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bstract—The role of the cerebellum has been increasingly
ecognized not only in motor control but in sensory, cogni-
ive and emotional learning and regulation. Purkinje cells,
eing the sole output from the cerebellar cortex, occupy an

ntegrative position in this network. Plasticity at this level is
nown to critically involve calcium signaling. In the last few
ears, electrophysiological study of genetically engineered
ice has demonstrated the topical role of several genes

ncoding calcium-binding proteins (calretinin, calbindin,
arvalbumin). Specific inactivation of these genes results in
he emergence of a fast network oscillation (ca. 160 Hz)
hroughout the cerebellar cortex in alert animals, associated
ith ataxia. This oscillation is produced by synchronization
f Purkinje cells along the parallel fiber beam. It behaves
s an electrophysiological arrest rhythm, being blocked by
ensorimotor stimulation. Pharmacological manipulations
howed that the oscillation is blocked by GABAA and NMDA
ntagonists as well as gap junction blockers. This cerebellar
etwork oscillation has also been documented in mouse
odels of human conditions with complex developmental

erebellar dysfunction, such as Angelman syndrome and
etal alcohol syndrome. Recent evidence suggests a relation-
hip between fast oscillation and cerebellar long term de-
ression (LTD). This may have major implications for future
herapeutic targeting. © 2008 IBRO. Published by Elsevier
td. All rights reserved.
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he cerebellum has always exerted a fascinating mystery
n neuroscience. There is now growing evidence that in
ddition to its well-documented role in motor coordination
Thach et al., 1992; Bastian, 2006), the cerebellum is
nvolved in sensory (Gao et al., 1996), cognitive (An-
reasen et al., 1998; Booth et al., 2007; Gordon, 2007;
hach, 2007) and emotional processing (Schmahmann
nd Sherman, 1998; Schmahmann, 2004; Schmahmann
nd Caplan, 2006). The timing control has been proposed
s a common denominator of these multiple functions (Ivry
t al., 2002; Spencer et al., 2003). However, recent exper-

ments that attempted to dissociate timing from coordina-
ion control suggested that time-dependent control of
ovements did not produce robust activity in the cerebel-

um with respect to state-dependent control condition
Diedrichsen et al., 2007). Nevertheless, precise control of
oordination signals in cerebellum critically requires tem-
oral processing on the time scale of milliseconds to sec-
nds and must also integrate the dynamic synchrony of
ifferent neuronal populations and their interactions
Welsh et al., 1995; Kazantsev et al., 2003; Sanchez-
ampusano et al., 2007). In this context, oscillatory activity
as beeen shown to be a fundamental emergent property
f neural networks (Destexhe and Contreras, 2006; Bartos
t al., 2007). As demonstrated previously in the hippocam-

us the recording of local field potential oscillation (LFPO)

ved.
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n the cerebellum may contribute to a better understanding
f its function.

Since the initial proposal of Ito (1972, 1982) the phys-
ological role of the cerebellum in behavioral learning has
ecome a central issue (Miles and Lisberger, 1981;
heron, 1990; Raymond et al., 1996; Lisberger, 1998;
ahlon and Lisberger, 2000; Carey and Lisberger, 2004;
elgado-Garcia and Gruart, 2002, 2006; Medina et al.,
002; De Zeeuw and Yeo, 2005). It has been studied at
ultiple levels, including behavioral, electrophysiological,

ellular and molecular aspects. The proper functioning of
he cerebellum requires complex genetic and epigenetic
rograms that ensure structural and functional properties
f the neural network. Input–output interactions with the
nvironment refine the synaptic weights of the neural cir-
uitry throughout life.

These multiple plasticity processes are regulated at the
ingle cell level by changes in the concentration of intra-
ellular Ca2� ([Ca2�]i) and are also dependent on Ca2�

ux shaping (Hansel et al., 2006; Coesmans et al., 2004).
Ca2�]i regulates a large variety of neuronal functions,
ncluding neurotransmitter release, ion channel permeabil-
ty, enzyme activity, and gene transcription (Berridge,
998). The control of [Ca2�]i is thus crucial for the neuron.
t is dependent on pumps, exchangers, organelle seques-
ration, and cytoplasmic Ca2�-binding proteins (Clapham,
995). Among the different functions of Ca2� neuronal
ignaling (Usowicz et al., 1992; Llinás and Moreno, 1998)
he control of the spontaneous firing of neuron and the
ransition from tonic spiking to bursting occupy a central
osition. Therefore, understanding the functional link be-
ween Ca2� homeostasis at the single neuronal level and
he cerebellar neural network dynamics will not only in-
rease our understanding of the basic mechanisms impli-
ated in the network control but possibly also highlight
herapeutic targets in neurological diseases.

This review will outline current understanding of the
erebellar network based on the conjunction of in vivo and
n vitro investigations in genetically engineered mice. This
pproach was initially developed in order to better under-
tand the role played by the different Ca2�-binding pro-
eins in Ca2� signaling. Its expanding use has revealed
eculiar abnormalities in a number of models of human
iseases, such as Angelman syndrome and the fetal alco-
ol syndrome.

THE CEREBELLAR MODULE CIRCUITRY

he cerebellar cortex appears particularly well suited for
erforming in vivo/in vitro correlation in genetically engi-
eered mice. It is formed by relatively simple array of
eural network structured around the Purkinje cell (PC),
he sole output of the cerebellar cortex forming inhibitory
ynapses with their target neurons in the cerebellar and
estibular nuclei. Only two major afferent systems formed
y the climbing and the mossy fibers determine the input of
he cerebellar cortex (Fig. 1).

Climbing fibers arise from the inferior olive. They pri-

arily contact the more proximal portion of the PC den- i
ritic tree and provide the major excitatory action on PC
1500 climbing fiber-PC synaptic contacts, Strata and
ossi, 1998). The mature PC receives this excitatory input

rom only one inferior olive neuron, giving rise to the well
ecognizable complex spike (Eccles et al., 1966c; Thach,
968) and the induced pause in the spontaneous simple
pike firing of the same PC.

Transmission by mossy fibers conveying information
rom numerous regions of the cerebrum, brain stem and
pinal cord, is more complex than that of climbing fibers.
ossy fibers first excite the numerous granule cells whose
xons give rise to the parallel fibers, which form synaptic
ontacts at the spines of the distal branch of the PC
endritic tree (150,000 parallel fiber–PC synaptic contacts,
arvey and Napper, 1991).

Parallel fibers also excite interneurons in the molecular
ayer which in turn inhibit PCs (feedforward inhibitory cir-
uit). Mossy fiber inputs are modulated by the inhibitory
ction of Golgi cells, which are excited by both mossy
bers and parallel fibers, assuming a feedforward and a
eedback inhibitory loop, respectively (Eccles et al.,
966b). The Golgi cell is also excited by climbing fiber
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ig. 1. Scheme illustrating the neuronal elements of the cerebellar
odule circuitry and the expression of different Ca2� binding proteins.
and � signs indicate the excitatory or inhibitory action of the syn-

pse, respectively. The resistance symbol indicates the presence of
ap junctions. Arrows indicate (1) climbing fiber input, (2) mossy fiber

nput, (3) PC output, (4) deep nuclear output. Abbreviations: ba, basket
ell; cf, climbing fiber; DCN, deep cerebellar nuclei; gc, granule cell;
oC, Golgi cell; Lc, Lugaro cell; IO inferior olive; mf, mossy fiber; PC,
urkinje cell; pf, parallel fiber; PN, pontine nuclei; st, stellate cell; ubc,
nipolar brush cell.
nput (Hamori and Szentagothai, 1966; Eccles et al.,
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966a,d; Desclin, 1976) which indirectly modulates gran-
le cell discharge. Two additional types of neurons must
e taken into account in the treatment of the mossy fiber
ignals: the Lugaro cells and the unipolar brush cells. The
ugaro cell provides synchronous inhibition of the Golgi
ell along a transverse axis parallel to the parallel fiber
Dieudonné and Dumoulin, 2000). The unipolar brush cells
pecifically expressed in the vestibulo-cerebellum (Mug-
aini and Floris, 1994) are excited by mossy fibers and
orm giant glutamatergic synapses with granule cells
Rossi et al., 1995). Like granule cells, the unipolar brush
ells are also inhibited by Golgi cells (Dugué et al., 2005).

Morphologically, the parallel fibers form longitudinal
eams running for several millimeters along the main axis
f the folium (Eccles et al., 1967; Cohen and Yarom,
998). The parallel fibers beams are almost orthogonal to
he parasagittal organization of the cerebellar module
Voogd and Glickstein, 1998), which is subdivided in dif-
erent microzones considered as the operational unit of the
erebellum (Oscarsson, 1979; Schonewille et al., 2006).

The unique origin of the complex spike firing control
ontrasts with the multiple factors implicated in simple
pike discharge. The latter results from the combination of
he pacemaker activity of the PC (Häusser and Clark,
997; Raman and Bean, 1997, 1999; Häusser et al.,
004), their direct excitation from the parallel fibers, the

nhibition exerted by the basket, stellate, Golgi and Lugaro
ells (Suter and Jaeger, 2004) and finally the modulation
erformed by the climbing fiber influence (McKay et al.,
007; Mittmann and Häusser, 2007). This latter influence
ay occur as long-term potentiation of spontaneous

PSCs (Kano et al., 1992, 1996) and participates in the
omplex control of the feedforward inhibitory circuit acti-
ated by the parallel fibers (Mittmann et al., 2005). Stimu-

ation of individual granule cells shows that at least 50
ranule cells must fire simultaneously to produce a single
imple spike (Barbour, 1993).

SIMPLE AND COMPLEX SPIKES DIALOGUE

pontaneous climbing fibers occur at an average firing rate
f �1 Hz (Thach, 1968; Lang et al., 1999). The functional
dvantage of this low frequency firing has been illustrated

n GluR�2 knockout mice (Yoshida et al., 2007) with re-
pect to the timing of the optokinetic response. Short- and
ong-term climbing fiber regulation of simple spike firing
as been described. For example, after chemical destruc-
ion of the inferior olive the PC doubled their simple spike
ring rate, the spike rate became more regular and linked
o oscillation of the background (Colin et al., 1980). In the
hort time range the antiphasic behavior of the complex
pike and simple spike firing during vestibular stimulation
ay be explained by climbing fiber action on the Golgi cell
cting as an inhibitory gate on mossy fiber input (Barmack
nd Yakhnitsa, 2003). Simple spike firing has been re-
orted to partially predict the occurrence of complex spike
uring tonic mode periods (Miall et al., 1998). Complex
pike waveform reflects the compound excitation in prox-

mal PC dendrite by the climbing fiber and is classically p
onsidered as invariant in vivo for a given PC (Ito and
impson, 1971). It remains controversial whether mossy
bers may cause specific modifications in this waveform in
ivo (Campbell and Hesslow, 1986a,b; Gilbert, 1976).
ong- and short-term plasticity has been described in vitro
t the climbing fiber–PC synapse (Hansel and Linden,
000; Hashimoto and Kano, 1998). They cause specific
odifications in the complex spike waveform recorded by

ntracellular electrode (Hansel and Linden, 2000). Alter-
tion of the second depolarizing component of the complex
pike recorded by extracellular electrode has also been
ocumented in alert mice (Servais et al., 2004) (Fig. 2).

In vivo, the amplitude of this depolarizing component is
nversely proportional to the simple spike firing rate pre-
eding the complex spike. In vitro, the suppression of this
epolarizing component is due to inactivation of voltage-
ensitive Ca2� channels in the PC (Weber et al., 2003).
his would play a central role in LTD at the climbing
ber-PC synapse (Hansel and Linden, 2000), with impor-
ant physiological implications. Ca2� entry during the com-

ig. 2. Specific alteration of the CS waveform. Amplitude of the sec-
nd depolarizing component (SDCA) and the ratio between SDCA and

he total spike amplitude (TSA) decrease during tonic mode periods.
A) Recording of spontaneous PC activity. (B) Complex spike recorded
uring a silent mode period. (C) Complex spike of the same PC during
tonic mode period. (Modified from Servais et al., 2004; Copyright

004 Elsevier.)
lex spike is associated with various regulating pathways,
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uch as upregulation of GABAA receptor (Kano et al.,
992) and LTD at parallel fiber–PC synapse (Ito, 1989).
lthough some authors have suggested that in vitro and in
ivo recordings of the complex spike are comparable
Schmoleski et al., 2002), the association of in vivo decre-
ent of complex spike secondary depolarizing peak and a
ecrease in Ca2� entry during the complex spike remains

o be demonstrated. If this association, described in vitro is
onfirmed in vivo, it will indicate that parallel fiber pathways
ealize a feedforward control of its firing through Ca2�

ntry modulation, which would be of crucial importance in
nderstanding cerebellar function.

KNOCKOUT OF Ca2� BINDING-PROTEINS AS A
TOOL FOR STUDYING

NEURAL NETWORK EXCITABILITY

ne advantage of using Ca-binding gene knockouts is that
hey preserve cerebellar morphology. (Airaksinen et al.,
997; Schiffmann et al., 1999; Cheron et al., 2000). Differ-
nt types of cerebellar neurons specifically express differ-
nt Ca2�-binding proteins. This offers the possibility of
electively altering Ca2� homeostasis and thereby modu-

ate excitability of selected neuronal types in order to study
heir effect on the whole network.

Calretinin (Cr) is present in Golgi, Lugaro and unipolar
rush cells. Calbindin D-28 K (Cb) is present only in PC,
hile parvalbumin (Pv) is present in both molecular inter-
eurons and PC (Fig. 1). However, in addition to cell
xpression specificity, these Ca2�-binding proteins are dif-
erently specialized, allowing subtle physiological pur-
oses (Schwaller et al., 2002). Cr, Cb and Pv are members
f the EF-hand family of Ca2�-binding proteins. They con-

ain five, four and three EF-hand domains, respectively.
he metal-binding sites of the Cr and Cb are Ca2�-spe-
ific, whereas those of Pv bind to Mg2� in the resting
ondition. These binding characteristics explain one of the
ajor differences in Ca2�-buffering kinetics: Cr and Cb are

ast buffers, while Pv is relatively slow. Moreover, Cr and
v are considered pure Ca2� buffers, acting as passive
odulators of the cytosolic calcium levels lacking any
a2� sensor or trigger function (Schmidt et al., 2007),
hile Cb acts as a sensor that regulates the degradation of

nositol messengers in an activity-dependent manner
Schmidt et al., 2005). As high frequency synaptic activity
s often associated with IP3-mediated Ca2� transients, the
ctivation of myo-inositol monophosphatase (IMPase) by
b is strategically situated for the synaptic integration

Finch and Augustine, 1998; Takechi et al., 1998) and PC
lasticity (Wang et al., 2000).

CONTRASTING IN VIVO AND IN VITRO FIRING
BEHAVIOR OF PCS IN Cr�/� MICE

he initial step in this series of investigations concerned
he role played by Cr, which is the only Ca2�-binding
rotein expressed in granule cells (Résibois and Rogers
992; Marini et al., 1997), the most numerous neurons in

he mammalian brain. In alert Cr knockout mice (Cr�/�) r
Schurmans et al., 1997), spontaneous simple spike fre-
uency was increased and both complex spike duration
nd the induced pause in the simple spike were decreased
Schiffmann et al., 1999; Cheron et al., 2000) (Fig. 3).

In contrast, in vitro experiments of the Cr�/� PC
howed no firing behavior abnormalities (Schiffmann et al.,
999; Cheron et al., 2000). Moreover, climbing fiber stim-
lation evoked all-or-none excitatory postsynaptic currents

n both Cr�/� and WT mice and complex spike duration
nd number of wavelets, and climbing fiber current paired-
ulse depression were not different, reinforcing the notion
hat the PC firing behavior alterations observed in alert
r�/� mice are not due to a difference in PC excitability or
bnormal function of its afferent synapses.

GRANULE CELLS OF Cr�/� MICE AS A MODEL
OF CALCIUM-DEPENDENT CONTROL OF

NEURONAL EXCITABILITY

ecause granule cell shows a calcium-dependent regula-
ion of their intrinsic excitability (D’Angelo et al., 1997,
998), Cr�/� mice provide an ideal model for understand-

ng the regulation of calcium-dependent control of neuronal
xcitability. Gall et al. (2003) elegantly demonstrated the
ritical role played by Cr in regulating granule cell excit-
bility and signal coding. In order to minimize unwanted
lteration of the endogenous Ca2�-buffering capacity, the

ig. 3. Complex spike and simple spike pause durations are reduced
n PC in alert Cr�/� mice. Extracellular activity of PC was explored in
ivo in 2- to 4-month-old mice (A, B). Representative recording traces
or Cr�/� (A) and Cr�/� (B) mice show start (vertical dashed line) and
nd (empty arrowheads) of the complex spike (CS) as well as end of

he simple spike (SS) pause (filled arrowheads). For the determination
f the SS pause duration, the complex spike was used as a trigger for

he averaging of the SS discharge (transformed in rectangular pulses
f 1 ms in duration) (lower rows). Scale bars�0.5 mV. (Modified from
chiffmann et al., 1999; copyright National Academy of Sciences,
SA.)
ecording of granule cell activity was made using the per-
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orated patch technique. They found no morphological al-
erations in Cr�/� mice and no changes in membrane
esistance or capacitance. They also demonstrated in-
reased granule cell excitability accompanied by a de-
rease in the action potential half-width in the Cr�/� mice.
hese effects were reversed by perfusion of an exogenous
a2� buffer.

Based on their findings, the authors suggested a min-
mal model that allows a qualitative understanding of the
mpact of variations in cytosolic Ca2�-buffering capacity on
he electroresponsiveness of an excitable cell. According
o this model, increased granule cell excitability in Cr�/�

ice can be mimicked by a fourfold decrease in the cyto-
olic Ca2�-buffering capacity. The action potential short-
ning reflects a more pronounced activation of IK-Ca be-
ause of faster Ca2� dynamics taking place when the
ytosolic Ca2�-buffering capacity is decreased (Gall et al.,
005).

FROM PC FIRING ALTERATION TO
EMERGENCE OF FAST OSCILLATION
(160–200 Hz) IN ALERT MUTANT MICE

he spike-generating mechanism of PC in vivo results
rom a complex interaction between intrinsic and network
roperties. The analysis of the spontaneous firing rate,
hythmicity and synchronicity constitutes an efficient way
f representing different functional states in a neural net-
ork (Fellous et al., 2003; Nelson et al., 2003).

As discussed above, Cr in granule cells induces re-
ote changes on the PC firing rate suggesting a network
ffect. This is also reflected in cerebellar network activity
identified neurons and local field potentials) in both single
Cr�/�, Cb�/�, Pv�/�) and double (Cr�/�-Cb�/�, Cb�/�-
v�/�) knockout mice (Cheron et al., 2004a,b; Servais
t al., 2005).

The most remarkable electrophysiological feature in
hese Ca2�-binding protein-deficient mice is the presence
f a spontaneous oscillation around 160–200 Hz (Fig. 4A
nd B). This oscillatory activity can be classified in the
ltrafast (90–200 Hz) range of physiological oscillation
reviously described in the hippocampus (Buzsáki et al.,
992; Buzsáki and Draguhn, 2004.) Ultrafast oscillation
as recorded throughout the explored cerebellar regions

vermis, uvula and nodulus) of single and double knockout
ice for each of these genes. It appeared as episodes of

pindle-shaped oscillation with a mean rate of occurrence
f 4.5 spindles/s. It is noteworthy that network 160 Hz
scillation also emerged in slices prepared from the cere-
ellum of mature rats when bathed in zero-calcium media
Traub et al., 2007).

Spatiotemporal mapping of the oscillation was facili-
ated by the cerebellar architecture characterized by highly
epetitive, well-defined circuitry (Eccles et al., 1967; Voogd
nd Glickstein, 1998). In all mutant mice, LFPO amplitude
lways increased when the recording electrode ap-
roached the PC layer, reaching its maximum just beneath

he PC bodies (Fig. 4C) (Cheron et al., 2004), suggesting m
hat PC populations are the major generator of the 160 Hz
scillation.

Spatial coherence analysis demonstrated that LFPOs
ere perfectly synchronized at sites along the coronal
lane (i.e. along a parallel fiber beam) and not along
ostro-caudal axis (Fig. 4B).

The frequency of oscillation showed no significant dif-
erences between the different single knockout mice. In
ontrast to mice deficient for either one of the genes and
he double Cr�/�-Cb�/�, LFPO in Pv�/�Cb�/� mice
howed two frequency peaks during approximately 50% of
he oscillation recording time (Servais et al., 2005) (Fig. 5F
nd H). The difference between the two oscillation fre-
uencies was always larger than 100 Hz.

IN VIVO FIRING BEHAVIOR OF INDIVIDUAL
PCs IN DIFFERENT Ca2�-BINDING PROTEINS

MUTANTS

o understand how ultrafast oscillations contribute to cer-
bellum functions, it is essential to first consider the basic
nderlying mechanisms. Two key requirements for the
mergence of network oscillation are the presence of neu-
onal rhythmicity and synchronicity (Servais and Cheron,
005). PCs alternate between tonic, silent and bursting

ig. 4. Emergence and spatial coherence of high-frequency oscilla-
ion in the cerebellum of Cr�/�-Cb�/�mice. (A) Sample records of
FPOs from wild-type mice (wt; top trace) and Cr�/�-Cb�/� mice
bottom trace). (B) Spatial coherence of LFPOs was analyzed by
ecording simultaneously from electrodes aligned along the longitudi-
al [left, tracts 2, 1, 3 (0.5 mm apart)] or rostrocaudal (right, tracts 4, 1,
) axis of a folium. Pair traces (left), using LFPO recording two as a

rigger (Trig) for a wave-trigger averaging (WTA), show coherent os-
illations of the same period and without any significant phase delay,
hereas for pair traces (right), using channel one as a trigger, no
scillatory pattern was visible. (C) Depth profile (Ca-Cf) of WTA traces

hroughout the last PC layer of lobule 10 indicates that the maximum
mplitude was found just beneath the PC bodies. The arrow indicates
n electrolytic lesion at the recording depth of the WTA trace (Cb).
cale bar�0.2 mm. The dashed line represents the recording elec-

rode tract. (From Cheron et al., 2004 Copyright Society for Neuro-
cience.)
odes of firing both in vitro (Womack and Khodakhah,
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002) and in vivo (Servais et al., 2004). During tonic mode
eriods, PC are poorly rhythmic in alert animals (Goossens et
l., 2001; Cheron et al., 2004a,b, 2005), more rhythmic in
nesthetized animals (Schwarz and Welsh, 2001), and much
ore so in vitro (Womack and Khodakhah, 2002).

The rhythmicity of spontaneous simple spike firing has
een shown to be much higher in Cb�/�-Cr�/� mice than

n WT mice (Cheron et al., 2004a,b). In addition to intrinsic
roperties, firing mode and synaptic input, other factors

nfluence rhythmicity of spontaneous simple spike firing.
hey include the frequency of this firing, as illustrated by

ncreased simple spike firing rates recorded in all Ca2�-
inding proteins knockouts in comparison with WT mice

ig. 5. PC rhythmicity in alert WT and in Cb�/�-Cr�/� mice. (A, B) SS
utocorrelograms for one representative WT (A) and one Cb�/�-Cr�/�

B) PC demonstrating increased rhythmicity in the mutant. (C, D)
ross-correlograms of SS from PC pairs multirecorded along a PF
eam (0.5 mm apart) in WT mice (C) and Cb�/�-Cr�/� mice (D),
emonstrating PC synchronization in the mutant. (From Cheron et al.,
004 Society for Neuroscience.) Mice lacking Pv (Pv�/�), calbindin
Cb�/�) or both (Pv�/�Cv�/�) present fast cerebellar oscillations (E–
). (E) LFPO recorded in the most superficial layer of the cerebellum
f a Pv�/� mouse. (G) Fourier spectrum of the LFPO illustrated in A
omputed from a 60-s oscillation period. (F) Dual-frequency LFPO
ecorded in a Pv�/�Cv�/� mouse and the corresponding Fourier spec-
rum (H). (Modified from Servais et al., 2005 Federation of European
euroscience Society.)
Cheron et al., 2004a,b; Servais et al., 2005). Recent
b
N

ndings suggest that climbing fiber input might modulate
imple spike rhythmicity through specific Ca2� signaling
ascades reflected in complex spike characteristics (Yuan
t al., 2007). This might underlie the emergence of two
requencies corresponding to distinct, co-existing rhyth-
icities in the “dual-frequency” LFPO demonstrated in
v�/�-Cb�/� mice. Simultaneous recording of LFPO and
ultiple PC indicated that distinct populations of rhythmic
Cs support one or the other frequency of the dual LFPO

Fig. 6C).

ig. 6. Temporal relationships between LFPOs and PC cell firing
uring simultaneous recordings by the same electrode of an isolated
C and a 166 Hz LFPO (A, B). Wave triggered averaging (WTA) of the
FPO using PC simple spike, SS (A) or complex spike, CS (B) as a

rigger is displayed (the horizontal dashed lines indicate the trigger
evel). An SS autocorrelogram, with a central peak truncated (bottom),
as the same rhythmicity as the WTA trace. The vertical dashed lines

ndicate the correspondence between the depth of the first two side
aves and the first two side peaks of the SS autocorrelogram. (Mod-

fied from Cheron et al., 2004.) (C) Rhythmic PC CS and SS phase-
ocked to one of the frequencies of the dual-frequency LFPO. (a)
imultaneous recording of dual-frequency LFPO and PC along the PF
xis in a mouse lacking Cb and Pv. Note the increment of interspike

nterval during the lowest frequency spindles. (b) Band-pass filtering
etween 104 and 124 Hz of the LFPO. (c) Band-pass filtering between
75 and 295 Hz of the LFPO. (D) SS autocorrelogram of the PC. Note

he rhythmicity presented as small symmetrical side peaks (approx. 3).
e) Averaging of LFPO triggered by the SS. Note the presence of a fast
scillation before and after the SS, phase-locked to the negative wave
f the LFPO. (f, g) Averaging of band-pass-filtered signal as illustrated

n b and c triggered by the SS. Note how SS are phase-locked to the
apid frequency of the dual-frequency LFPO. (h) SS cross-correlogram
riggered by CS. (i) Averaging of LFPO triggered by the depolarization
f the CS. Note the presence of a fast oscillation before the CS,
hase-locked to the ascending wave of the rapid frequency. (j, k)
veraging of band-pass-filtered signal illustrated in b and c triggered

y the CS. (Modified from Servais et al., 2005, copyright European
euroscience Federation.)
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The synchronization of simple spike firing along the
arallel fiber beam echoes Braitenberg’s original proposal

hat parallel fiber line transmission ensures timing and
oordination control of movement (Braitenberg, 1967;
ccles et al., 1967). In WT animals, on beam-synchroni-
ation does not occur spontaneously (Goossens et al.,
001; Cheron et al., 2004a,b) but emerges without any
elay when animals perform reaching tasks (Heck et al.,
007). The absence of delay between distant PC
�600 �m) suggests the involvement of highly efficient
ynchronization mechanisms as discussed below. Fig. 5
llustrates cross-correlograms between PC pairs in Cb�/

Cr�/� mice showing remarkable synchrony of the high-
requency simple spike firing along the parallel fiber beam.
n contrast, cross-correlograms were flat in WT mice. The
emporal relationship between the LFPO and simple spike
nd complex spike firing was shown to be phase-locked
Fig. 6). Simple spike discharges occurred at the depth of
he LFPO, whereas the complex spike discharge appeared
uring the LFPO ascending phase. In contrast, there was
o phase locking between LFPO and Golgi cell spikes,
lthough increased Golgi cell firing rate was correlated with
significant reduction of concomitant LFPOs (Cheron et

l., 2004a). Simple spike firing phase-locking to LFPO has
lso been demonstrated in cerebellar slices (Traub et al.,
007).

PHARMACOLOGICAL PROPERTIES OF THE
160 Hz OSCILLATION

nvolvement of GABAA inhibitory network to
60 Hz oscillation

major difference between cerebral and cerebellar cortex
eurotransmission resides in the preponderant role of
ABAergic inhibition exerted by PCs considered as the
ey element of the cerebellar cortex. This implies that the
utput from the cerebellar cortex (i.e. GABAergic PC) ex-
rts inhibition not only on target neurons in the deep nuclei,
ut also on the GABAergic interneurons of the molecular

ayer. In addition, like in the cerebral cortex, these inter-
eurons are organized in a network of mutually inhibitory
onnections through fast GABAA receptor synapses
Kondo and Marty, 1998; Carter and Regehr, 2002; Puia et
l., 1994). A similarly organized network is known to pro-
ote the emergence of gamma oscillation in the hip-
ocampus (Whittington et al., 1995).

In all knockout mice for genes encoding Ca2�-binding
roteins in which 160 Hz oscillations were recorded, mi-
roinjection of GABAA antagonist, such as bicuculline or
abazine (SR95531), reversibly reduced the power of the
60 Hz oscillation (Cheron et al., 2004a; Servais et al.,
005) indicating the implication of inhibitory synapses.
owever, this does not demonstrate that the 160 Hz os-
illation is directly attributable to a phasic action of inhibi-
ory synaptic currents, as bicuculline and gabazine could
ave non-phasic actions, perhaps on axons (Traub et al.,
003a). These authors demonstrated that GABA can elicit
ast oscillations when it is puffed on to hippocampal tissue

ontaining axons, and this effect is blocked by bicuculline (
Traub et al., 2003a). It is possible that GABA may under
ertain conditions exert a tonic action in the cerebellum as
ell.

The highly stereotyped arrangement of closely ap-
osed PCs and their orientation as well as their physiolog-

cal functioning as an open field make PC assemblies ideal
andidates for generating coherent LFPs when their activ-

ty is enhanced and synchronized. In addition, parallel
bers make powerful synapses on stellate cells. This latter
ells acted as “coincident detectors” (Carter and Regehr,
002) which may facilitate synchronization of the oscilla-
ion along the folial axis. The finding that inhibitory and
xcitatory GABA synapses coexist in the cerebellar inter-
euron network (Chavas and Marty, 2003) may provide an
dditional mechanism whereby PC collaterals projecting
n molecular interneurons would trigger a rhythmic inhibi-
ion-excitation sequence in the coupled interneuron net-
ork.

Finally, because the 160 Hz oscillations result from
etwork activity, other types of neurons might also be

nvolved, such as basket cells, whose axons are electri-
ally interconnected in the “pinceau” ensheathing the initial
xon segment of PCs, or Lugaro cells, whose myelinated
xons can span 2 mm along a folium (Dieudonné and
umoulin, 2000).

nvolvement of gap junctions in 160 Hz oscillation

s the inhibitory molecular interneurons are densely con-
ected through dendrodendritic gap junctions (Sotelo and
linás, 1972; Mann-Metzer and Yarom, 1999), we hypoth-
sized that this nonsynaptic mode of transmission might
e involved in the LFPO. We tested the effect of microin-

ection of gap-junction blocker carbenoxolone (CBX) in
ivo (Cheron et al., 2004a,b, 2005a,b), given the findings
f 200 Hz oscillation blockade with CBX in the hippocam-
us in vitro (Draguhn et al., 1998). The blocking effect of
BX on the 160 Hz oscillation was potent, suggesting that
gap junction–coupled network could support the emer-

ence of this fast oscillation, as demonstrated in the hip-
ocampus (Draguhn et al., 1998; Traub et al., 1999). Re-
ently, Traub et al. (2007) reported that CBX also blocks
he 160 Hz oscillation recorded in slices of cerebellum of

T rats bathed in zero-calcium media.
There are at least two possible sites where gap junc-

ions would be relevant to the 160 Hz oscillation: at the
evel of stellate and basket cells (Sotelo and Llinás, 1972;

ann-Metzer and Yarom, 1999) and at the level of the
xonal plexus of PC collaterals. Several subtypes of con-
exins, namely connexin 36 (Teubner et al., 2000; but see
eier et al., 2002), connexin 43 (Simburger et al., 1997;
ut see Rash et al., 2005) and connexin 47 (Teubner et al.,
001), are expressed in different neuronal populations in
he cerebellum, including molecular interneurons and PCs,
hough expression of connexins in PCs has been disputed
Odermatt et al., 2003). Recently, a new class of gap-
unction proteins, namely pannexins, has been found to be
xpressed in cerebellum (Bruzzone et al., 2003). Pannexin
and pannexin 2 are expressed in PC and some cells
Golgi and Lugaro) in the granule cell layer. Pannexin 2 is
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lso expressed in stellate cells (Ray et al., 2006). Interest-
ngly, pannexins exhibit a remarkable sensitivity to block-
de by CBX, exceeding that of connexins (Bruzzone et al.,
005). Moreover, important enzymes such as PKC, PKA,
KG and CKII are able to modify pannexins (Barbe et al.,
006). As pannexins are expressed in the majority of cer-
bellar neurons, they appear as plausible candidates for
he coordination of gap-junction communication in the cer-
bellum (Litvin et al., 2006).

The blocking action of CBX could switch off the oscil-
ating circuit between molecular interneurons by decreas-
ng the synchronicity inside disinhibition loops or through
irect action on axoaxonal junctions, as suggested in the
ippocampus (Traub et al., 2003a,b; Hamzei-Sichani et al.,
007). Nonspecific effects of CBX at the concentration
sed in vivo are ruled out, because it does not affect the
C firing rate while the concomitant LFPO is suppressed.
his is in line with the preservation of antidromically and
irectly evoked action potentials in the presence of CBX on

n vitro preparations (Schmitz et al., 2001). CBX has also
e utilized recently (Blenkinsop and Lang, 2006) to dem-
nstrate the role played by the electrotonic coupling of

nferior olivary neurons in the synchronization of complex
pike activity as initially proposed by Llinás et al. (1974).
njection of CBX in the inferior olive resulted in a decrease
f complex spike firing rate, synchrony, and rhythmicity
Blenkinsop and Lang, 2006). The CBX effect on syn-
hrony and rhythmicity of inferior olive neurons corrobo-
ates our CBX effect on the 160 Hz oscillation (Cheron et
l., 2004a, 2005) and underlines the important role played
y gap junctions in brain oscillation. In Cb�/� mice, the

ncrease in Ca2� transient influx in cells (Airaksinen et al.,
997; Barski et al., 2003) could form a link between
hanges in Ca2� homeostasis and activation of a gap
unction-coupled-network producing 160 Hz oscillations,
s gating of gap junctions can be modified by increased

ntracellular [Ca2�] (De Pina-Benabou et al., 2001).
Experimental and theoretical studies demonstrated

hat the collective behavior of gap-junction coupling be-
ween axons of pyramidal cells results in high-frequency
eld oscillation in the hippocampus (Traub et al., 2003a,b).
his fast oscillation occurs as a consequence of random
ctivity within the axonal plexus and is uncovered when all
hemical synapses are blocked. It was proposed that ec-
opic spike generation at a low rate (0.05–1/s) is able to
ustain such high-frequency oscillation (Traub et al.,
003a,b). Similar modeling of cerebellar slice fast oscilla-
ion suggested that somatic prepotentials arose from ax-
nal spikelets that were induced as coupling potentials in
he respective axon by spikes in neighboring axons (Traub
t al., 2007).

CAUSAL LINKS BETWEEN OSCILLATION,
FIRING RATE, RHYTHMICITY AND

SYNCHRONICITY

ifferent hypotheses attempt to explain the emergence of
FPO and PC synchronicity in mice lacking calcium-

inding proteins. First, increased excitability of granule b
ells (Gall et al., 2003) could lead to increased PC firing
ate, rhythmicity and synchronicity, possibly giving rise to
ast oscillation. Fast LFPO would thus be considered as a
ide effect of increased simple spike firing rate, which
ould be the primary cause of ataxia and other cerebellar
lectrophysiological abnormalities. Another view is that
ast oscillation itself would be the primary cause of PC
ynchronization in a high rhythmic frequency range. This
ast field oscillation would then “trap” PCs into a rhythmic,
ynchronous discharge pattern. This entrapment would
ender their firing less adaptable, which might possibly
ead to clinical manifestations such as ataxia. These two

echanisms are not mutually exclusive. In neocortical fast
FPO, Grenier et al. (2003) proposed a “vicious” feedback

oop in which very fast LFPO reflect the synchronous ac-
ion of neocortical neurons and help to generate and syn-
hronize action potentials in adjacent neurons.

Insights into these questions have been gained
hrough the study of fast LFPO and PC firing before and
uring general anesthesia induced by ketamine (a NMDA
eceptor antagonist) (Fig. 7A, C, D) or pentobarbital (a
ABAA receptor positive modulator) (Fig. 7B) (Servais and
heron, 2005). After ketamine injection, the peak of the
ourier spectrum is decreased, indicating inhibition, and
hifted toward the left, indicating slowing down of the
FPO (Fig. 7A). Paradoxically, in spite of this LFPO sup-
ression, ketamine induced an increase of the PC rhyth-
icity as illustrated in the autocorrelogram of the simple

pike firing (Fig. 7C versus Fig. 7D). The frequency of the
FPO was reduced following ketamine injection. This ef-
ect was related to decrease simple spike-firing synchro-
icity (Fig. 7C, D and Fig. 8A). This could be explained by
MDA receptor blockade. In the cerebellar cortex, NMDA

eceptors are located on interneurons, granule and brush
ells, and they mediate the mossy fibers excitation. They
re also present at the presynaptic level, at the parallel
ber–PC and at the interneuron-PC synapse (Casado et
l., 2002 and Duguid and Smart, 2004). Despite the im-
unolabeling of some NMDA receptor subunits at the PC

evel in adult mice (Thompson et al., 2000), it is generally
ssumed that PC excitation by parallel or climbing fiber
ction is not mediated by NMDA receptors. However, very
ecent data demonstrated that mature PC express func-
ional NMDA receptors taking part to the complex spike
ave form (Piochon et al., 2007). The fact that the NMDA
urrents are relatively small compared with the total CF-
xcitatory currents and that the basic elements of the
omplex spike response was maintained in the presence
f APV (Piochon et al., 2007) seems to indicate that the
ffect of ketamine on simple spike-firing synchronicity was
ot related to an effect on the climbing fiber input. There-
ore, the main inhibiting and desynchronizing action of
etamine at the PC level is probably related to reduction in
F activity due to reduced granule cell excitation. Ket-
mine has also a number of other pharmacological prop-
rties, including effects on acetylcholinesterase (Cohen et
l., 1974), monoamine transporters (Smith et al., 1981)
nd opiate receptors (Smith et al., 1980), which remain to

e investigated in this context.



t
c
i
L
t
s

m
d
r
r
C
w
r
t

m
s
o
n

o
s
f
s
P
f

i
p
r

F
s
l
(

G. Cheron et al. / Neuroscience 153 (2008) 1–19 9
In contrast, after pentobarbital injection, LFPO is main-
ained, and even facilitated through enhanced PCs syn-
hronicity (Fig. 8B). Interestingly, in the absence of LFPO,

njection of pentobarbital never induced the emergence of
FPO. However, both in WT and Cb�/�Cr�/� mice, injec-
ion of ketamine and pentobarbital decreased the simple
pike firing rate but increased their rhythmicity.

The rhythmic frequency of phase-locked PCs re-
ained tightly correlated with the frequency of oscillation,
emonstrating a close relationship between LFPO and PC
hythmicity. Similar relationship between LFPO and neu-
onal activity has been described in other regions of the
NS, such as the lateral amygdala and perirhinal cortex,
here neurons display modulation in firing probability in

elation to LFPO (Collins et al., 2001). Alternatively, pen-

ig. 7. Effect of ketamine (A) and pentobarbital (B) on fast cerebellar o
pectrum recorded in a Cb�/�Cr�/� mouse before (upper trace) and a
ograms of SS firing before (C) and after ketamine injection (D) demon
Modified from Servais and Cheron, 2005; copyright Elsevier.)
obarbital-induced decrease in rhythmic frequency of PC l
ay secondarily slow down the LFPO supported by their
ynchronous firing. A similar mechanism has been dem-
nstrated between hippocampal LFPO and fast synchro-
ous activity of pyramidal cells (Jones et al., 2000).

One main finding of this approach is that the 160 Hz
scillation requires PC synchronicity, but also that PCs
ynchronicity depends on the existence of a fast LFPO. As
ast LFPO is not an all-or-none phenomenon, one may
uppose that its amplitude is governed by the number of
C that beat synchronously with the same rhythmic

requency.
The following mechanism may thus be proposed: The

ncrease of PC rhythmicity facilitates LFPO if already
resent and the increased LFPO would secondarily recruit
hythmic PCs. This would constitute a positive feedback

. Fast cerebellar oscillation (raw recording) and corresponding Fourier
er trace) a ketamine (A) and a pentobarbital (B) injection. Autocorre-
e increase in rhythmicity and the decrease in simple spike firing rate.
scillation
fter (low

strating th
oop where the fast oscillation is the cause and the conse-
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uence of PC synchronicity. The synchronization of a crit-
cal number of rhythmic PCs would be at the basis of the
mergence of local oscillating field which would itself syn-
hronize other neighboring PCs. A similar feedback mech-
nism has been suggested in neocortical ripples, which
re probably implicated in seizure initiation (Grenier et al.,
001, 2003; Traub, 2003).

As fast cerebellar oscillation in mice has been reported
nly in ataxic animals to date, our findings suggest that
uch a mechanism of reciprocal interaction between fast
scillation and neuronal synchronization may be impli-
ated in the pathophysiological pathways that lead to neu-
onal network inefficiency or instability.

PHYSIOLOGICAL SIGNIFICANCE OF FAST
CEREBELLAR OSCILLATION

he physiological significance of fast cerebellar oscillation
s yet to be determined. The physiological behavior of this
scillation seems to be that of a sensorimotor arrest
hythm (Cheron et al., 2004b). Therefore, it might reflect
ensorimotor processing, similarly to cortical � and �
hythms (Cheron et al., 2006). These oscillations have
een linked with faster rhythms such as � oscillation above
0 Hz (Jensen et al., 2007). Putative functions of these
hythms include resetting the descending motor com-
ands needed for changes in motor state, subserving
ttentional processes during demanding sensorimotor be-
aviors (Murthy and Fetz, 1996) or ensuring global long-
erm potentiation of synaptic interactions underlying in-
reased attention and motor learning (Fetz et al., 2000).
ecause an increase in neuronal synchronization results in
mplification of the action exerted on downstream struc-
ure, high frequency oscillation might serve as a mecha-
ism for gain control (Salinas and Sejnowski, 2001). By

ong-distance neuronal communication, � phase synchro-
ization may be implicated in directed attention and con-
cious perception (Melloni et al., 2007), working memory
Pesaran et al., 2002) and binding (Womelsdorf et al.,
007). Neural synchronization has been shown to be ab-
ormal in a number of disorders, including Parkinson’s
isease, Alzheimer’s dementia, epilepsy, autism and
chizophrenia (Uhlhaas and Singer, 2006).

The observation that the 160 Hz oscillation is spindle-
haped at about 4 Hz presents some similarity with sub-
ural recordings in human cortex of high � frequency (80–
50 Hz) (Sinai et al., 2005) which is also modulated by
heta phase oscillation (Canolty et al., 2006). Such cou-
lings of slow and fast oscillations are interpreted as re-
ecting transient coordination of different networks for be-
avioral adaptation (Canolty et al., 2006). In the cerebel-

um, the spindle shape of the 160 Hz could be related to
heta-frequency bursting and resonance in the granule
ells input (D’Angelo et al., 2001).

The relationships between the 160 Hz cerebellar oscil-
ation and � and � cortical oscillations need to be studied
n freely moving mice. In the cerebellum, low-frequency
scillations, also inhibited by elicited or spontaneous motor
ig. 8. Ketamine inhibits fast cerebellar oscillation through PC synchro-
icity, while pentobarbital increases PC synchronicity during LFPO epi-
odes. (A) Averaged traces of two LFPO-phase-locked PC (distance
etween electrodes 250 �m) located at the same depth along the parallel
ber axis (a, b). Cross-correlogram of the two cells indicating a high
egree of synchronicity (c). Averaged traces of the same cells, 10 min
fter ketamine injection (d). Cross-correlogram of the two cells 10 min
fter ketamine injection (f). In B, averaged traces (trigger�SS of PC #1
a), #2 (b)) of two PC located at the same depth along the parallel fiber
xis (distance between cells �250 �m). The recordings are performed in
Cb�/�-Cr�/� mouse during a LFPO episode. Note that cell #1 is not

hase-locked to the LFPO (b). Autocorrelograms of PC cells #1 (c), #2 (e)
nd cross-correlogram of the two cells (d). Averaged traces of the PC
ecordings, 10 min after a pentobarbital injection (f, g). Compare (a) and
f) (arrow). Autocorrelograms of PC #1 (h), #2 (j) and the cross-correlo-
ram of the two cells (i) 10 min after the injection. (Modified from Servais
ctivity, have been described in monkeys and rats, respec-



t
1
r
g
t
a
t
a
b
a
p
2

e
T
a
d
2
i
s
e
n
d
A
p
a
a
k
d
s
l
a
l
s
t
c
s
d

i
t
c
m
a
w
t
e
t

R
a
g

O
b
t
i
n
h
r

e
b
n
t
1
t
t
c
a

i
k
m
(
e
s
d
o
a
c
2

t
r
a
b
i
(
t
m

F

T
m
c
i
p
a
m
t
w
C
i
h
a
C
p
d

g
U
c
2
p
c
e
p
s

G. Cheron et al. / Neuroscience 153 (2008) 1–19 11
ively (Pellerin and Lamarre, 1997; Hartmann and Bower,
998). In these 8–18 Hz oscillations, the granular layer
ather than the PC layer was presumed to be the wave
enerator, and PC firing was never in a clear phasic rela-
ionship. In contrast, the phase locking of both simple spike
nd complex spike to the 160 Hz oscillation suggests that
he synchronous activities of PCs generate the oscillation
nd exert influence on olivary neurons via the deep cere-
ellar nucleus inhibitory input (Lang et al., 1996; Medina et
l., 2002) and hence probably also on other cerebellar
rojection areas (Kelly and Strick, 2003; Akkal et al.,
007).

As in the hippocampus (Draguhn et al., 1998; Moortgat
t al., 2000; Traub and Bibbig, 2000; Bartos et al., 2002;
raub et al., 2002), fast oscillations point to a new mech-
nism for synchronization that might take part in the coor-
inating and timing function of the cerebellum (Mauk et al.,
000; Medina et al., 2000). Networks of excitatory and

nhibitory neurons have been shown to display discrete
ilent, irregular (chaotic) or oscillatory states (Loewenstein
t al., 2005; Fernandez et al., 2007). According to Shan-
on’s principle, the irregular state is optimal with respect to
iffusion of information (Destexhe and Contreras, 2006).
lthough the PC behavior recorded in alert animal also
resents different states such as silent, irregularly tonic
nd bursting (Womack and Khodakhah, 2002; Servais et
l., 2004), the persistence of the 160 Hz oscillation in
nockout mice may represent the expression of cerebellar
eficit. The optimal functional state of PC population
eems to be situated between excessive irregularities
eading to motor deficits (Hoebeek et al., 2005; Walter et
l., 2006) and persistent oscillations (i.e. excessive regu-

arity) resulting in ataxia (Cheron et al., 2005). The recent
tudy of Medina and Lisberger (2007) demonstrated that
he optimal control of pursuit exerted by PC population
orresponds to transition from highly covariant simple
pike firing during movement initiation to more indepen-
ent firing later on.

Various approaches will be necessary to solve this
ssue of whether 160 Hz directly reflects pathological func-
ioning of the cerebellum or represents an adaptive pro-
ess to overcome deficits in cerebellar function. Insights
ay be gained from the study of genetically engineered
nimals with specific rescuing of gene knockout. Insights
ill also be provided by animal models of human condi-

ions with cerebellar ataxia or other manifestations of cer-
bellar dysfunction. In this context, developmental condi-

ions are likely to be of particular interest.

estoration of normal cerebellar electrophysiology
nd motor behavior by targeted Cr expression in
ranule cells of Cr�/� mice

ne interesting way to definitely prove the functional link
etween the knockout of one Ca2� binding proteins in one

ype of cerebellar neuron and the reported functional deficit
s to genetically rescue this protein only in this type of
euron. Bearzatto et al. (2006) generated Cr-rescue mice
arboring a specific rescue of Cr expression in these neu-

ons. This selective rescue restored (1) a normal neuronal (
xcitability of granule cells in slices, (2) a normal PC firing
ehavior leading to the absence of oscillation and (3) a
ormal motor coordination (runway test) as compared with
he alterations detected in Cr�/� mice (Schiffmann et al.,
999). These results confirm the functional links between
he initial protein deletion, the intrinsic alteration of the
argeted neuron, the resulting network action on the prin-
ipal cell of the network, the emergence of fast oscillation
nd the resulting ataxia.

The coexistence of ataxia and changes of PC behav-
or, including the 160 Hz LFPO in Ca2�-binding proteins
nockout mice may point to novel pathophysiological
echanisms underlying cerebellar ataxia. In Cb�/� mice

Airaksinen et al., 1997; Farré-Castany et al., 2007), for
xample, ataxia can be selectively attributed to the ab-
ence of Cb in PC, since PC-specific Cb knockout mice
isplay the same type of ataxia (Barski et al., 2003). More-
ver, fine tuning of Ca2� signals in granule cells by Cr
ppears to be required for correct network stability and
omputation in the cerebellar cortex (Bearzatto et al.,
006).

In this context, very recent data from our group showed
he emergence of beta oscillation phase-locked with ultra-
hythmic Purkinje and Golgi cells in alert BK�/� mice. We
lso demonstrated that this PC firing pattern and the ataxic
ehavior of BK�/� mice were reproduced in vivo by micro-

njection of BK channels blocker in WT mice cerebellum
Cheron et al., 2007). This reinforces the hypothesis that
he temporal coding modification of PC spike firing is the
ain cause of ataxia.

ast cerebellar oscillation in Angelman syndrome

he relationship between cerebellar fast oscillation and
otor disorder can also be studied in models of human

onditions with ataxia. For example, Angelman syndrome
s characterized by mental retardation, a typical behavioral
henotype and motor dysfunction including ataxia (Dan
nd Cheron, 2003; Dan et al., 2004). All patients with a
olecular diagnosis of Angelman syndrome have a func-

ional absence of the maternally inherited UBE3A gene,
hich is located on chromosome 15 (Kishino et al., 1997).
erebellar dysfunction has been suggested since the orig-

nal description of the syndrome (Angelman, 1965) and
as been confirmed by functional imaging (Holopainen et
l., 2001) and motor analysis (Dan et al., 2001; Dan and
heron, 2004). In addition to ataxia, speech and cognitive
roblems have been hypothesized to result from cerebellar
ysfunction (Dan and Cheron, 2003).

Like Ca2�-binding proteins knockout mice the An-
elman syndrome mouse models with knockout maternal
be3a (Ube3a m�/p�) showed ataxia but no morphologic
erebellar abnormalities (Jiang et al., 1998; Miura et al.,
002). However, these mice showed lack of Ube3a ex-
ression specifically in PC layer (Miura et al., 2002) or
ytoplasmic accumulation of Ube3a substrate in PC (Jiang
t al., 1998). Unexpectedly, but as in the Ca2�-binding
roteins knockout mice, the cerebellum of AS mice pre-
ents very similar emergence of fast (160 Hz) oscillation

Cheron et al., 2005) (Fig. 9). This oscillation was related to
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ncreased simple spike firing and rhythmicity (Fig. 9A–D),
ecreased complex spike duration and shortened subse-
uent pause in simple spike firing. Pharmacological inter-

ig. 9. Firing behavior of WT PC (A) and Ube3a m�/p� (C). Irregular
ring (mean 50 Hz) in WT (A). Simple spike autocorrelogram in WT (B)
nd Ube3a m�/p� (D). Effects of CBX and gabazine microinjections
n the 160 Hz LFPO in Ube3a m�/p� mice (E–G). Raw LFPO
ecordings with 250 �m distanced microelectrodes before (left) and 5
in after (right) CBX (E) or gabazine (F) microinjections. Time course
f LFPOi (G) with respect to microinjection of CBX (open squares),
abazine (open circles) and saline (filled circles). (Adapted from
heron et al., 2005. Copyright Elsevier.)

ig. 10. LFPO inhibition during cutaneous stimulation of the whisker re
oci (inter-electrode distance of 250 �m). The trigger for averaging wa
005.) LFPO, PC firing, and EMG responses during cutaneous stimulat
f LFPO, PC firing response, and EMG burst (only in B). LFPO record
f LFPO suppression. The dashed lines indicate stimulus onset. (D, E)

r inhibited (E) by air puff stimulation. Arrows indicate stimulus onset. (From C
l., 2005; copyright Elsevier.)
ention confirmed the implication of both GABAA receptor
ynapses and gap junctions (Fig. 9E–G). This also rein-
orced the similarity between the oscillatory phenotype
ecorded in AS and Ca2�-binding proteins knockout mice.

Furthermore, in both mice models whisker stimulation
uppressed the fast oscillation (Fig. 10A). In Cb�/�Cr�/�

ice, we showed that the LFPO was suppressed in re-
ponse to an air puff on the whiskers, regardless of
hether this stimulus caused a facial movement, but only

f the PC also responded to the stimulus (Fig. 10B, C)
Cheron et al., 2004a). The LFPO was also suppressed
uring spontaneous muscle activity but only if the simple
pike firing was also modulated. The PC responses to
utaneous stimulation were characterized by excitation
Fig. 10D) or inhibition (Fig. 10E) or by transient responses
s sequences of inhibition–excitation or excitation–

nhibition as previously described in the rat by Bower and
oolston (1983). The duration of the LFPO suppression
as strongly correlated with the duration of the PC re-
ponse. This suppression effect was later reproduced in
he Ube3a m�/p� oscillation where the suppression of the
pontaneous LFPO were recorded along the parallel fiber
eam (Cheron et al., 2005). In these experiments we dem-
nstrated that LFPO suppression induced by cutaneous
timulation occurred simultaneously along the parallel fiber
eam.

The inhibition of fast LFPO in both Ube3a m�/p� and
b�/�Cr�/� mice by sensory stimulation may be related to

he induced modification of simple spike firing (Bower and
oolston, 1983; Cheron et al., 2004b) reinforcing also the

Low -pass filtered (200 Hz) averaged LFPO recorded in three distant
d to the first wave occurring after the air puff (d). (From Cheron et al.,
whisker region. (B, C) An air puff is produced and evokes suppression

ered with a low-pass digital filter (200 Hz). Arrows indicate the extent
nt histograms of SS frequency for two representative PCs excited (D)
gion. (A)
s adjuste
ion of the
ing is filt
Peri-eve
heron et al., 2004; copyright Society for Neuroscience and Cheron et
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ommon origin of the fast oscillation in these different
enetics models.

The neurophysiological LFPO similarities between mu-
ant mice lacking Ube3a and calcium binding proteins
ight suggest that these calcium binding proteins are de-

cient in Ube3a m�/p� mice. However, immunocyto-
hemical staining demonstrated normal calbindin expres-
ion in the PC of Ube3a m�/p� mice (Jiang et al., 1998).
he molecular mechanisms by which Ube3a inactivation
esults in Angelman syndrome and in cerebellar LFPO
re still unclear. Different mechanisms may relate
be3a deficiency and GABAA transmission (Dan et al.,
004a, b). Another mechanism might implicate Ca2�

omeostasis and GABAA transmission. Intrinsic neuro-
al Ca2�conductances and intracellular [Ca2�] ho-
eostasis are considered as crucial partners in the
mergence of neuronal network activity, including oscil-

ations (Llinás, 1988).
In Ube3a m�/p� mice, deficits in hippocampal long-

erm potentiation have recently been related to diminished
ctivity of the Ca2�/calmodulin-dependent protein kinase II
CaMKII; Weeber et al., 2003). In PC, CaMKII is critically
nvolved in the signaling cascade regulating the longterm
otentiation of GABAA receptors (Kawaguchi and Hirano,
002). The increased spontaneous PC firing found in
be3a m�/p� mice may result from impairment in this

egulation process. Given the specific reduction in CaMKII
ctivity demonstrated in Ube3a m�/p� mouse hippocam-
us (Weeber et al., 2003), similar derangement may be
easonably suspected in PC, leading to alteration of the
ebound potentiation of the GABAA receptors (Kano et al.,
992, 1996). CaMKII is also essential for PC plasticity and
erebellar motor learning (Hansel et al., 2006). Recently,
he group of Weeber (van Woerden et al., 2007) has
emonstrated that the hippocampal LTP deficit in the
be3a m�/p� mice can be rescued by decreasing a
aMKII inhibitory phosphorylation. The effect of this res-
uing on the cerebellum is the object of current studies.

ast oscillation and learning deficit in fetal alcohol
yndrome

he relationship between fast oscillation and cerebellar
ysfunction can also be studied in human conditions where
taxia is not to the forefront but developmental cerebellar

mpairment might underlie other clinical impairments. Eth-
nol toxicity in the developing CNS causes intellectual
isability, deficits in learning, and fine-motor dyscoordina-
ion (Burd and Martsolf, 1989). Because mouse models of
etal alcohol syndrome (FAS) are characterized by a non-
rogressive loss of only 20% of PCs, we looked for a
euronal dysfunction of surviving PCs by using combined

n vivo and in vitro recordings (Servais et al., 2007).
The most remarkable characteristics of PC firing in-

luded (1) increased simple spike firing rate while complex
pike remained normal, (2) emergence of fast LFPO
�200 Hz) (Fig. 11A, B) during about 30% of the recording
ime and (3) presence of tight PC phase-locking with the
scillation (Fig. 11C). Slice recordings showed that the
ncreased simple spike firing and fast oscillations were not
(
c

aused by increased intrinsic excitability or increased ex-
itatory synaptic strength (Servais et al., 2007). As it has
een proposed that cerebellar LTD is central in eyelid
onditioning (Goossens et al., 2001; Koekkoek et al.,
003) and could control PC firing (Miall et al., 1998; Ke-
yon et al., 1998), induction of this plasticity requires the
airing of PF stimulation to either a climbing fiber stimula-
ion or a somatic depolarization of the PC, mimicking the
limbing fiber stimulation by rising postsynaptic calcium
oncentration. When this latter protocol was applied to
ontrol cells (Fig. 11D), the mean maximal EPSC ampli-
ude was significantly reduced 20–30 min after induction,
esulting in the LTD. The same protocol applied to FAS
Cs showed a sustained increased mean maximal EPSC
mplitude (Fig. 11D), thus resulting in a LTP instead of the
lassically observed LTD.

Investigation by calcium imaging demonstrated that
hanges in intracellular free-calcium level [Ca2�]i elicited
y depolarizing PCs were significantly reduced in FAS PCs
ompared with control cells (Fig. 11E). Interestingly, this
hysiological effect is not due to alterations of channels

ig. 11. Local field potential in control and FAS mice (A) with corre-
ponding Fourier spectrum (B). Wave-triggered averaging of a simple
pike recorded in a control (upper trace) and in a FAS mouse (lower
race) during an episode of fast oscillation (C). PCs of FAS mice
resent a shift of LTD toward LTP (D) and a reduction of calcium
urrents caused by a decrease in expression of PKC (E). (D) Plotted
alue of mean EPSC amplitude (normalized to EPSC value at t0 in
AS and in control cells before and after the LTD induction protocol
indicated by the arrow). (E) (Upper traces) Typical calcium transient
voked by a 2-s depolarization from �60–0 mV in a control (left) and
FAS PC (right). (E) (Lower traces) typical voltage-gated calcium

urrent evoked by a 1-s depolarization from �60–0 mV in a control PC

left) and in a FAS PC (right). (Modified from Servais et al., 2007;
opyright National Academy of Sciences, USA.)
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xpression or activation/inactivation kinetics. In contrast, it
s related to a reduced expression of the � isotype of the
rotein kinase C (PKC �) (Servais et al., 2007).

Co-immunostaining for calbindin and PKC�, a neuron-
pecific calcium-activated enzyme involved in receptor-
ediated phospho-inositide signaling cascades, confirmed

hat expression of this isoform was confined within PCs
Bareggi et al., 1996; Barmack et al., 2000). The functional
mportance of PKC� is illustrated in spinocerebellar ataxia
ype 14, which is secondary to a missense mutation in its
ene (Yabe et al., 2003). Although, PKC� knockout mice
ave normal LTD, they have distorted cerebellar circuitry.
Cs in PKC� knockout mice receive multiple climbing fiber

nnervation. This multiple climbing fiber innervation may be
esponsible for the ataxia expressed by these mice (Chen
t al., 1995).

FAS mice demonstrated significant impairment in mo-
or coordination in both rotarod and runway assays. Com-
arison of the daily percentage of conditioned response
uring eyelid conditioning demonstrated a significant dif-

erence in motor learning between FAS and control mice.
LTD at the parallel fiber–PC synapse has been pro-

osed as the mechanism that regulates PC firing in vivo
Miall et al., 1998; Kenyon et al., 1998). It can be argued
hat the abolition of LTD in PCs does not cause alteration
n PC firing in vivo or motor coordination impairment (Go-
ssens et al., 2001). However, in FAS mice LTD was not
nly absent but replaced by LTP. Thus, we hypothesize
hat this shift results in a chronic overstimulation of PCs by
he parallel fibers, resulting in increased PC firing in vivo.
ccording to the view that an intact LTD at the parallel
ber–PC synapse is required for the optimal efficiency of
yelid conditioning studied as a prototypical reflect of cer-
bellar learning (Koekkoek et al., 2003; Thompson and
rupa, 1994), the shift of LTD toward LTP in FAS could
lso contribute to the deficits in eyelid conditioning and
otor learning. Whether the replacement of LTD by LTP in
AS mice constitutes the only cause of LFPO emergence
nd PCs firing behavior in FAS has not yet been demon-
trated, and similar approach would also be accomplished
n the other mice showing 160 Hz oscillation. Whatever the
esult of these future investigations examining the link
etween LTD, fast oscillations and other mechanisms in-
olving PCs, other cerebellar neurons might also be impli-
ated. For instance, increased simple spike firing in FAS
ice could partially be due to granule cells alteration by
thanol (Offenhäuser et al., 2006) or from hyperexcitation
f extracerebellar areas that project on the cerebellum.
oreover, the role of LTD in motor learning was chal-

enged by Welsh et al. (2005), as they demonstrated that
uppression of parallel fiber–PC LTD by the ethanol hy-
rochloride (T-588) in alert rat does not affect rotorod

earning or adaptation of eyeblink conditioning.
Finally, LTD has been suggested to represent a pro-

ection mechanism against excitotoxic cell death (Kimura
t al., 2005). This may be particularly relevant as PCs are
mong the most vulnerable neurons to excitotoxic cell
eath. In particular they are killed by climbing fibers input

uring states when the inferior olive is pathologically over-
ctive (Mameli et al., 2005). As ethanol is known to acti-
ate inferior olive neurons increasing the complex spike
requency, the PC of the FAS mice unprotected by LTD
ould be more vulnerable against apoptosis in the devel-
pment stage explaining the 20% of PC deaths in mature
AS.

CONCLUSIONS

he role of the 160 Hz LFPO is currently unclear. It could
ead to ataxia or reflect a compensatory mechanism allow-
ng the cerebellum to function despite abnormal PC firing
Cheron et al., 2004a,b).

Enhanced PC synchronization may facilitate recording
f cerebellar input into the phase discharges of the 160 Hz
FPO, increasing the precision of timing control in face of
lteration calcium signaling or other basic processes. This
ight restore some degree of network functioning. The

ocal mossy fiber input related to cutaneous stimulation
robably overcomes the generalized state of synchronous
ctivation of PC populations. LFPO arrest is produced by
ransient excitation–inhibition or inhibition–excitation re-
ponse of PC (Cheron et al., 2004a). Occurrence of this
rrest while the mouse can show a physiological response
o sensory stimulation suggests that the fast oscillation
oes not completely sever the cerebellar from environmen-
al information, at least in some contextual settings. LFPO
ynchrony could be hypothesized to act as a spatiotempo-
al filter sharpening the action of selected rostrocaudal
odules of the cerebellum (Voogd and Glickstein, 1998).
owever, the topography of synchronization along the par-
llel fiber beam rather than along the rostro-caudal axis
rgues against this putative role.

To date, 160 Hz oscillation has been reported in six
ifferent knockout mice (Cb�/�, Cr�/�, Cb�/�Cr�/�,
v�/�, Pv�/�Cb�/� and Ube3a m�/p�) and in the FAS
ice. All these animals showed cerebellar ataxia (Airaksi-
en et al., 1997; Schiffmann et al., 1999; Miura et al., 2002;
heron et al., 2004, 2005; Servais et al., 2005, 2007).
uch high-frequency oscillation sustained by increased
imple spike firing and rhythmicity has never been de-
cribed in WT or in non-ataxic mice. LFPO could then be
ypothesized to disrupt cerebellar physiological rhythms

nvolved in motor coordination. This may have major im-
lications for future therapeutic targeting, as fast LFPO
ay be inhibited by different pharmacological and genetics
ngineering options.
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