005). The suppressive effect
was explained by a reduction in transmitter release during tetanization, and the permissive
effect was explained by a CB1 receptor-mediated release of nitric oxide (NO) from PF
terminals. Here, we demonstrate that endocannabinoid signaling can suppress presynaptic
PF-LTP. We show that this retrograde signaling mechanism is recruited by CF activity to
suppress presynaptic PF-LTP and that this effect can be attributed to the CB1 receptor-
mediated blockade of adenylyl cyclase. This CB1 receptor-mediated suppression of
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presynaptic LTP provides an alternative explanation for the permissive effect of retrograde

endocannabinoid signaling in PF-LTD induction.

MATERIALS AND METHODS

Slice preparation

Sagittal slices of the cerebellar vermis (200-250 pum thick) were prepared from postnatal day
18-25 Sprague Dawley rats in ice-cold artificial CSF (ACSF). The slices were kept in ACSF
containing the following (in mm): 124 NaCl, 5 KCI, 1.25 Na,HPO,, 2 MgSO,, 2 CaCl,, 26
NaHCO,, and 10 d-glucose bubbled with 95% O, and 5% CO,. The ACSF used for perfusion
was supplemented with 20 um bicuculline methiodide to block GABA, receptors. Whole-
cell patch-clamp recordings were performed at room temperature using an EPC-9 amplifier
(HEKA Elektronik, Lambrecht/Pfalz, Germany). Recording electrodes were filled with a
solution containing the following (in mm): 9 KCl, 10 KOH, 108 K-gluconate, 3.48 MgCl,,
10 HEPES, 4 NaCl, 4 Na ATP, 0.4 Na,GTP, 5 BAPTA (K* salt), and 17.5 sucrose, pH 7.25.
When the BAPTA concentration was raised to 30 mm (see Fig. 1B,D), 15 mm CaCl, was
added to maintain the resting calcium concentration. The K-gluconate concentration was
lowered to maintain the desired osmolarity and ionic strength. All drugs were purchased
from Sigma (St. Louis, MO), except for BAPTA (Invitrogen, Eugene, OR), AM251 [N-1-
(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-
carboxamide; Tocris, Bristol, UK], and PKC [19-36] (Calbiochem, La Jolla, CA). AM251,
WIN55,212-2  [R(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-
1,4-benzoxazinyl]-(1-naphthalenyl) methanone], and forskolin were dissolved in DMSO
and kept as stock solution at —20°C.

Electrophysiology

Currents were filtered at 3 kHz, digitized at 8 kHz, and acquired using PULSE software
(HEKA Elektronik). During voltage-clamp experiments, PCs were held at potentials in
the range of —60 to —70 mV. For extracellular stimulation, standard patch pipettes were
filled with external saline. The CF input was activated in the granule cell layer, and the PF
input was activated in the molecular layer. Test responses (typically ~200 pA) were evoked
at a frequency of 0.05 Hz using 0.5-2 pA pulses. To evoke EPSCs, paired pulses (100 ms
interpulse interval) were applied to the PF input. In all experiments, cells were switched
to current-clamp mode during tetanization. The protocol for inducing presynaptic LTP
consisted of 120 pulses at 8 Hz to the PFs. In experiments in which the CF was coactivated,
the presence of a CF response was confirmed in the beginning of the recording, but CF
stimulation was subsequently only resumed for tetanization. Recordings were excluded
from the study if the series or the input resistance varied by >15% over the course of the
experiments. All values are shown as percentage of baseline + SEM. For statistical analysis,
we used the paired Student’s t test and the Mann-Whitney U test where appropriate.
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RESULTS

To characterize the effect of CF-evoked cannabinoid signaling on presynaptic PF-LTP, we
performed whole-cell patch-clamp recordings from PCs in rat cerebellar slices. During the
test periods before and after tetanization, EPSCs were monitored in voltage-clamp mode.
For tetanization, recordings were switched to current-clamp mode. LTP was observed
after 8 Hz PF tetanization for 15 s. This manipulation resulted in a potentiation of EPSC
amplitudes (120.2 = 6.3% of baseline; n = 12; last 5 min) (Fig. 1A) that reached statistical
significance (p < 0.01; paired Student’s ¢ test). The LTP protocol used has been described to
induce a presynaptically expressed form of PE-LTP (Salin et al., 1996). The presynaptic origin
of the potentiation was confirmed by activating PF-EPSC pairs at an interpulse interval
of 100 ms and monitoring the paired-pulse facilitation (PPF) ratio. The LTP observed
after tetanization was associated with a modest reduction in the PPF ratio (94.3 + 2.9%
of baseline; n = 12; last 5 min) (Fig. 1C), which reached statistical significance (p < 0.01;
paired Student’s ¢ test), indicating a significant presynaptic component of the potentiation.
In subsequent experimental groups (see below), we restricted measurements of the PPF
ratio to test for the efficacies of drugs known to act presynaptically. The reason is that the
PPF ratio is a simple, but rather unreliable, indicator of the expression site of synaptic gain
changes. To obtain independent proof of the presynaptic origin of this form of LTP, we
applied the 8 Hz PF tetanization protocol when the calcium chelator BAPTA (30 mm)
was added to the internal saline. At this concentration, BAPTA blocks the induction of
postsynaptic LTP (Coesmans et al., 2004). In the presence of BAPTA, EPSC amplitudes
were still potentiated (124.7 £ 7.9% of baseline; n = 5; last 5 min; p < 0.05) (Fig. 1B), and
the PPF ratio was reduced (92.2 *+ 3.4%; n = 5; last 5 min; p < 0.05) (Fig. 1D). Neither the
changes in the EPSC amplitudes nor the PPF alterations differed between the control group
and the BAPTA group (p > 0.05; Mann-Whitney U test). These results suggest that the LTP
obtained with 8 Hz PF tetanization is indeed presynaptically expressed.

To examine whether paired CF activity impairs the probability to induce LTP, we
costimulated the PF and CF inputs. The same PF tetanization protocol was applied as
described above, but now the CF input was coactivated with every second PF stimulation
pulse, effectively resulting in a 4 Hz stimulation for 15 s. Although the PF activation pattern
was the same, application of this pairing protocol did not result in PF-LTP induction
(92.9 £ 4.6% of baseline; n = 7; last 5 min; p > 0.05) (Fig. 1E). This difference in LTP observed
in the absence of paired CF stimulation was statistically significant (p < 0.01, Mann-
Whitney U test). To be able to exclude the possibility that paired PF and CF stimulation
led to the induction of postsynaptic LTD, which might simply mask presynaptic LTP, we
applied the same stimulus protocol when LTD induction was blocked by adding the PKC
inhibitory peptide PKC [19-36] (100 um) to the internal saline (Hansel et al., 2001). In the
presence of PKC [19-36], paired stimulation still did not elicit LTP (93.4 + 7.9% of baseline;
n = 6; last 5 min; p > 0.05) (Fig. 1E), indicating that LTD did not mask presynaptic LTP.
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Paired PF and CF stimulation also blocks the induction of presynaptic LTP when the
frequency of CF stimulation is reduced to 1 Hz, which is in the range of spontaneous
complex spike activity observed in vivo (98.4 £ 3.8% of baseline; n = 7; last 5 min) (Fig. 1F).
However, the transient EPSC depression seen after pairing with CF stimulation at 4 Hz
was not observed after 1 Hz CF stimulation. Thus, it seems that this short-term depression
depends on the level of CF activity, but it might not transfer into LTD because of the short
duration of tetanization applied here.

Retrograde endocannabinoid signaling can provide a link between CF activity and
inhibition of transmitter release at PF terminals (Brenowitz and Regehr, 2005). To test
whether the CF-mediated suppression of PF-LTP involves the activation of CB1 receptors,
we applied paired 8 Hz PF and 4 Hz CF tetanization, while the CB1 receptor antagonist
AM?251 was present in the bath (5 um). In the presence of AM251, PF-LTP was rescued
(127.0 £ 6.8% of baseline; n = 12; last 5 min; p < 0.01) (Fig. 24). This potentiation was
significantly different from the EPSC changes resulting from PF and CF stimulation in
the absence of the drug (p < 0.01, Mann-Whitney U test). In the absence of tetanization,
AM251 did not alter EPSC amplitudes (100.9 + 3.3%; n = 6; last 5 min; p > 0.05) (Fig. 2B).
The opposite strategy is to test whether PF tetanization alone at 8 Hz for 15 s can still elicit
LTP when CB receptors are tonically activated. Bath application of the CB receptor agonist
WIN55,212-2 (2 um) caused a pronounced reduction in EPSC amplitudes (37.2 + 5.1%
of baseline; n = 7; last 5 min; p < 0.01) (Fig. 3A), which was associated with a significant
increase in the PPF ratio (123.8 + 8.5%; n = 7; last 5 min; p < 0.01) (Fig. 3B), indicating that
the drug acts on presynaptic CB receptors to reduce transmitter release. When WIN55,212-2
was present in the bath, application of the otherwise LTP-inducing PF tetanization protocol
did not cause a potentiation (96.1 * 3.5%; n = 17; last 5 min; p > 0.05) (Fig. 3C). This
blockade was significantly different from the LTP seen under control conditions (p < 0.01,
Mann-Whitney U test). Together, the results obtained from the CB1 receptor antagonist
(AM251) and the CB receptor agonist (WIN55,212-2) experiments suggest that activation
of presynaptic CB1 receptors blocks the induction of presynaptic PF-LTP and that this
pathway can be recruited by CF activity.

CBI1 receptor activation can inhibit adenylyl cyclase activity and can modify K- and
Ca-selective channels (Ameri, 1999). It has been shown that the induction of presynaptic
PE-LTP involves the activation of adenylyl cyclase (Salin et al., 1996; Storm et al., 1998).
Therefore, we next examined whether, under our experimental conditions, receptor
activation would interfere with the adenylyl cyclase pathway. To do so, we bath applied
the adenylyl cyclase activator forskolin (50 pm). Forskolin application resulted in a strong
potentiation of EPSCs (178.4 £ 17.7% of baseline; n = 6; last 5 min; p < 0.01) (Fig. 4A),
which was associated with a significant reduction in the PPF ratio (89.2 + 4.7%; n = 6; last 5
min; p < 0.01) (Fig. 4B). In contrast, when forskolin was added to the bath in the presence of
WIN55,212-2, no subsequent enhancement of EPSC amplitudes could be observed (99.9 +
3.8%; n = 6; last 5 min) (Fig. 4C). This effect was significantly different from the potentiation
seen in the absence of WIN55,212-2 (p < 0.01; Mann-Whitney U test). As forskolin



ENDOCANNABINOIDS SUPPRESS PRESYNAPTIC CEREBELLAR LTP

A

baseline t=20 min baselme t =20 min
% “{ﬁ
. |/ |200pa /_ 200 PA
50 ms
150 BAPTA
14
&) L 130 PF
& & 120
m 73]
= =211
100
90 n=>5
L) 1 L) L) 1
5 10 15 20 25 5 10 15 20 25
C time (min) D time (min)
PF PF
f‘“—*“* 100 W 3 100_;“%
w - 73]
= 90‘ 2 80
804 n=12 704 n=35
L] L) L] L] T T L] T T T
5 10 15 20 25 5 10 15 20 25
time (min) time (min)

E

baseline t=20min baseline t=20 min F baseline t=20 min

o Ve JVE%I;A -czv ‘J\/@A {/ J\/Jzoo PA

50 ms 30 ms
PF+CF (4 Hz) PF+CF (1 Hz)
120
1001
@) @]
£ 80 £
- eControl (n=7) =
=60 'PKC[19-36] (n=6) =
40
1 L) 1 1 1 L) 1 L) L) 1
5 10 15 20 25 5 10 15 20 25
time (min) time (min)

Figure 1: CF activity suppresses the induction of presynaptic PF-LTP. A, PF-LTP can be
induced by PF stimulation at 8 Hz for 15 s (n = 12). Each data point represents the average
of three successive test responses evoked at 0.05 Hz. The traces on top show EPSCs before and
after LTP induction. The arrow indicates the onset of tetanization. B, PF-LTP can be induced
when BAPTA (30 mm) is added to the internal saline (n = 5). C, PPF ratio (EPSC 2/EPSC 1)
from the LTP group shown in A. D, PPF ratio from the BAPTA group shown in B. E, PF-LTP
is abolished when 8 Hz PF stimulation is paired with 4 Hz CF stimulation (n = 7). LTP
suppression using paired CF stimulation can also be observed when PKC [19-36] (100 ym)
is added to the internal saline (n = 6). F, PF-LTP is blocked when the 8 Hz PF stimulation is
paired with CF stimulation at 1 Hz (n = 7). Error bars indicate SEM.
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Figure 2: The CB1 receptor antagonist AM251 rescues PF-LTP. A, PF-LTP is observed
when PF and CF synapses are coactivated in the presence of AM251 (5 um; n = 12). B, Bath
application of AM251 does not alter EPSC amplitudes (n = 6). The horizontal bar indicates
the period in which AM251 was bath applied. Error bars indicate SEM.

activates adenylyl cyclase and thus acts downstream of K- or Ca-selective ion channels, the
blockade of the forskolin-mediated EPSC potentiation by WIN55,212-2 suggests that the
CB receptor agonist indeed interferes at the level of adenylyl cyclase activation.

DISCUSSION

The main finding of this study is that activity of the heterosynaptic CF input suppresses the
induction of a presynaptically expressed form of PF-LTP through retrograde cannabinoid
signaling. Derivatives of the cannabinoid A’-tetrahydrocannabinol, the primary psychoactive
component of the cannabis plant, are powerful modulators of synaptic transmission. In the
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Figure 3: The CB receptor agonist WIN55,212-2 blocks PF-LTP. A, Bath application of
WIN55,212-2 (2 um) depresses PF-EPSCs (n = 7). B, PPF ratio (EPSC 2/EPSC 1) from the
group shown in A. The horizontal bar indicates the presence of WIN55,212-2 in the bath. C
PF-LTP induced by 8 Hz PF stimulation for 15 s is abolished in the presence of WIN55,212-2
(n = 17). Error bars indicate SEM.
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Figure 4: WIN55,212-2 prevents the activation of adenylyl cyclases by forskolin. A, Bath
application of the adenylyl cyclase activator forskolin (50 um) enhances PF-EPSCs (n = 6). B,
PPF ratio (EPSC 2/EPSC 1) from the group shown in A. C, WIN55,212-2 (2 um) abolishes
the forskolin-mediated enhancement of PF-EPSCs (n = 6). The horizontal bars indicate the
presence of WIN55,212-2 and forskolin, respectively, in the bath. Error bars indicate SEM.

brain, the endocannabinoids anandamide and 2-arachidonylglycerol function as modulators of
transmitter release by binding to G-protein-coupled CB1 receptors, which are located on synaptic
terminals. CB1 receptor activation can both inhibit adenylyl cyclases and modify K- and Ca-
selective channels (Ameri, 1999). The latter mode of action has been shown to be involved in
the acute effects of CB1 receptor activation on PF-EPSPs (Daniel et al., 2004) and DSEs (Brown
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et al., 2004). The resulting downregulation of transmitter release has consequences for LTP/
LTD induction: cannabinoids impair LTP as well as LTD induction at glutamatergic synapses
(Levenes et al., 1998; Misner and Sullivan, 1999) but have also been reported to facilitate the
induction of LTD (Gerdeman et al., 2002). Moreover, cannabinoids have been described to
reduce GABA release (Chevaleyre and Castillo, 2003). This effect likely explains the observation
that endocannabinoids can, through heterosynaptic interaction, also facilitate LTP induction
(Carlson et al., 2002; Chevaleyre and Castillo, 2004). The effects of CB1 receptor activation on
K- and Ca-selective ion channels and adenylyl cyclases might interfere with presynaptic forms of
long-term plasticity as well. For example, it has been shown that presynaptic LTD at neocortical
synapses requires CB1 receptor activation (Sjostrém et al., 2003).

Here, we report that endocannabinoid signaling can be triggered by CF activity and that
the subsequent activation of CB1 receptors impairs presynaptic PF-LTP. Endocannabinoid
signaling is well suited to mediate this CF-evoked suppression because it can be triggered
in a calcium-dependent way (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson
and Nicoll; 2001; Brenowitz and Regehr, 2003), and because CB1 receptors are located at
PF terminals. Our data show that cannabinoids indeed act as mediators of the CF effect.
When the PF and CF inputs were coactivated, bath application of the CB1 receptor antagonist
AM251 could rescue PE-LTP. Moreover, effects of CF stimulation could be mimicked by
tonically activating CB1 receptors with bath application of WIN55,212-2, which impaired
LTP induction. Agonists of CB1 receptors have been reported previously to reduce transmitter
release (Levenes et al., 1998; Takahashi and Linden, 2000; Daniel et al., 2004). Activation of
CB1 receptors has several effects, which all result in a reduction of transmitter release: (1)
it can lead to a downregulation of voltage-dependent calcium channels; (2) it can cause an
upregulation of K channels; and (3) it can interfere with the activation of adenylyl cyclases
and thus with the PF-LTP induction cascade. All three mechanisms could account for the
observed effects. By showing that in the presence of the CB receptor agonist WIN55,212-2
the adenylyl cyclase activator forskolin no longer potentiates PF-EPSCs, we confirm that CB
receptor activation indeed suppresses the activity of adenylyl cyclase. This finding does not
exclude the possibility that Ca- or K-selective channels are also modified, but it suggests that
during tetanization, the activation of CB1 receptors blocks the adenylyl cyclase-PKA signaling
cascade that otherwise leads to the induction of presynaptic LTP through phosphorylation of
the PKA substrate RIM1a (Castillo et al., 2002; Lonart et al., 2003).

The observed endocannabinoid-mediated suppression of presynaptic PF-LTP occurs
under conditions that also favor the induction of postsynaptically expressed LTD (paired PF
and CF activity). However, when LTD induction was blocked by adding the PKC inhibitory
peptide PKC [19-36], CF coactivation was still able to suppress presynaptic LTP, suggesting
that LTD does not simply mask LTP. Rather, the CF-evoked suppression of presynaptic LTP
might provide a safety lock, which prevents that LTP is expressed presynaptically, while
LTD is expressed postsynaptically. The signaling cascades involved partially overlap with
those described for DSE; CF activity causes complex spike-associated calcium transients
that trigger the release of endocannabinoids (Brenowitz and Regehr, 2005). It is remarkable
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that the CF apparently controls all forms of PF plasticity. Simultaneous CF activity
postsynaptically promotes the induction of PF-LTD by providing a large calcium transient,
whereas postsynaptically expressed PF-LTP is triggered by smaller calcium transients in
the absence of CF activity (Coesmans et al., 2004). Postsynaptic PF-LTP depends on the
activation of protein phosphatases PP1, PP2A, and PP2B (Belmeguenai and Hansel, 2005),
whereas PF-LTD depends on the activation of PKC (for review, see Hansel et al., 2001).
Thus, it can be argued that CF activity, by promoting the PKC cascade, has a tight grip
on the polarity of postsynaptic PF plasticity. Our observation that CF activity additionally
suppresses the induction of presynaptic PF-LTP supports the notion that the CF input
heterosynaptically controls all forms of PF synaptic plasticity.

The suppressive effect of CF coactivation was not only observed with CF stimulation
at 4 Hz, but also at 1 Hz, suggesting the possibility that presynaptic LTP is permanently
suppressed under resting conditions. In our recordings, spike activity is prevented in PCs by
constant current injection. CF stimulation at 1 Hz thus provides a transient increase in PC
activity that might trigger endocannabinoid release only under these in vitro conditions. Even
if endocannabinoids were released under resting conditions in vivo, there are physiological
activity patterns favoring presynaptic LTP because complex spikes are not constantly fired at
1 Hz. Transient inhibition of CFs by elevated cerebellar activity has been shown to facilitate
the extinction of conditioned eyelid responses (Medina et al., 2002) and might create time
windows without complex spike activity during which LTP can be induced.

Previous reports have suggested that cannabinoids interfere with the induction of
PE-LTD. A previous study has shown that cannabinoid signaling impairs PF-LTD induction,
which was explained by reduced transmitter release during tetanization (Levenes et al,
1998). The opposite effect was reported recently, showing that cannabinoid signaling is
permissive for PF-LTD induction (Safo and Regehr, 2005). The resulting paradox that a
retrograde messenger modifies the induction probability of postsynaptic LTD was addressed
by suggesting that CB1 receptor activation might trigger NO release from PF terminals.
Because NO has been suggested to be required for LTD induction, CBI1 receptor activation
could promote LTD induction, despite an accompanying transient reduction in transmitter
release. The study by Safo and Regehr (2005) and ours complement each other and, in fact,
provide two sides of the same coin. Whereas these authors demonstrated that cannabinoid
signaling is required for the induction of PF-LTD (which is postsynaptically expressed), we
demonstrate here that cannabinoid signaling suppresses a presynaptic form of PF-LTP. This
LTP suppression might well provide a better explanation for the endocannabinoid-mediated
promotion of PF-LTD than NO signaling as suggested by Safo and Regehr (2005). First, it has
recently been shown that NO might indeed be involved in LTD induction; however, it is not
released from PF terminals, but rather from interneurons (Shin and Linden, 2005). Second,
simultaneous induction of presynaptic LTP would counteract postsynaptic LTD. It is likely
that the CF-evoked calcium transients in PC dendrites can postsynaptically promote LTD
and, through the release of endocannabinoids, presynaptically suppress LTP at the same time.
The latter effect would facilitate LTD induction and enhance the observed LTD magnitude.
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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.
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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 (Lisman and Zhabotinsky, 2001; Mulkey et al.,, 1993). 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 o isoform of calcium/calmodulin-dependent kinase II (aCaMKII)
to provide a molecular switch regulating the phosphorylation state of AMPA receptors
(Lisman and Zhabotinsky, 2001; Malleret et al., 2001). In contrast, at cerebellar PF synapses
onto Purkinje cells LTD induction is PKCa.- (Leitges et al., 2004), cGKI- (Feil et al., 2003)
and o/BCaMKII-dependent (Hansel et al., 2006; van Woerden et al., 2009), whereas LTP
requires the activation of PP1, PP2A, and calcineurin (Belmeguenai and Hansel, 2005).
Interestingly, changes in LTD and LTP induction can be associated with changes in intrinsic
excitability in the hippocampus and cerebellum (Armano et al., 2000; Lu et al., 2000), and
calcineurin has indeed been associated differentially with changes in intrinsic excitability
in pyramidal cells and Purkinje cells (Misonou et al., 2004 and personal communication,
respectively). 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 (Coesmans et al., 2004; Jorntell and Hansel,
2006), even though the activity of these enzymes themselves can be regulated by proteins of
the opposite category upstream (Eto et al., 2002; Launey et al., 2004).

Over the past decades, attempts to determine the cellular mechanisms underlying
cerebellar motor learning have focused virtually exclusively on the impact of LTD (Aiba
et al., 1994; De Zeeuw et al., 1998; De Zeeuw and Yeo, 2005; Steuber et al., 2007). 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 (Boyden et al., 2006; De Zeeuw et al.,
1998; Feil et al., 2003; Hansel et al., 2006; cf Welsh et al., 2005). Some of these studies
have encouraged scientists to hypothesize that LTD is specifically responsible for gain
increases in VOR adaptation (Boyden and Raymond, 2003) and acquisition of conditioned
eyeblink responses (De Zeeuw and Yeo, 2005; Koekkoek et al., 2003) raising the possibility
that potentiation might be responsible for gain-decrease VOR adaptations and extinction
of conditioned responses (Boyden and Raymond, 2003). 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 (Belmeguenai and Hansel, 2005 and personal
communication, respectively), 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
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floxed CNB1 mice (regulatory subunit of calcineurin) (Zeng et al., 2001) with a Purkinje
cell specific (L7-)cre-line (Barski et al., 2000) (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 CNB1 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 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).

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
(Belmeguenai and Hansel, 2005), 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) 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 (Figures S1 and S2). 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.

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 (Coesmans et al., 2004; Lev-Ram et al,,
2002), we also examined whether deletion of calcineurin in Purkinje cells directly affects
the developmental elimination of surplus CF inputs, as previously observed for mutant
mice lacking PKC (De Zeeuw et al., 1998) or aCaMKII activity (Hansel et al., 2006). CF
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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 pm (upper panels) and 50 pm
(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.

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
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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) compared 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 Ca**-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, respectively). 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.
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Figure 3: Climbing fiber elimination and basal state of excitatory and inhibitory input to
Purkinje cells is unaffected in L7-PP2B mutant mice. A, All-or-none climbing fiber EPSCs
were evoked at increasing stimulus intensities. Traces show EPSCs above and below threshold.
Climbing fiber elimination is nearly complete in Purkinje cells of both controls and L7-PP2B
mutants at 20 10 - 24 wks (33 cells from 12 control mice; 12 cells from 4 mutants). B and C,
We did not detect differences in the paired-pulse depression (PPD) ratio at CF synapses (B)
and the paired-pulse facilitation (PPF) ratio at PF synapses (C), respectively. PPF ratios were
determined 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 sSIPSCs 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.
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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)
(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) (Table S1).

A lack of PP2B affects regularity but not average firing frequency of
simple spike activities in vivo

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 (Figure S3). 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 (De Zeeuw et al., 1998; Hansel et al.,
2006; Wulff et al., 2009) (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 5B-D, Figure S4A-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 5B-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 5D), while their phase values were also significantly lagging those of the wild types
(p < 0.01; ANOVA for repeated measurements) (Figure S4). The differences among mutants
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Figure 4: Intrinsic excitability and spiking activity in L7-PP2B mice. A, Following
tetanization (150-300 pA at 5 Hz for 3 s) the spike rate evoked with 550 ms depolarizing
current pulses of 100-200 pA increased in wild types (n = 9), but not in the L7-PP2B mutants
(n = 16; p = 0.007; ANOVA for repeated measurements)(Figure 4A). Right, sample traces
before and after induction. B, Basal intrinsic excitability is significantly lower in L7-PP2B
mice (n = 7 vs. n = 10 for controls), quantified by slope (p = 0.002; t-test) and intercept with
the x-axis (p = 0.07; t-test). C, Purkinje activity in vivo is characterized by a sharper inter-
simple spike interval distribution (left) and concomitant higher regularity of spiking (i.e. CV,,
P <0.001), but the average frequencies of simple spikes and complex spikes were normal (both
p > 0.5; t-test). Inset shows sample traces. See also Table S1.
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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 S5).

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 S4D-F), 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 5H). 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

Figure 5 (on the next page): 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.
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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 (Van Der Giessen et al., 2008) (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 6 (on the next page): 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 tone. US signals reach the Purkinje cells via the inferior olive (I0) 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
closes in response to the tone. B, Representative traces of paired CS-US trials from an L7-PP2B
knockout (red) and a littermate control (blue) during training sessions T2 and T4. CS onset
occurs at time 0, while US follows 325 ms later. Note that the L7-PP2B knockout is not able
to improve the timing of the CR (left arrow), whereas the control demonstrates a well-timed
CR at T4 (right arrow). C, The percentage of CRs in L7-PP2B knockout mice (n = 9) does
not significantly increase over the four training sessions (p = 0.52; t-test). Instead, the control
littermates (n = 9) demonstrate a clear learning curve (p < 0.01; t-test) and at T4 they show
significantly more CRs than L7-PP2B knockouts (p < 0.05). In addition, the quality of the CR
does not improve in L7-PP2B knockout mice. Where controls demonstrate well timed CRs
during training session 4 (e.g. T4 versus T2, p < 0.001; t-test), L7-PP2B knockout mice do
not improve their timing (e.g. at T4 L7-PP2B versus controls, p < 0.02; t-test). D, Kinetics of
the eyelid responses are not affected in L7-PP2B knockout mice. Onset, peak amplitude and
velocity of the eyelid response to the air puff in the mutants do not differ from those of controls
(p > 0.4 in all comparisons; t-test) indicating that kinetics of the eyelid are the same for both
groups. Abbreviations: CN Cerebellar Nuclei; CoN Cochlear Nucleus; FN Facial Nucleus; RN
Red nucleus; TN Trigeminal Nucleus. All error bars indicate SEM.
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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 (1971),
and Ito (2001), virtually all previous studies that were aimed at identifying the molecular
and cellular mechanisms underlying cerebellar motor learning focused on depression (for
review see De Zeeuw and Yeo, 2005; Ito, 2001). These studies provided supportive evidence
that kinases such as PKC (De Zeeuw et al., 1998), cGKI (Feil et al., 2003), CaMKIV
(Boyden et al., 2006) and o/BCaMKII (Hansel et al., 2006; van Woerden et al., 2009) 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 (Boyden and Raymond, 2003). Likewise, it has been suggested that LTD is
required for the acquisition of well-timed conditioned responses (De Zeeuw and Yeo, 2005;
Koekkoek et al., 2003; cf Welsh et al., 2005), 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
(Medina et al., 2002), which in principle could reduce climbing fiber activities and thereby
shift the balance at the Purkinje cell level from depression to potentiation (Coesmans
et al,, 2004). 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 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 (De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al., 2006; Koekkoek et al.,
2003). Moreover, a possible functional role for LTP at the parallel fiber to Purkinje cell

synapse in our daily motor behavior is further supported by the finding that natural cycles
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may influence this form of plasticity just like VOR adaptation itself (Andreescu et al., 2007).
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 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 (Wulft et al., 2009). 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 (2008). This model is based on the
covariance learning rule, implicating a preponderance of silent PF synapse, which has been
experimentally observed (Chadderton et al., 2004; Isope and Barbour, 2002). 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 (Dean
and Porrill, 2008). 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 (Dean and Porrill, 2008;
Jorntell and Ekerot, 2002) allowing temporal pattern formation without affecting the average
firing frequency (Wulff et al., 2009). 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 (De Zeeuw et al., 2008; Gauck and Jaeger, 2000; Telgkamp and Raman,
2002; Wulff et al., 2009). 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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EXPERIMENTAL PROCEDURES

Generation of L7-PP2B mice. Mutant mice in which calcineurin was selectively deleted
from Purkinje cells (L7-PP2B mutant) were obtained using the Cre-loxP-system, with
loxP sites flanking the regulatory subunit (CNB1) of calcium / calmodulin-activated
protein phosphatase 2B (referred to as PP2B-loxP) (Zeng et al., 2001). Mice heterozygous
for PP2B-loxP were crossed with mice heterozygous for both PP2B-loxP and the L7-Cre
transgene (Barski et al., 2000). Mice of the following genotypes (PP2B-loxP / L7-Cre) were
used for the experiments: homozygous / + (referred to as L7-PP2B) and homozygous / -,
wild type / + and wild type / - (littermate controls). All preparations described below were
done with approval of the European Communities Council Directive (86/609/EEC).

Immunohistochemistry and electron microscopy. Immunocytochemistry of L7-PP2B
was performed on free-floating 40 pm thick frozen sections from 3-5 month’s old mice,
employing a standard avidin-biotin-immunoperoxidase complex method (ABC, Vector
Laboratories, USA) with PP2B as the primary antibody and diaminobenzidine (0.05%) as
the chromogen (Hansel et al., 2006). For electron microscopy, sections were stained for
calbindin immunocytochemistry with rabbit anti-calbindin antibody (Swant), osmicated,
embedded in Durcupan, and processed for electron microscopy (De Zeeuw et al., 1998).
Electron micrographs and other photographs were stored and analyzed using Adobe
PhotoShop (San Jose, CA). Surface areas and thickness of layers for light microscopic data
were determined using Neurolucida software (Microbrightfield). For electron microscopy
16 micrographs were taken randomly in each mouse from the molecular layer at a
magnification of 19,000 and the density of parallel fiber to Purkinje cell synapses and the
morphology of the PSDs was determined using MetaVue 4.6 (Metavue Corporation).

In vitro electrophysiology. Sagittal slices of the cerebellar vermis of 10 to 24 wk old mice
(adult) or p16 - p21 mice (young) were kept in ACSF containing (in mM): 124 NaCl, 5 KCl,
1.25 Na,HPO,, 2 MgSO,, 2 CaCl,, 26 NaHCO,, 20 D-Glucose and bicuculline methiodide,
bubbled with 95% O, and 5% CO, (all drugs are purchased from Sigma-Aldrich, unless
stated otherwise). Whole-cell patch-clamp recordings were performed at room temperature
or physiological temperatures (as indicated in the text) using an EPC-10 amplifier (HEKA
Electronics, Germany). The patch pipettes were filled 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 and 17.5 sucrose (pH 7.25). Test responses were evoked at a frequency of 0.05 Hz
with the use of patch pipettes filled with ACSF at 1-4 pA for 500 ps (LTP) or 700 us (LTD).
Holding potentials in the range of -60 to -75 mV were chosen to prevent spontaneous
spike activity, and cells were switched to current-clamp mode for tetanization. PF-LTD
was induced by paired PF and CF stimulation at 1 Hz for 5 min in current-clamp mode,
while PF-LTP was induced by PF stimulation alone at 1 Hz for 5 min unless indicated
otherwise (Belmeguenai and Hansel, 2005). For the experiments on intrinsic excitability
and plasticity recordings were performed in current-clamp mode, again using an EPC-10

amplifier (HEKA Electronics). Intrinsic excitability was monitored during the test periods
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by injection of brief (550 ms) depolarizing current pulses (100-200 pA) adjusted to evoke
5-15 spikes. Intrinsic plasticity was induced by tetanization of the Purkinje cell with 150-300
PA current pulses at 5 Hz for 3 s. The spike count was taken as a measure of excitability.
Input resistance (Ri) was measured by injection of hyperpolarizing test currents (200 pA;
100 ms) and was calculated from the voltage transient towards the end of current injection.
Recordings were excluded if the series or input resistance varied by >15%. To test whether
CF elimination was delayed in L7-PP2B mice, we recorded CF-EPSCs in voltage-clamp
mode in 10 to 24 wk old animals, while increasing the stimulus intensity and counting the
number of all-or-none steps in the EPSC amplitude. The paired-pulse ratios at CF and PF
synapses, respectively, were examined in voltage-clamp mode, by applying stimulus pairs
at varying intervals. The paired-pulse ratio was calculated as the ratio of EPSC 2 / EPSC 1.
Inhibitory transmission was examined by recording spontaneous IPSCs using an internal
solution (pH 7.3) containing (in mM): 150 CsCl, 15 CsOH, 1.5 MgCl, 0.5 EGTA, 10 HEPES,
4 Na,ATP and 0.4 Na,GTP. Purkinje cells were voltage clamped at -70 mV at 34 + 1 °C in the
presence of 10 uM NBQX (Tocris Cookson, Bristol, UK).

Calcium imaging: Patch-clamp recordings were made from Purkinje cells as described
above with a calcium indicator dye added to the solution (Oregon Green BAPTA-2, 200uM).
After patch formation the calcium dye was allowed to passively diffuse into the distal dendrites
for a minimal of 30 min. Once the entire dendritic tree was visible, the stimulus electrode
was positioned at a remote dendritic site to avoid congruent climbing fiber activation.
To standardize recordings between both groups, PFs were stimulated to elicit EPSCs of
approximately 300pA. Fluorescence recordings were performed using a NeuroCCD-SMQ
camera (80x80 pixels) and NeuroPlex software (both RedShirtImaging, Decatur, GA) for
data acquisition. The fluorophore was excited using a 100W Xenon arc lamp (Cairn Research
Ltd, Faversham, UK). During the tetanus-protocol (PF-stimulation for 5 minutes at 1Hz)
the elicited calcium-signals were monitored every 20 seconds. Data was acquired at 2kHz
for sweep durations of 500ms. Fluorescence changes were normalized to resting levels and
expressed as the ratio (t) =, where F(t) is the fluorescence value at time t, and F is the averaged
fluorescence obtained during the baseline period preceding the stimulus application. To
correct for dye-bleaching, an exponential curve was fitted to the recording and subtracted.
After acquisition, recordings were filtered using a Guassian low-pass filter with a cut-off at
150Hz. The region of interest was set such that it gave the maximal response.

Eye movement recordings. Mice, aged 10-26 wks, were equipped with a pedestal under
anaesthesia and investigated as described before (Hoebeek et al., 2005). In short, after
recovery the mice were placed in a restrainer and fixed onto the centre of a turntable,
which was surrounded by a visual screen. The (V)VOR and OKR were evoked by rotating
the turntable and/or surrounding screen, respectively, with an amplitude of 5° at different
frequencies. Gain and phase learning capabilities were studied by applying protocols for
two consecutive days that were aimed either at reducing the gain of the VOR by subjecting
the mice to 5 x 10 min periods of sinusoidal in phase drum and table rotation at 0.6 Hz (both
with an amplitude of 5°) or at increasing the gain by subjecting them to out of phase drum
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and table stimulation at 1.0 Hz (both with an amplitude of 1.6°). Phase reversal was tested
by applying an in phase stimulation on day 1 and subsequently reversing the phase on days
2, 3, 4 and 5 by subjecting the animals to 5 x 10 min periods of sinusoidal in phase drum
and table rotation at 0.6 Hz, but with drum amplitudes of 7.5° (days 2) and 10° (days 3, 4
and 5), while the amplitude of the turntable remained 5°. The animals were kept in the dark
in between all recording days. A CCD camera was fixed to the turntable in order to monitor
the eyes of the mice. The eye movements were recorded at 240 Hz using an eye-tracking
device (ISCAN Inc.). Video calibrations and subsequent eye movement computations were
performed as described previously (Hoebeek et al., 2005).

Eyeblink conditioning. Mice, aged 11-30 wks, were anesthetized, surgically prepared and
investigated with the use of MDMT as described before (Koekkoek et al., 2003). A magnet
was glued to the lower eyelid and a GMR sensor chip was placed over the upper eyelid such
that the axis of sensitivity was aligned with the north-south axis of the magnet. The eyelid
responses of the wild type mice and L7-PP2B mutants were conditioned to a tone as the CS
(10 kHz, gradually increased over 25 ms to 73 dB) during daily training sessions of 8 blocks
of 8 trials. The blocks consisted of 1 US-alone trial, 6 paired trials, and 1 CS-alone trial, and
the trials were separated by a random intertrial interval in the range of 20 to 40 s. In paired
group the onsets of the CS and US were separated by an inter-stimulus interval of 350 ms.

Data Analyses. Off-line analyses of eye movements and eyeblink responses were performed
in Matlab (MathWorks, Natick, MA) as described before (Hoebeek et al., 2005; Koekkoek
etal., 2003). Statistical tests were performed with SPSS 13 (SPSS Inc., Chicago, IL). Data were
compared using a two-tailed unpaired Students ¢-test, Mann-Whitney U-test or two-way
repeated-measures ANOVA, as appropriate. The level of significance was set at p < 0.05.
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Supplementary Figure 1: Induction of PF-PC LTP under different experimental
conditions, related to Figure 2. A, PF-PC LTP was induced in adult mice at 34°C using
parallel fiber stimulation at 1 Hz for 5 min (similar to Figure 2A). We observed an increase
in EPSC amplitude in control mice (n = 13), but not in the L7-PP2B mice (n = 10), and
this difference was significant (p = 0.019; t-test). B, When we repeated this experiment in
young, 3 week old, control (n = 10) and L7-PP2B (n = 7) mice, this difference was even larger
(p = 0.002; t-test). C, However, addition of active PP2B in the recording pipette abolished
this difference (p = 0.52; t-test); both control (n = 8) and mutant (n = 8) mice showed a clear
potentiation. All EPSCs are expressed as percentage of baseline, calculated as the average of
the last 5 min before tetanus. Error bars indicate SEM.
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Supplementary Figure 2: Induction of PF-PC plasticity with different induction protocols,
related to Figure 2. To confirm that LTP-selectivity of the mutation was independent from
the induction protocol, we tested LTD and LTP using different induction protocols. A, PF-PC
LTD was induced in adult mice at 34°C with an alternative induction protocol (see Wang,
Denk & Hdusser, 2000), consisting of 50 pairings of 5 PF stimuli at 100 Hz followed 150
ms later by a single CF stimulus. This induction protocol resulted in a decrease in EPSC
amplitude in L7-PP2B (n = 7) mice that was not significantly different (p = 0.37; t-test)
from that in controls (n = 8). B, In addition, we used another LTD induction protocol (Feil
et al., 2003) consisting of 120 pairings at 1 Hz of simultaneous PF and CF stimuli. We again
found no difference (p = 0.47; t-test) between control (n = 12) and L7-PP2B mice (n = 6).
C, In contrast, the latter protocol, but now without the CF stimulus, was able to induce LTP
in control mice (n = 7), but not in L7-PP2B mice (n = 9); this difference was significant
(p = 0.011; t-test). Error bars indicate SEM.
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Supplementary Figure 3: L7-PP2B mutant mice are not ataxic, related to Figure 5. A and
B, The walking pattern of L7-PP2B mice was evaluated with the use of footprint analysis (A).
Evaluation of hind limb walking pattern revealed no significant differences in stride width (B)
or length (C) (all p > 0.15; t-test). Data are obtained from 4 wild-type and 4 L7-PP2B mice.
Error bars indicate SEM.
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Supplementary Figure 4: Phase data for compensatory eye movement experiments,
related to Figure 5. A-C, The differences in VVOR and VOR gain, as depicted in Figure 5,
are accompanied by differences in phase (OKR, p = 0.010; VVOR, p < 0.001; VOR, p = 0.008;
ANOVA for repeated measurements). D-F, All (non-)training sessions aimed at changing the
gain have only minor effects on the phase. Absolute phase change (A phase) was significantly
different between control and L7-PP2B mice on the second day of gain-down training (p
= 0.046; for first day p = 0.71; ANOVA for repeated measurements) (D), but not on either
day for gain-up training (both p > 0.24) (E) or control non-training (both p > 0.21) (F). For
number of animals used, see legends of Figure 5. Error bars indicate SEM.
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Supplementary Table 1. In vivo spiking characteristics, related to Figure 4.

Control (n=10) L7-PP2B(n=7)

mean * sem mean + sem t-test
Maximum firing frequency (Hz) 199 £+ 14 108 +9 0.000
Peak amplitude (mV) 41 £3 47 +2 0.135
Afterhyperpolarization (mV) -72%1.0 -102+14 0.076
Half width (ms) 0.26 £ 0.02 0.27 £ 0.02 0.838
Input resistance (MQ) (recorded at room temperature) 146 + 10 147 + 18 0.518
start stimulus m Control
|
m L7-PP2B
0.5° 300 -
200 ms L7-PP2B
)
g 200 1
>
[&]
Control 3
w 100 -
-
| 04

Supplementary Figure 5: Latency data for OKR, related to Figure 5. The latency of the
eye movement response to the optokinetic stimulus in the L7-PP2B mutants (n = 7) was not
significantly 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 optokinetic response was
determined by the crossing 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.
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ABSTRACT

Ampakines facilitate hippocampal long-term potentiation (LTP) and learning,
and have been considered for the treatment of cognitive and memory deficits.
Here, we show that the ampakine CX546 raises the amplitude and slows the decay
time of excitatory postsynaptic currents (EPSCs) at cerebellar parallel fiber (PF) to
Purkinje cell synapses, thus resembling CX546 effects described at hippocampal
synapses. Using the fluorescent calcium indicator dye Oregon Green BAPTA-2
and an ultra high-speed CCD camera, we also monitored calcium transients
in Purkinje cell dendrites. In the presence of CX546 in the bath, PF-evoked
calcium transients were enhanced and prolonged, suggesting that CX546 not
only enhances synaptic transmission, but also boosts dendritic calcium signaling
at cerebellar synapses. In contrast to previous observations in the hippocampus,
however, CX546 applied during cerebellar recordings facilitates long-term
depression (LTD) rather than LTP at PF synapses. These findings challenge the
view that potentiation generally results from high activity patterns and provide
tools for the selective manipulation of synaptic memories.



AMPAKINES PROMOTE CEREBELLAR LTD RATHER THAN LTP

INTRODUCTION

At glutamatergic synapses onto hippocampal and neocortical pyramidal cells, respectively,
coincident pre- and postsynaptic activity elicits long-term potentiation (LTP), which
typically requires the activation of N-methyl-D-aspartate (NMDA) receptors (1). Long-term
depression (LTD), in contrast, may or may not require NMDA receptor activation, but
results from activity patterns that activate the postsynaptic neuron in a less efficient, or less
well-timed manner (2, 3). It has been suggested that LTP requires a larger calcium signal
amplitude for its induction than LTD (4-6). It seems likely that other calcium signaling
parameters are crucial as well (7, 8), but the amplitude of calcium signaling might the one
parameter that most faithfully reflects synaptic input strength during the induction phase.
Efforts to develop memory-enhancing drugs have thus focused on the strategy that the
magnitude and induction probability of LTP might be enhanced by drugs that boost synaptic
transmission and calcium signaling. Ampakines, which are allosteric modulators of AMPA
receptors that enhance transmission by slowing both desensitization and deactivation of
AMPA receptors (9), have indeed been shown to facilitate LTP induction (10, 11). These
observations demonstrate that a selective manipulation of synaptic activation strength
can affect the LTP induction probability. Moreover, ampakines positively affect memory
encoding and recall in humans (12-14), and reduce effects of sleep deprivation on cognitive
performance (15). These data show that enhancing synaptic transmission using drugs that
interfere with AMPA receptor function can positively affect synaptic plasticity as well as
cognitive performance and learning.

To elucidate the general applicability of this strategy to all types of glutamatergic
synapses, we examined the effects of the ampakine CX546 on synaptic plasticity at cerebellar
parallel fiber (PF) to Purkinje cell synapses. These synapses provide an exceptional case
regarding LTP / LTD induction rules, in that a higher calcium threshold needs to be reached
for LTD than for LTP induction (16). Here, we address the question whether enhancing
AMPA-mediated synaptic transmission facilitates LTP induction (as in the hippocampus),
or promotes LTD (because of the higher calcium threshold).

RESULTS

To examine the effects of CX546 on PF synaptic transmission, we performed whole-cell
patch-clamp recordings from Purkinje cells in P18-25 rat cerebellar slices (200-250um).
At concentrations of 200uM and 300uM, respectively, bath-applied CX546 enhanced
both the peak amplitude (200uM: 162.4 £ 34.1% of baseline + SEM; n=4; p<0.05; 300uM:
160.9 £ 17.1%; n=5; p<0.05; t=30min; Fig. 1A) and the area of PF-EPSCs (200uM:
262.4 + 53.2%; n=4; p<0.05; 300uM: 374.5 + 43.8%; n=>5; p<0.05; t=30min; Fig. 1A+B).
The observed slowed decay time of PF-EPSCs is in line with the note that CX546 acts by
destabilizing the desensitized receptor conformation (17). There was no change in the paired-
pulse facilitation (PPF) ratio of peak EPSC amplitudes (EPSC 2/1; 200uM: 92.8 + 6.8%; n=4;
p>0.05; 300uM: 102.9 £ 4.2%; n=5; p>0.05; t=30min; Supplementary Figure 1), confirming
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Figure 1: The ampakine CX546 enhances and prolongs PF-EPSCs. (A+B) At concentrations
of 200uM (left column; n=4) and 300uM (right column; n=>5), respectively, CX546 increases
the peak amplitude and slows the decay time of PF-EPSCs. (A) Typical traces recorded upon
wash-in of 2000M CX546 (left) and 300uM CX546 (right), respectively. (B) Top: time graph
showing changes in the EPSCI integral when CX546 is bath-applied (bar), bottom: time
graph showing the integral of EPSC2. Error bars are mean = SEM.

that CX546 acted postsynaptically. These results show that CX546 enhances and prolongs
EPSCs at cerebellar PF synapses, thus boosting basic synaptic transmission the same way as
previously observed at hippocampal synapses (17, 18).

The ultimate goal of this study was to examine how ampakines affect cerebellar synaptic
plasticity, which, like hippocampal synaptic plasticity, is under the control of dendritic
calcium signaling (19, 20). To examine whether bath application of CX546 enhances
calcium transients in Purkinje cell dendrites, we performed fluorometric calcium imaging
experiments using an ultra high-speed CCD camera (NeuroCCD-SMQ; RedShirtImaging,
Decatur, GA), and the fluorescent calcium indicator dye Oregon Green BAPTA-2 (200uM).
PF stimulation evoked dendritic calcium transients that were localized to specific
branches (see also 21, 22). This spatial restriction is illustrated in Fig. 2: in this example,
PF stimulation that is sufficiently strong to evoke PF-EPSCs of about 300pA (600pA for
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Figure 2: PF stimulation elicits spatially restricted calcium transients. (A) Original image
showing two regions of interest (ROI) indicating spatial restriction of calcium transient
hotspots (false-color coding). Calcium transients are reported as normalized fluorescence
changes (AF/F). (B) PF-EPSCs (bottom) and associated calcium transients (top) recorded
from regions 1 and 2 as shown in (A). Fluorescence measurements were performed using
an ultra high-speed CCD camera (NeuroCCD-SMQ; RedShirtImaging) and the fluorescent
calcium indicator Oregon Green BAPTA-2 (200uM).

EPSC2) elicits a calcium transient in a small region of interest (ROI) located on a dendritic
branch (region 1; Fig. 2), but not in a ROI on a neighboring branch (region 2; Fig. 2). In the
following recordings, we routinely monitored calcium signals from those ROI’s that showed
the most pronounced calcium transients.

To assess the effect of CX546 bath-application on PF-evoked calcium signaling, we
monitored calcium transients during a 5min baseline period, washed-in CX546 (200uM) for
5min, and recorded calcium signals in the presence of CX546 for at least five more minutes.
During the wash-in period, data acquisition was discontinued to limit the amount of light
exposure and phototoxicity, and thus to allow for long-term recordings of calcium transients
under stable baseline fluorescence conditions (23, 24). In the presence of CX546, the calcium
transients were enhanced (203.5 £ 37.9%; n=>5, t=13-15min; p<0.01; Fig. 3; Supplementary
Fig. 2C). These calculations are based on the area under the curve (100ms time window)
of the calcium transient evoked by the second stimulus to take advantage of the more
pronounced and more stable calcium signals. There was no change in the paired-pulse ratio
of the calcium transients (peak of calcium transient 2/1; 117.8 + 10.7%; n=5; t=13-15min;
p>0.05). In the absence of CX546, the calcium transients remained stable (99.6 £ 12.0%; n=6;
p>0.05; t=13-15min; Fig. 3C; Supplementary Fig. 2A+B). These results show that CX546 not
only enhances and prolongs PE-EPSCs, but also boosts dendritic calcium transients.

Ampakines have received attention as potential memory enhancers following the
discovery that they facilitate the induction of hippocampal LTP (9, 10). More recently,
this LTP-enhancing effect has also been demonstrated specifically for CX546 (11). As
cerebellar LTP and LTD are governed by induction rules that differ from those described
in hippocampal and neocortical circuits (19, 20), we tested whether enhancing AMPA
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Figure 3: CX546 enhances PF-evoked calcium transients. (A) Original image with false-
color coded ROL. (B) PF-EPSCs (bottom) and calcium transients (top) before (grey line) and
after wash-in of CX546 (black line). (C) Time graph showing the area under the curve of the
calcium transients under control conditions (closed dots; n=6) and when CX546 was applied
to the bath (open dots; n=5). In these recordings, data acquisition was limited to three sweeps
per minute to reduce the amount of light exposure. The traces shown are averages over three
subsequent sweeps. During wash-in of CX546, data acquisition was discontinued (5min).
Error bars are mean = SEM.

receptor-mediated PF-EPSCs by CX546 bath application (200 and 300uM, data were
pooled) affects PF synaptic plasticity. Under control conditions, PF stimulation at 1Hz for
5min elicited a weak, but significant potentiation (120.1 + 5.7%; t=20-30min; n=8; p<0.05
/ t=30-40min: 111.8 + 7.0%; n=8; p<0.05; Fig. 4). In contrast, in the presence of CX546
in the bath, application of the same PF stimulation protocol caused LTD (83.3 + 11.8%;
t=20-30min; n=8; p>0.05 / t=30-40min: 73.0 + 10.8%; n=8; p<0.05; Fig. 4). The change
in the PF-EPSC amplitude in the presence of CX546 was significantly different from that
observed under control conditions (Mann-Whitney U test; t=30-40min; p<0.05). Thus,
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Figure 4: CX546 enhances the probability for LTD induction. (A) Time graph showing
changes in the amplitude of EPSC1. Under control conditions, PF stimulation at 1Hz for 5min
causes a potentiation (closed dots; n=8). In the presence of CX546, application of the same PF
stimulation protocol causes LTD instead (open circles; n=8). (B) Typical traces obtained in the
absence (top) and in the presence (bottom) of CX546. Error bars are mean = SEM.

while ampakines facilitate LTP induction at hippocampal synapses (10, 11), at cerebellar
PF synapses we observe the opposite effect: application of a weak LTP induction protocol

results in the induction of LTD instead.

DISCUSSION

In hippocampal and neocortical circuits, ampakines enhance synaptic transmission and
promote the induction of LTP (9). Our study shows that in cerebellar circuits, the basic
mode of action (slowing desensitization / deactivation of AMPA receptors) is the same,
but the consequences of enhanced transmission are fundamentally different, as CX546
promotes LTD rather than LTP induction. At both types of synapses, the change in induction
probabilities is likely due to an increase in calcium signaling, resulting from a stronger
AMPA receptor-mediated depolarization and facilitated activation of voltage-gated calcium
channels, which we could demonstrate in this study at cerebellar PF synapses. However,
in contrast to its hippocampal and neocortical counterparts, cerebellar LTD requires
higher calcium transients for induction than LTP (16). This difference might explain why
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ampakines promote LTP in the hippocampus, but LTD in the cerebellum. Ultimately, the
outcome might well be the same, as LTD is currently seen as the cellular correlate of forms
of motor learning (25), and thus assumes the role in synaptic memory formation that is
assigned to LTP in the hippocampus. This difference between hippocampal and cerebellar
synapses points towards a general problem when attempting to develop drugs for the
treatment of memory deficits: LTP does not simply equal learning and memory formation.
Rather, LTP and LTD co-exist at most types of synapses and play very specific roles in
information storage (26). These specific roles need to be considered when interfering with
the balance of LTP and LTD mechanisms using ampakines or other memory-enhancing
drugs. Likewise, it needs to be taken into consideration that excessive AMPA receptor
activation can promote excitotoxicity (27). At cerebellar PF synapses, LTD is induced upon
PF and CF co-activation and thus results when PF activity coincides with error signals
conveyed by the CF input (28, 29). LTP, in contrast, is induced by PF stimulation alone
and provides a reversal mechanism for LTD (formally, LTD can also provide a reversal
mechanism for LTP; 19). As demonstrated here, ampakines can shift the balance of
cerebellar LTD / LTP towards a higher LTD induction probability and might thus be useful
candidate drugs for the treatment of cerebellar dysfunctions that are related to deficits in
LTD induction / maintenance. The majority of mouse mutants, in which LTD is impaired
(e.g. mGluR1 knock-out mice, mice with a Purkinje cell-specific overexpression of a PKC
inhibitory peptide, or aCaMKII knock-out mice), also show severe motor coordination
and / or motor learning deficits (for review, see 19, 30). These observations do not provide
a complete explanation of the cellular basis of cerebellar ataxias, but they do suggest that
deficits in LTD induction constitute one component of the ataxia phenotype. It is therefore
conceivable that, with the limitations discussed above, ampakines might be useful candidate
drugs for the treatment of cerebellar dysfunctions, as in cerebellar ataxias.

Our study shows that ampakines enhance PF synaptic transmission and dendritic
calcium signaling, but promote LTD, rather than LTP induction. Thus, these findings
challenge the view that enhanced synaptic activity generally equals a higher probability for
LTP induction. Rather, different brain circuits and different types of synapses use synaptic
plasticity mechanisms, such as LTP and LTD, in ways that are uniquely adapted. As a
consequence, therapeutic treatments based on drugs interfering with memory processes

need to be tailored to the specific types of memory deficits.

MATERIALS AND METHODS

Slice preparation: Sagittal slices of the cerebellar vermis (200-250p1m) were prepared from P18-25
Sprague-Dawley rats in ice-cold artificial cerebrospinal fluid (ACSF), and were kept at room
temperature for a maximum of six hours in ACSF containing (in mM): 124 NaCl, 5 KCl, 1.25
Na,HPO,, 2 MgSO,, 2 CaCl,, 26 NaHCO,, and 10 D-glucose bubbled with 95% O, and 5% CO,.
Slices were continuously perfused with ACSF throughout recording. All drugs were purchased
from Sigma (St. Louis, MO), except for Oregon Green BAPTA-2 (Invitrogen, Carlsbad, CA).
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Electrophysiology: Whole-cell patch-clamp recordings were performed at room
temperature using an EPC-10 amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany).
Currents were filtered at 3kHz, digitized at 8kHz, and acquired using PULSE software
(HEKA). Patch pipettes (2.5-5.0 MQ) 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 7.25-7.35). Purkinje cells were voltage-clamped at holding potentials in the
range of -65 to -70mV. Picrotoxin (5uM) was added to the ACSF to block GABA, receptors.
To evoke EPSCs, parallel fibers were activated using glass electrodes that were filled with
ACSE. These electrodes were placed in the upper 1/3 of the molecular layer to reduce the
risk of unintentional climbing fiber stimulation. In all experiments, test responses were
elicited using paired-pulse stimulation (interval 50-100ms) at a frequency of 0.05Hz with
stimulus currents in the range of 0.5-2pA. The paired-pulse facilitation (PPF) ratio was
determined to confirm the postsynaptic origin of alterations. The PPF ratio was calculated
as EPSC2/EPSCI1. The protocol for inducing LTP consisted of parallel fiber stimulation at
1Hz for 5min. For tetanization, the recording mode was switched from voltage- to current-
clamp. Series and input resistance were monitored throughout the experiment by applying
a hyperpolarizing voltage step (-10mV) at the end of each sweep. Recordings were excluded
from the study if the series or the input resistance varied by >15% over the course of the
experiments. All values are shown as % of baseline (calculated from the last 5min of baseline
recording) = SEM. For statistical analysis, we used the Student’s t-test (paired/unpaired)
and the Mann-Whitney U test, when appropriate.

Calcium imaging: Microfluorometric recordings were performed using a NeuroCCD-
SMQ camera (80x80 pixels) and NeuroPlex software (both RedShirtImaging, Decatur,
GA) for data acquisition. Fluorescence was sampled at 2kHz for sweep durations of
750ms. Fluorescence was excited using a 100W Xenon arc lamp (Cairn Research Ltd,
Faversham, UK). Recordings started >30min after patch formation to allow for the calcium
indicator dye (Oregon Green BAPTA-2; 200uM) to diffuse into the distal dendrites. The
stimulus electrode was placed under visual guidance to activate fine dendritic branchlets.
Fluorescence changes were normalized to resting levels and expressed as the ratio (t) =,
where F(t) is the fluorescence value at time t, and F is the averaged fluorescence obtained
during the baseline period preceding the stimulus application.
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Supplementary Figure 1: CX546 does not affect the paired-pulse facilitation (PPF) ratio.
(A) Time graph of the PPF ratio (PF-EPSC 2/1) when CX546 was bath applied at 200uM
(n=4). (B) Time graph of the PPF ratio when CX546 was bath applied at 300uM (n=5). The
bars indicate the presence of CX546 in the bath. All values are mean = SEM.
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Supplementary Figure 2: Stability of calcium transients under control conditions. (A)
Left: Original image of a Purkinje cell filled with Oregon Green BAPTA-2 (200uM). The
false-color coded area indicates the ROI from which calcium transients were recorded that
are shown on the right. Right: PF-EPSCs (bottom) and calcium transients (top) recorded with
a delay of 10min. (B) Time graph of the control experiments (n=6; same as in Fig. 2C). Data
acquisition was discontinued for 5min after baseline recording, to match the conditions that
were applied in the CX546 experiments. The stars indicate the time periods at which traces
were taken for display in (A). All values are mean + SEM. (C) Table showing CX546 effects on
PFE-EPSCs and associated calcium transients. Parameters that were monitored were the peak
amplitudes of EPSC1 and EPSC2, as well as the corresponding calcium transients. Moreover,
the area under the curve (‘charge’) of both EPSCs and calcium transients was determined.
The table summarizes values taken during the baseline (t=5min) and after wash-in of CX546
(t=15min). All values are mean = SEM.
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VI. GENERAL DISCUSSION

6.1. Implications of low release probability at the PF-PC synapse on
cerebellar function

As discussed in chapter one, PF terminals that project to PCs have a low initial release
probability and activity patterns in granule cells exceed the release capacity. This is a
remarkable finding, as the MF-GrC is specialized to perform with high temporal precision.
While this temporal precision is not crucial downstream for transmission between PFs
and PCs, it might still be important for signalling between MLI and PC and influence
burst timing in GrCs. At the PF-PC synapse, however, it serves to overcome a low release
probability to ensure signalling with lower temporal precision.

A heterogenic distribution of release probability between individual terminals likely
reflects the difference between depressed and potentiated synapses. While depressed synapses
will only signal consistently during prolonged activation, even potentiated terminals remain
far too unreliable to convey temporally coded information, despite a much facilitated release.

By itself, an unreliable, stochastic relay cannot serve any purpose in the direct control
of movement. However, this behaviour reveals an important characteristic of cerebellar
processing; while the input of an individual connection is meaningless, grouped activity of
multiple PFs displays a linear characteristic between the duration of activity and the size of
the response. Grouping of activity is controlled by spatiotemporal activity in the granule cell
layer, creating spatiotemporal maps of granule cell activity. Combined with unresponsiveness
to individual connections, cerebellar computing filters noise at the level of the granule cells

layer and at the PF-PC synapse, creating a noise-free, coordinated spike timing in PCs.

6.2. Behavioural implication of reversible plasticity at PF-PC synapse

For a long time, theories about cerebellar motor learning were based on the idea that
adaptation results from weakening the relevant connections between the PFs and PCs
(postsynaptic PF-PC LTD), ultimately leading to reduced inhibition from the cerebellar
cortex onto the cerebellar nuclei (Marr, 1969; Albus, 1971; Ito, 1982). This creates a timed
window of opportunity in which relevant sensory input can be passed onto relevant brain
regions downstream. Supported by experimental data showing the involvement of PF-PC
LTD in cerebellar learning (Ito, 1984), this hypothesis has long dominated the direction of
cerebellar research. However, a system based on this principle would suffer from 2 major
problems: 1) the ability to further adapt would saturate once every synapse is depressed
and 2) once adapted, neither extinction nor reversal can occur (Jorntell and Hansel, 2006).
Recent studies have shown that, in addition to LTD, the PF-PC synapse can also express
LTP and that the direction of plasticity depends on an activity dependent balance between
kinases and phosphatases (Lev-Ram, 2002; Coesmans et al., 2004; Belmeguenai and Hansel,
2005). Here, we show that LTP is both involved in the Pavlovian conditioned response,
as well as motor adaptation. The finding that LTD-dependent ‘gain-decrease’ is partially

impaired suggest that LTP might serve to prevent saturation. However, the finding that
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both ‘gain-increase’ and ‘phase-revearsal’ show no effect at all, suggests that LTP also serves

a more direct function in cerebellar motor learning.
6.3. Network formation under CF control

6.3.1. Endocannabinoids assist climbing fiber driven plasticity at the PF-PC
synapse
In chapter 2 and 3 we discuss two mechanisms by which the climbing fiber exerts its
influence and controls bidirectional plasticity at the PF-PC synapse; while its presence or
absence directly controls the direction of postsynaptic plasticity at this synapse by affecting
postsynaptic calcium signals (Coesmans et al., 2004), in parallel, it can also activate the release
of retrograde acting endocannabinoids to influence presynaptic plasticity accordingly. This
property further sharpens the effectiveness with which the CF directs plasticity at the PF-PC
synapse. Previous work has suggested that endocannabinoids can serve a protective function
to suppress PF input onto Purkinje cells during sustained activity and prevent damage from
over-excitation (Kreitzer and Regehr, 2001). However, our results suggest that, more likely,
endocannabinoids assist climbing fiber driven plasticity at the PF-PC synapse. These findings
further emphasize the importance the CF has on directing plasticity at this synapse.
However, CF-control stretches far beyond the PF-PC synapse and likely creates
grouped activity in the granule cell layer and selects inputs to Golgi cells, MLI and PCs in
the molecular layer. In this manner, presence or absence of CF activity directs plasticity

throughout the cerebellum, forming functional modules.

6.3.2. Function of the Purkinje cell network: Creating output by selecting input

The granule cell network provides enormous diversity in signal coding to Purkinje cell
dendrites in the molecular layer (D’Angelo, 2011), even when the mossy fibre input is
relatively uniform (Arenz et al., 2008). The huge diversity of parallel fiber codings, widely
distributed over the molecular layer, has the advantage that guiding signals (provided by
climbing fibers) can select and sculpt those codings that are needed to improve behaviour as
required in a particular spatiotemporal context (De Zeeuw et al., 2011). The climbing fibers
achieve this through the presence and absence of heterosynaptic effects, either directly or
via spillover. Climbing fiber activity may not only reduce Purkinje cell activity by inducing
LTD at the parallel fiber-Purkinje cell synapse, but also by promoting potentiation at the
parallel fiber-molecular-layer interneuron synapse and molecular-layer interneuron—
Purkinje cell synapse, and probably even at the parallel fiber-Golgi cell synapse. Conversely,
the absence of climbing fibers can increase Purkinje cell activity by permitting LTP at the
parallel fiber-Purkinje cell synapse, by increasing the intrinsic excitability of Purkinje cell
dendrites, and by promoting LTD at parallel fiber-interneuron synapses. For the VOR
phase reversal learning paradigm this implies that multiple forms and sites of plasticity will
be actively involved once the direction of the retinal slip and thereby that of the climbing
fiber modulation is reversed. For example, when retinal slip is reversed towards the left

during training, a specific set of parallel fiber-Purkinje cell synapses is probably potentiated
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Fig 1 Discussion: Creating output by selecting input in the Purkinje cell network. By
controlling the direction of plasticity at multiple synapses, climbing fibre (CF) activity links
the parallel fibre (PF) that has the appropriate phase to the desired target. When CF activity
is in-phase with PF activity (PF1), 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 (i.e. out-of-
phase with PF activity (PF2)), LTD is induced at the PF-MLI synapse, whereas LTP is induced
at the PF-PC synapse together with intrinsic plasticity (IP) in the PC (depicted as a ‘halo’
around dendritic membrane). Thus, because the inductions of these forms of plasticity are
dependent on the direction of the periodic CF stimuli, CF activity can induce opposite phases
in the MLI versus the PC. As a result of the above mechanisms, simple-spike activity in PCs
is determined directly by excitatory inputs from out-of-phase PFs (PF,) and by suppression
from in-phase PFs (PF ), and the simple-spike (SS) output of PCs will thus be out-of-phase
with CF activity (indicated as complex spikes (CS)). As the route of information through the
molecular-layer interneurons is parallel to the route through the Purkinje cells, we predict
that the various forms of plasticity in either one of these routes can compensate at least in
part for deficits in the other route.
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in the left flocculus, whereas the synapses of the same parallel fibers onto interneurons are
depressed (Hoebeek et al., 2005; Schonewille et al., 2010). Conversely, when the retinal slip
is moving towards the right a different set of parallel fiber synapses with the same Purkinje
cells is subject to depression, whereas the synapses of these parallel fibers onto interneurons
are potentiated. As these depressing and potentiating effects (which work in synergy) are
all timing-dependent in the sense that they all depend on whether or not climbing fiber
activity coincides (within a particular time frame) with parallel fiber activity (Bell et al.,
1997; Coesmans et al., 2004; Han et al., 2000; Wang et al., 2000), it is crucial that parallel
fibers carry sufficient variety in temporal coding. This variety allows the climbing fibers to
shape the simple-spike modulation of the Purkinje cells in any direction, even to a phase that
is opposite to that of the mossy fibers. Interestingly, such an opposite phase in mossy fiber
activity and Purkinje cell simple-spike activity is exactly what has been observed in various
experiments. For example, during VOR the majority of vestibular simple-spike responses
of Purkinje cells in vertical-axis zones of the floccular complex in primates show a phase
that is opposite to that of the majority of the corresponding mossy fiber 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 higher than that of corresponding
mossy fiber responses (Lisberger and Fuchs, 1978a, b). If the climbing fibers dominate the
periodicity of the simple-spike activity by regulating multiple forms of plasticity in the
molecular layer, one expects that selectively reversing the laterality of the climbing fibers
from a controlateral to an ipsilateral projection reverses the simple-spike modulation even
when the laterality of the mossy fiber projection is unaffected; this prediction indeed holds
(Badura et al., 2010). Moreover, as VOR phase reversal learning in effect also reverses the
climbing fiber modulation, one expects that manipulating simultaneously multiple forms
of climbing fiber mediated forms of plasticity induces the most prominent deficits in this
paradigm (reversal of the phase of the climbing fiber signals induces potentiation at parallel
fiber-Purkinje cell synapses and the parallel fiber synapses onto interneurons that were in
a silent or depressed state before the reversal and it depresses the parallel fiber-Purkinje
cell and parallel fiber-interneuron synapses that were potentiated in the initial state); this
prediction indeed also holds. We therefore argue that climbing fiber-guided selection in
the molecular layer provides a powerful mechanism to create the appropriate Purkinje cell

simple-spike output by simultaneously inducing several forms of plasticity.

6.3.3. Distributed synergistic plasticity

Plasticity in the granule cell network may increase the diversity of coding, whereas plasticity
in the Purkinje cell network may facilitate the selection of the appropriate coding and
transfer it to the output domain that controls the appropriate movement. The combination
of the different forms of plasticity in these networks during learning can be referred to as
distributed synergistic plasticity; distributed, because it includes various types of synaptic

and intrinsic plastic effects in various types of neurons and superimposed interneurons
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in both the granular and molecular layer under compatible induction protocols; and
synergistic, because the different forms of long-term plasticity in the cerebellar cortex act
synergistically: forms of plasticity that occur in serial fashion (i.e. plasticity in granule
cell network and plasticity in Purkinje cell network) and forms of plasticity that occur in
parallel fashion (i.e. plasticity at parallel fiber-Purkinje cell synapses and that at parallel
fiber-interneuron synapses) in effect enhance one another through precise and periodic
timing in the climbing fiber system relative to the mossy fiber system. This configuration
implies that memory formation and storage in the olivocerebellar system is created in a
distributed and synergistic fashion across the networks, allowing continuous expansion and
fine-tuning to the changing bodily and environmental conditions.

The processes — such as plasticity at the mossy-fiber-granule-cell synapse or intrinsic
plasticity of granule cells — that modify activity in the granule cell network and may serve
to enhance, fine-tune and maintain diversity of parallel fiber coding probably depend
predominantly on activity in the mossy fibers and Golgi cells. By contrast, the processes
that modify activity in the Purkinje cell network are mainly regulated by climbing fiber
activity. The climbing fibers play a crucial role in all of these processes by inducing various
forms of heterosynaptic plasticity when they are active, and by permitting various forms
of homosynaptic plasticity when they are silent (Badura et al., 2010). The various forms
of climbing fiber dependent plasticity are bidirectional (that is, they have depressing
and potentiating effects) and are reinforcing in a parallel fashion, in the sense that the
potentiating and depressing effects of climbing fibers at the inputs onto and output of
superimposed interneurons act in synergy with the direct depressing and potentiating
effects, respectively, of the climbing fibers at the parallel fiber inputs to the Purkinje cells. As
the routes of information through the interneurons are parallel to the routes of information
through the Purkinje cells, the various forms of plasticity in either one of these routes can
compensate at least in part for deficits in the other route.

This conceptual model of distributed synergistic plasticity elaborates upon concepts
initiated by Marr, Albus, Ito and others (Albus, 1971; Dean et al., 2010; Fujita, 1982; Ito,
1982; Kawato et al., 1987; Marr, 1969; Roberts, 2007). However, this hypothesis states that,
while LTD may still be crucial for correct cerebellar functioning, potentiation of granule
cells and potentiation of Purkinje cells are, at least initially, the dominant type of plasticity
during visuovestibular learning. LTD at the inputs to these cells might contribute at
various levels during ongoing learning, might compensate for deficits in potentiation at
synapses with opposite polarity, and/or might avoid saturation of synapses by noise and
so prevent overexcitation or underexcitation (Coesmans et al., 2004; Jorntell and Hansel,
2006). However, it does not appear to be essential for visuovestibular motor learning. By
speculating that LTP and intrinsic changes in the excitability of granule cells and Purkinje
cells are, initially, the fundamental mechanisms underlying procedural memory formation,
we follow the notion that the cerebellum has an excessive number of granule cells and
even more parallel fibre varicosities, the vast majority of which has been reported to be
rather silent during rest (Brunel et al., 2004; Chadderton et al., 2004; Isope and Barbour,
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2002) and, therefore, tends initially to be more sensitive to potentiation than depression
(Le Guen and De Zeeuw, 2010). By contrast, interneurons have been reported to be more
active relative to granule cells during rest (Barmack and Yakhnitsa, 2008), and their inputs
and outputs may therefore initially be more prone to depression. If potentiation of granule
cells and Purkinje cells and depression of interneurons are indeed the main initial forms of
plasticity underlying learning, one may predict that during the execution of learned motor
skills the activity of granule cells increases, whereas that of interneurons decreases; this
indeed turns out to be the case for locomotion (Wang, S.S.; unpublished observations).
However, as different cerebellar lobules and zones show different levels of intrinsic
activity that may lead to different propensities for potentiation and depression (Wadiche
and Jahr, 2005), different learning behaviours controlled by different regions may show
different propensities for plasticity. In this respect, it will be interesting to investigate the
extent to which the concept of distributed synergistic plasticity applies to other forms of
cerebellar learning, such as Pavlovian eye blink conditioning, locomotion conditioning,
fear conditioning and spatial navigation (Bissiere et al., 2011; Boele et al., 2010; Rochefort
et al., 2011; Van Der Giessen et al., 2008). The similarities in the presence and absence
of phenotypes of mouse mutants that have been subjected to multiple cerebellar learning
tests suggest that Pavlovian conditioning is subject to the same principles as visuovestibular
motor learning (Schonewille et al., 2010; Schonewille et al., 2011; Wada et al., 2007).

Owing to the abundance and distributed variety of different forms of plasticity in the
cerebellar cortex and the room for compensation, probably none of them is essential by itself.
Thus, the concept of distributed synergistic plasticity predicts that none of the individual forms
of plasticity is absolutely essential, even though some forms of plasticity may be more efficient
than their counterparts in the initial stages of various forms of cerebellar learning. In this
respect, one could hypothesize that the superimposed interneurons, which may have arisen
later in evolution than their target neurons (i.e. the Purkinje cells and granule cells), have
endowed the cerebellar cortex with a wide range of possibilities to compensate for potential
deficits in one of the forms of plasticity in the target neurons themselves. This development
would by itself emphasize how important the role of the cerebellar cortex in learning and
consolidation has become during evolution. Thus, the options provided by distributed
synergistic plasticity in the cerebellar cortex are sufficiently rich to modify phases of activity
and behaviour in any direction, and that these acquired behaviours can be maintained for
a lifetime in the sets of modified inputs to granule cells and Purkinje cells as well as their
superimposed interneurons, even when failures at particular forms of plasticity occur. These
memories may remain stored in the cerebellar cortex independently from the “copy transfer”
to the cerebellar and vestibular nuclei that may facilitate retrieval of the memories after
consolidation (Kassardjian et al., 2005; Kellett et al., 2010; Shutoh et al., 2006).

The fact that a stored procedural memory or cognitive procedure should in principle be
retrievable for the rest of one’s life demands a mechanism that can last forever. In this respect
the molecular mechanisms underlying distributed synergistic plasticity in the cerebellar
cortex may differ from those underlying plasticity in the hippocampus, which is required for
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declarative memory formation — a type of memory that is formed more rapidly, with more
readily available options for extinction (Morris et al., 1986; Myers et al., 2006). Procedural
memories formed at a young age can indeed last forever (Stahl et al., 2006) and the ability to
form new procedural memories is affected by aging (Woodruff-Pak et al., 2010), and it will
be interesting to find out whether the capacity for modifying parallel-fibre synapses both
at Purkinje cells and interneurons is diminished over time and whether or not analogous
changes in the capacity for plasticity can be observed in the hippocampus (Douyard et al,,
2007; Kessels and Malinow, 2009). In particular, it will be interesting to investigate whether
a change in capacity for synaptic plasticity is reflected in the amount of particular stabilizing
receptor subunits at the end of life and whether there is a difference between the target
neurons and interneurons in this respect (Douyard et al., 2007; Kessels and Malinow, 2009).

6.4 Ampakines: the potential to promote cerebellar learning

In the outdated Marr-Albus-Ito hypothesis, in which PF LTD solely is responsible for
cerebellar learning, promoting the likelihood of LTD through ampakine treatment
could benefit cerebellar learning and therefore improve motor control. Considering
the simultaneous expression of plasticity at multiple sites following the hypothesis of
distributed synergistic plasticity, this assumption is not at all straightforward. However,
ampakines will only affect AMPA-driven activity and thus, its effect is restricted to MF, PF
and CF output. At the MF-GrC synapse the increased postsynaptic Ca2+ might facilitate
the induction of LTP; at the PF-MLI, ampakines will likely promote LTD in those synapses
that express GluR2-lacking AMPAR, but will have no effect on readily depressed synapses
that express calcium-impermeable GluR2-containing AMPAR; increased postsynaptic
calcium transients in PCs might favour rebound potentiation and strengthen inhibitory
projections from MLI onto PCs.

Ultimately, ampakines will weaken out-of-phase PF-activity and promote in-phase
MLI-PC activity. Indeed, together these effects might facilitate cerebellar learning and

therefore it will be interesting to see if ampakines will benefit motor performance in vivo.
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