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Mono- and dual-frequency fast cerebellar oscillation in mice
lacking parvalbumin and/or calbindin D-28k
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Abstract

Calbindin is a fast Ca®*-binding protein expressed by Purkinje cells and involved in their firing regulation. Its deletion produced ~160-
Hz oscillation sustained by synchronous, rhythmic Purkinje cells in the cerebellar cortex of mice. Parvalbumin is a slow-onset
Ca2+-binding protein expressed in Purkinje cells and interneurons. In order to assess its function in Purkinje cell firing regulation, we
studied the firing behavior of Purkinje cells in alert mice lacking parvalbumin (PV~""), calbindin (CB™") or both (PV~""CB~") and in
wild-type controls. The absence of either protein resulted in Purkinje cell firing alterations (decreased complex spike duration and
pause, increased simple spike firing rate) that were more pronounced in CB™~ than in PV~ mice. Cumulative effects were found in
complex spike alterations in PV~""CB™"~ mice. PV~"~ and CB™'~ mice manifested ~160-Hz oscillation that was sustained by Purkinje
cells firing rhythmically and synchronously along the parallel fiber axis. This oscillation was dependent on GABA,, N-methyl-
p-aspartate and gap junction transmission. PV™""CB™~ mice exhibited a dual-frequency (110 and 240 Hz) oscillation. The
instantaneous spectral densities of both components were inversely correlated. Simple and complex spikes of Purkinje cells were
phase-locked to one of the two oscillation frequencies. Mono- and dual-frequency oscillations presented similar pharmacological
properties. These results demonstrate that the absence of the Ca®* buffers parvalbumin and calbindin disrupts the regulation of
Purkinje cell firing rate and rhythmicity in vivo and suggest that precise Ca®* transient control is required to maintain the normal

spontaneous arrhythmic and asynchronous firing pattern of the Purkinje cells.

Introduction

Calbindin D-28k (CB) and parvalbumin (PV) are two Ca®"-binding
proteins involved in intracellular Ca*" homeostasis in conjunction
with many other mechanisms (Fierro et al., 1998). Both proteins are
expressed in mostly non-overlapping neuron subpopulations (Celio,
1990; for a review, see Andressen et al., 1993). Cerebellar Purkinje
cells represent one of the few exceptions, as they highly express both
proteins (for a review, see Schwaller et al., 2002). CB and PV play
different roles in the [Ca”"]; regulation of Purkinje cells as CB is a fast
buffer, whereas PV acts as a slow-onset buffer (Lee et al., 2000;
Schmidt et al., 2003). In the cerebellum, CB is exclusively expressed
in Purkinje cells (Celio, 1990), whereas PV is additionally expressed
in inhibitory basket and stellate cells (Fortin et al., 1998). Granule,
Lugaro and unipolar brush cells do not express PV and CB but another
fast calcium-binding protein, calretinin (CR). This latter is known to
tightly regulate granule cell excitability (Gall et al., 2003).

To investigate the functions of these proteins, mice deficient for CB
(CB™), PV (PV") or both (PV/"CB™") have been generated
(Airaksinen et al., 1997; Schwaller et al., 1999; Vecellio et al., 2000).

Correspondence: Dr L. Servais, 'Laboratoire d’électrophysiologie, as above.
E-mail: servais.laurent@ulb.ac.be; gcheron@ulb.ac.be

Received 11 March 2005, revised 31 May 2005, accepted 5 June 2005

doi:10.1111/1.1460-9568.2005.04275.x

Spatiotemporal aspects of Ca®" transients in Purkinje cells of these
mice confirmed the differential effect of CB and PV at the cellular
level. Indeed, absence of the rapid buffer CB results in an increased
amplitude of Ca®' transients and a faster rate of [Ca®]; decay
following climbing fiber stimulation (Airaksinen et al., 1997; Barski
et al., 2003). In contrast, the slow-onset buffer PV does not affect the
initial amplitude of Ca" transients but accelerates the initial decay of
[Ca®"); in dendrites of Purkinje cells after parallel fiber stimulation
(Schmidt ez al., 2003). Whether or not these differences in Ca®'-
binding properties and localization result in different alterations of
Purkinje cells firing in vivo remains unknown. In vivo, the cerebellum
of CB™~ mice manifests a 160-Hz local field potential oscillation
(LFPO) supported by the synchronous rhythmic firing pattern of
Purkinje cells along the parallel fiber axis supported by the
synchronous rhythmic firing pattern of Purkinje cells (Cheron et al.,
2004). This LFPO further phase-locks Purkinje cells along the parallel
fiber axis (Servais & Cheron, 2005). It is not known if this very fast
oscillation of the local field is related to specific Ca®'-binding
properties of CB or if fast cerebellar oscillation constitutes a
pathophysiological, or compensatory, state common to different
cerebellar network perturbations leading to an increased intrinsic or
extrinsic excitation of the Purkinje cells. Indeed, mice lacking CR,
another fast Ca>* buffer almost exclusively expressed by granule cells
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in the cerebellum, display a similar fast cerebellar oscillation sustained
by the synchronization of rhythmic Purkinje cells along the parallel
fiber axis (Cheron et al., 2004). In this context, in vivo cerebellar
electrophysiology in PV~ and PV/"CB™~ mice offers new
opportunities to assess the functional effects of these specific deletions
on the output signals of the cerebellar cortex.

Materials and methods
Animal maintenance and genotyping

PV~ and CB™" mice, both generated on a mixed C57BL/6J x 129
genetic background [ES cell lines R1 (Airaksinen et al., 1997) and
E14 (Schwaller et al., 1999)], were used to breed double knockout
mice (PV/"CB ") (Vecellio et al., 2000). For some experiments,
PV~ mice backcrossed to C57BL/6] for eight generations were used
and called C57 PV, All animals were genotyped by polymerase
chain reaction. The experimenters were blinded to the genotype in
all experiments. Animals were kept in accordance with the interna-
tional guidelines for the care and use of laboratory animals and the
study was approved by the ethical committee of the University of
Mons-Hainaut.

Histochemistry

Mice were decapitated under light ether anesthesia. The brain was
removed and fixed for 24 h in 0.1 M phosphate-buffered 4% parafor-
maldehyde freshly prepared at 4 °C. Following a wash in 0.1 M
phosphate-buffered saline and consecutive 24-h incubations in 10, 20
and 30% sucrose solutions, brains were embedded in Tissue-Tek OCT
compound (Miles, Elkhart, IN, USA), frozen in 2-methyl butane,
cooled on dry ice and stored at —80 °C. Cryostat-cut 30-pum-thick brain
parasagittal sections were processed free-floating. After quenching of
the endogenous peroxidases, the floating sections were incubated for
1 h in 10% swine normal serum (Hormonology Laboratory, Marloie,
Belgium). Sections were then incubated overnight at room temperature
(21 °C) with anti-CR polyclonal antiserum (1 : 1000, Swant, Bellin-
zona, Switzerland). Thereafter, they were successively incubated with
swine anti-rabbit gamma globulins (1 : 30, DAKO, Glostrup, Den-
mark) and rabbit peroxidase anti-peroxidase (PAP) complex (1 : 300,
DAKO). The peroxidase activity was revealed by diaminobenzidine in
the presence of hydrogen peroxide.

In vivo electrophysiology
Surgical preparation for recording

Under general anesthesia with xylido-dihydrothiazin (Rompun®,
Bayer, 10 mg/kg) and ketamine (Ketalar®, Pfizer, 100 mg/kg), 31
mice with a mixed C57BL/6J x 129 background [nine PV~ four
PV/"CB™", nine CB™~ and nine wild-type (WT)] and six C57
PV~ mice aged 1013 months (24-35 g) were prepared for chronic
extracellular recording of neuronal activity in the cerebellum (Cheron
et al., 2004). Anesthesia was monitored clinically and a supplement
dose of xylido-dihydrothiazin (3 mg/kg) and ketamine (30 mg/kg)
was administered if the animal presented agitation or markedly
increased respiration or heart rate during the procedure. In addition,
local anesthesia with 0.5 mL Lidocaine (20 mg/mL) plus Epinephrine
(1 : 80 000) (Xylocaine®, Astra Zeneca) was administered subcuta-
neously during soft tissue removal. The two different backgrounds of
PV~ mice were used in this study in order to exclude the possibility
that the observed properties were dependent on the genetic back-

ground. As no differences were found in any of the studied parameters
between PV~ strains with the two different genetic backgrounds,
data from all the PV~ mice were pooled.

Two small bolts were cemented to the skull to immobilize the head
during the experimental session. The surface of the uvula of the
cerebellum was exposed by reflecting the muscles overlying the
cisterna magna, a craniotomy was performed above the cerebellum
and an acrylic recording chamber constructed around the craniostomy.
Mice were allowed to recover from anesthesia for 24 h. The dura
mater was removed locally above the vermis just prior to the recording
session.

Single unit recording and analysis

Single unit recordings were performed with glass micropipettes
(1.5-5 MQ impedance). A signal was considered as originating from a
Purkinje cell if it presented two types of spiking activities: simple
spikes, characterized by single depolarization (300-800 ps) occurring
at high frequencies (~50 Hz), and less frequent complex spikes
(0.5-1 Hz), characterized by an initial fast depolarization
(300-600 ps) followed by smaller components in a relatively
consistent manner for the same Purkinje cell. Simple and complex
spikes were considered to originate from the same Purkinje cell if a
transient pause in simple spike firing followed each complex spike.
The duration of the complex spike was defined as the time between the
first and last depolarization. Depolarizations were counted as long as
their amplitude reached at least twice the maximum amplitude of the
background signal. Pause duration was measured as the period
between the first depolarization of the complex spike and the first
following simple spike in a cross-correlogram of simple spike firing
triggered by complex spikes. After amplification (by a factor of 1000—
2000) and band-pass filtering (10 Hz—10 kHz), unit activity was
continuously stored on 4-mm digital audio tapes, transferred to a
Pentium III personal computer with analog-to-digital converter boards
(Power 1401, CED) and analysed off-line with Spike 2 CED software.
The recorded data were digitized continuously at 10 kHz.

For each Purkinje cell recording lasting more than 2 min, the simple
spike autocorrelogram was constructed using time bins of 1 ms. The
rhythmic frequency was defined as the reciprocal of the latency of the
first peak in the autocorrelogram. The strength of the rhythmicity was
quantified with a rhythm index (Sugihara et al., 1995). Consequently,
the rhythmicity of each cell was quantified according to its strength
and frequency.

Multi-unit recording

Multiple recordings along the same parallel fiber axis were recorded
by means of seven linearly arranged, quartz-insulated, platinum—
tungsten fiber microelectrodes (outer and shaft diameter, 80 and
25 um, respectively) with 250-um interelectrode spacing. Each
microelectrode was mounted into a stretched elastic rubber tube
allowing individual control of tip position by means of DC
micromotors (resolution, 0.27 pum) (Eckhorn & Thomas, 1993).

Local field potential analysis

Local field potentials were analysed by the wave-triggered averaging
technique (Steriade et al., 1998). Negative peaks of the LFPO were
taken as the starting point and symmetrical time windows (50 ms
before and 50 ms after) were extracted and averaged. These averaged
oscillation sequences were quantified by a Fast-Fourier-Transform
algorithm. An oscillation index was computed by dividing the
maximum amplitude of the power spectrum peak by the total area
of the power spectrum (Cheron et al., 2004).
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In order to test the spatial coherence of LFPO along the coronal
plane (i.e. along the same parallel fiber beam), cross-correlation
functions between each set of two LFPOs (a4, a,) were calculated. The
span of time lags or leads was analysed for a time window (7)
corresponding to a recording period of 0.6 s. The cross-correlation
function between two functions, e.g. o; and o, was defined as:

CCFy, 1 (

T

— o [ () = i)l 4 9) = o)

0

where y; and o are the mean value and the variance of ¢; and 1 is the
lag between the two functions. When the signals o;(¢) and o,(f) are
statistically correlated, their cross-correlation function displays a peak
(a significant cross-correlation function maximum) or a trough (a
significant cross-correlation function minimum) at the abscissa t*.
Positive values of t* denote a time lead of o,(¢) relative to wy(?),
whereas negative values denote a time lag.

In case of dual-frequency components in the LFPO, the recorded
data were treated using the finite impulse response method, band-pass
filters (70 dB/octave) centred around one of the two Fast-Fourier-
Transform peaks (the band range extended from 10 Hz above and
below the central peak). These filtered data were then separately
analysed with a 512-point window Fast-Fourier-Transform since the
first point of the recording. The square of the spectral density of both
dominant frequencies was calculated in the corresponding window
and the window was then displaced along the recording (step of 5 ms)
so that the spectral density of each frequency could be plotted relative
to time. A cross-correlation function similar to that described above
was adopted in order to decipher the temporal relationship between the
two frequency components of the dual-frequency LFPO recorded in
PV~/"CB™~ mice. In this case al,02 corresponded to the square of
the spectral density of the two basic rhythms.

Drug microinjection

Injection micropipettes, drawn from calibrated 1.16-mm internal
diameter glass tubing (internal diameter, 30 um), were filled with
either a solution of 27 mMm SR95531 (GABA, antagonist) (Sanofi,
Paris, France), 6 mm APV (N-methyl-D-aspartate antagonist) (Sigma)
or 48 mM carbenoxolone (gap junction blocker) (Sigma). All
substances were used as a solution in saline. Injections (10 pulses of
10-ms duration) were carried out using an air pressure system
(Picospritzer II).

Statistical analysis

Data were analysed using a one-way ANOVA test and Bonferroni’s
post-hoc test after assessing their normality by a Kolmogorov-
Smirnov test. Differences were considered significant at P < 0.05.
Results are expressed as mean +1 SD.

Results
Firing behavior of individual Purkinje cells in vivo

We compared Purkinje cells firing in the different mutant groups with
WT controls. Signals were recorded from a total of 281 Purkinje cells
(67 in WT, 78 in PV™", 77 in CB™~ and 59 in PV""CB™"~ mice). A
typical recording is shown in Fig. 1A. Simple spike firing rates of
Purkinje cells were significantly increased in PV~", CB™~ and
PV /"CB™/" in comparison with WT mice (P < 0.0001, one-way
ANOVA) but no significant differences existed between the groups of
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Fi1G. 1. (A) Typical extracellular recording of a Purkinje cell in an alert wild-
type (WT) mouse. The complex spike (CS) is easily discriminated from the
simple spike (SS). (B) SS firing rate in Purkinje cell of WT and mice lacking
parvalbumin (PV~""), calbindin (CB™”") and calbindin and parvalbumin
(PV/"CB™""). (C) CS firing rate in Purkinje cell of WT, PV/", CB™”~ and
PV /"CB™~ mice. There is no significant difference between groups.
(D) CS duration in the same Purkinje cells. (E) Pause duration in the same
Purkinje cells. Stars and asterisks indicate significant differences compared
with WT and other mutant groups, respectively.

genetically modified mice (Fig. 1B). In contrast, the complex spike
firing rates were not significantly different between WT, PV, CB™/~
and PV/"CB™" mice (Fig. 1C) (P > 0.1 one-way ANOVA). However,
the duration of the complex spike was significantly longer in WT mice
than in all mutants, the order being PV~ > CB~~ > PV CB™~
(Fig. 1D) (P < 0.0001, one-way ANOVA). A similar ranking with
respect to pause duration after complex spike firing was observed in
the three transgenic strains (P < 0.0001, one-way ANOVA). In
comparison with WT, the pause duration decreased in PV, even
more in CB™~ and even more in PV~ "CB™~ mice (Fig. 1E). Again
significant differences existed between all groups.
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Emergence of spontaneous mono and dual oscillations

The most remarkable electrophysiological feature of the cerebellum of
PV™", CB”~ and PV/°CB”~ mice was the presence of a
spontaneous LFPO about 160-200 Hz (Fig. 2A and B) during
~50% of the recording time. Episodes of spontaneous LFPO were
found throughout the explored cerebellar regions (vermis, uvula and
nodulus) of PV™~, CB™~ and PV~""CB™~ mice. They appeared as
episodes of spindle-shaped oscillation with a mean rate of occurrence
of 4.3 £ 1.5 spindle/s. Oscillations with an oscillation index >5 were
recorded in 12 out of the 15 PV, in all four PV/"CB~"", in all nine
CB ™~ and in none of the WT mice. The oscillation index was not
significantly different between mutant mice (12.2 + 4.3,9.9 + 5.5 and
104 £3.4 in CB”", PV’ and PV "CB™" mice, respectively)
(P > 0.2, one-way ANOVA). The frequency of oscillation was not
significantly different between CB™~ and PV~ mice (P > 0.6, one-
way ANOVA) (Fig. 2C). In contrast to mice deficient for either one of
the Ca®"-binding proteins, LFPO in PV~ "CB™~ mice showed two
frequency peaks during approximately 50% of the oscillation record-
ing time (Fig. 2D and E). The difference between the two oscillation
frequencies was always larger than 100 Hz (Fig. 2F). During the same
recording session, the dual-frequency oscillation could progressively

A D
0.2mv
100ms
B E
0 200 400 600 0 200 400 600
LFPO frequency (Hz) LFPO frequency (Hz)
C F
250 | 4

S

200 ]

>

o

& 150 | ]

>

o

£100 4

£

T 50 4 ]

-

0

CcB ' PV ' PV ,CB PVI CcB

FIG. 2. Mice lacking parvalbumin (PV "), calbindin (CB”") or both
(PV/"CB™"") present fast cerebellar oscillations. (A) Local field potential
oscillation (LFPO) recorded in the most superficial layer of the cerebellum of a
PV~ mouse. (B) Fourier spectrum of the LFPO illustrated in A computed
from a 60-s oscillation period. (C) Frequency of LFPO episodes recorded in
nine CB™”~, 12 PV™/~ and two PV"/"CB™”~ mice that presented episodes of
mono-frequency oscillations (» = 8 episodes). Dual-frequency LFPO recorded
in a PV/°CB™~ mouse (D) and the corresponding Fourier spectrum
(E). (F) Frequency of oscillations recorded in four PV /"CB™" mice that
manifested dual-frequency oscillations (n = 12 episodes).

switch to a mono-frequency oscillation with an intermediate frequency
0of 201.0 + 21 Hz (Fig. 2E), which was significantly different from the
frequencies observed in single knockout mice (P < 0.05, one-way
ANOVA).

Given the presence of fast LFPO in the cerebellum of mutant mice
lacking Ca*'-binding proteins of different properties and cellular
localization, we examined whether the electrophysiological and
pharmacological properties of these oscillations were similar.

Spatiotemporal mapping of the oscillation

As the LFPO of CB™~ mice is highly synchronized along the parallel
fiber axis (Cheron et al., 2004), we verified whether LFPO in PV~
and PV~"CB™~ mice was spatiotemporally organized in the same
way by measuring their cross-correlation function. Simultaneous
recordings of mono-frequency LFPO in both groups showed a high
degree of synchronization along the parallel fiber axis (Fig. 3). For all
LFPO pairs separated by 250 pm, the cross-correlation function
reached a mean value of 0.68 £ 0.07 (n = 5) at a mean lag value close
to zero (0.1 + 0.1 ms) showing tight phase-locking of LFPO along the
parallel fiber axis. With increasing distances (500, 750 pm; n = 5)
between the electrode pairs, the mean cross-correlation function values
significantly decreased (0.40 + 0.03 and 0.14 + 0.04, respectively) but
lag values remained very close to zero (0.2 + 0.1 and —0.1 £ 0.2 ms,
respectively).

Pharmacological properties of local field potential oscillations

Local field potential oscillation in CB™~ mice is mediated by gap
junctions, N-methyl-D-aspartate receptors and GABA, receptors as
LFPO in these mice is largely reduced by microinjection of
carbenoxolone, APV and gabazine, respectively (Cheron et al.,
2004). Thus, we tested whether LFPOs in PV~ and PV~/"CB™~
mice have the same pharmacological properties as those described in
CB ™"~ mice. To better assess the specificity of the three substances, we
used only half-doses of those used in our previous study (Cheron
et al., 2004). As no significant differences in the responses to
carbenoxolone, APV or gabazine were observed between PV~ and
PV~/"CB™~ mice, data were pooled. Microinjections of carbenoxo-
lone (n = 13) (Fig. 4A), APV (Fig. 4B) (n = 8) and gabazine
(Fig. 4C) (n = 5) produced a significant reduction of the LFPO index
after 1 min (P < 0.05, one-way ANOVA for repeated measures). These
effects were reversible and values recovered to pre-injection values
within 10 min (carbenoxolone), 4 min (APV) and 5 min (gabazine). If
the substances were applied during dual-frequency oscillations in
PV~/"CB™~ mice, both frequency peaks were equally decreased.

Interaction between frequencies of dual-frequency oscillation

In order to better understand the interaction between the two
frequencies of dual-frequency LFPO episodes in PV~""CB™~ mice,
we studied the relationship between instantaneous spectral densities of
both frequency peaks on eight episodes of dual-frequency LFPO
recorded in four PV/"CB™~ mice. Raw LFPO episodes were
recorded during 60 s (Fig. 5A) and a random sample of 0.8 s was then
band-pass filtered 10 Hz above and below each frequency peak
(Fig. 5B and C) and the filtered signals were quantified separately by
measuring the instantaneous spectral density of their maximal
frequency content (Fig. 5D). Cross-correlation analysis of the
temporal relationship between these two instantaneous spectral density
curves demonstrated that the two oscillating components were
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inversely correlated (maximum of cross-correlation function,
—0.44 + 0.08; time lag, 11.9 + 36.8 ms) indicating the existence of
two alternating rhythms (Fig. 5E).

Purkinje cell firing and mono-frequency local field potential
oscillation

In order to further understand the relationship between Purkinje cell
firing and LFPO, we compared Purkinje cells recorded during and in
the absence of LFPO. In all mutants, simple spike frequency was
much higher for Purkinje cells recorded during episodes of LFPO
(110 £ 38 vs. 57 £22 Hz in CB™", 112 £45 vs. 56 + 15 Hz in
PV’ and 99+59 vs. 62+25Hz in PV/CB’ mice,
P <0.0001, one-way ANOVA). The rhythmicity of simple spike
firing in mutants was also much higher during LFPO. Indeed, the
rhythm index of Purkinje cells recorded in the absence of LFPO was
only slightly increased in CB™~ (0.013 + 0.003, n = 14), PV~
(0.016 £ 0.003, n = 8) and PV"CB™~ (0.014 £ 0.002, n = 12) in
comparison with WT animals (0.006 £ 0.001, n = 36) (P < 0.001,
one-way ANOVA). No significant difference was found between the
different groups of mutant mice. In contrast, the rhythm index of
Purkinje cells recorded during LFPO episodes was significantly
increased in all mutants as compared with WT and was much higher
in CB”~ (0.16+0.04, n=17) and PV/"CB™~ (0.17 + 0.03,

n = 29) than PV~ (0.05 + 0.02, n = 26) mice (P < 0.0001, one-
way ANOVA). To further investigate the relationship between
Purkinje cell rhythmicity, firing rate and LFPO, we recorded
rhythmic Purkinje cells simultaneously during mono-frequency
oscillation episodes in PV~ (n = 15) and PV/"CB~ (n = 11)
mice. In each Purkinje cell, the averaged signal triggered by the
simple or complex spike demonstrated coherent mono-frequency
oscillation before and after the spike. This indicates that both simple
and complex spike firings of the Purkinje cells were phase-locked to
the LFPO. The firing behavior of two simultaneously recorded
Purkinje cells in conjunction with the simultaneously recorded LFPO
in a PV~ mouse is illustrated in Fig. 6A. Autocorrelation analysis
indicates that both cells were rhythmic in their simple spike firing
(Fig. 6B for cell 1) and cross-correlation indicates that they were
synchronized (Fig. 6C). The averaging of LFPO triggered by the
simple spikes of a single Purkinje cell shows the presence of
coherent LFPO symmetrical to the trigger (Fig. 6D). This indicates
that the simple spike firing of the Purkinje cell was phase-locked to
the LFPO. The complex spike of each Purkinje cell induced a ~10—
15-ms pause in its own simple spike firing (Fig. 6E) but not in the
simple spike firing of the other cell (Fig. 6F). The averaging of
LFPO triggered by the complex spike of a single Purkinje cell also
shows coherent LFPO (Fig. 6G) but, in this case, the complex spike
depolarization occurs in the ascending wave of the LFPO.
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Purkinje cell firing and dual-frequency local field potential
oscillation

To assess whether the two frequencies of the dual-frequency LFPO are
supported by different Purkinje cells, we simultaneously recorded
rhythmic Purkinje cells and dual-frequency LFPO (n = 7). The firing
behavior of a Purkinje cell during dual-frequency LFPO recorded in a
PV~/"CB™~ mouse is shown in Fig. 7A. The LFPO was band-pass
filtered 10 Hz below and above the slow (Fig. 7B) and rapid (Fig. 7C)
frequency peaks. Simple spike autocorrelation analysis indicates that
the Purkinje cell was slightly rthythmic (Fig. 7D). The averaging of the
raw LFPO triggered by the simple spikes shows coherent mono-
frequency LFPO (Fig. 7E). In the illustrated case, the Purkinje cell was
synchronized with the rapid frequency. The same procedure applied to
the band-pass-filtered signal further confirmed the synchronization of
the simple spike with the rapid frequency (Fig. 7F and G). As expected,
the complex spike induced a ~15-ms pause in its own simple spike
firing (Fig. 7H). Averaging of raw LFPO triggered by the complex
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F1G. 5. The two frequencies of dual-frequency local field potential oscillation
(LFPO) recorded in mice lacking calbindin and parvalbumin (PV~""CB ") are
inversely correlated. (A) LFPO recorded at a depth of 550 um from the vermis
ofa PV /"CB™”~ mouse. (B) The same signal, band-pass filtered from 220 to
240 Hz. (C) The same signal as in A, band-pass filtered from 120 to 140 Hz.
(D) Instantaneous spectral densities of band-pass-filtered signals illustrated in
B (white) and C (gray). (E) Cross-correlation function (CCF) of instantaneous
spectral densities in eight dual-frequency oscillations recorded in four
PV~/"CB™/~ mice (duration 0.6 s).

spike also demonstrated coherent mono-frequency LFPO (Fig. 7).
This further confirms the synchronization of complex spikes with the
rapid frequency. Synchronization was enhanced when averaging was
performed on the band-pass-filtered signal (Fig. 7J and K). This type of
analysis was performed on seven rhythmic Purkinje cells recorded
during dual-frequency oscillations. As illustrated in Fig. 8A, the simple
spike rhythmic frequency of Purkinje cells was phase-locked either to
the slow (cells 5-7) or rapid (cells 1-4) frequency. This indicates that
distinct populations of rhythmic Purkinje cells support one or other of
the frequencies of the dual-frequency LFPO. The frequency of dual-
frequency LFPO that was closest to the simple spike rhythmic
frequency was chosen in further analyses.

Purkinje cell rhythmicity and oscillation frequency

With the aim of investigating a putative correlation between simple
spike rhythmicity and LFPO, we analysed Purkinje cells recorded
during LFPO periods in PV~ (n = 26) and PV~ "CB™~ mice
(n = 29). Among the 29 Purkinje cells recorded in PV~""CB™~ mice,
nine were recorded during dual-frequency LFPO. Of the 55 Purkinje
cells, 33 presented an autocorrelogram with multiple side peaks. These
cells were recorded in PV~ mice (n = 15), in PV "CB™/~ mice
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F1G. 6. Purkinje cells and local field potential oscillation (LFPO) are synchronized along the parallel fiber axis. (A) Simultaneous recording of two Purkinje cells
and one LFPO by three electrodes spaced by 250 pum along the parallel fiber axis. (B) Simple spike autocorrelogram of Purkinje cell no. 1. (C) Simple spike cross-
correlogram of Purkinje cell no. 2 triggered by simple spike of Purkinje cell no. 1. (D) Averaging of LFPO triggered by simple spike of Purkinje cell no. 1. Note that
simple spike depolarization is phase-locked to the negative wave of the LFPO. (E) Simple spike cross-correlogram of Purkinje cell no. 1 triggered by the complex
spike of Purkinje cell no. 1. Note the 10-ms pause in simple spike firing. (F) Simple spike cross-correlogram of Purkinje cell no. 2 triggered by the complex spike of
Purkinje cell no. 1. Note that no pause in simple spike firing occurs. (G) Averaging of LFPO triggered by complex spike of Purkinje cell no. 1. Note that the
depolarization of the complex spike is phase-locked to the ascending wave of the LFPO.

with mono-frequency LFPO (n = 11) and in PV~"CB™~ mice with
dual-frequency oscillations (n = 7). We found a strong (» = 0.88) and
significant (P < 0.0001) correlation between simple spike rhythmic
frequency (Fig. 8B) and LFPO frequency.

Purkinje cells of PV~ mice do not exhibit paradoxical
immunoreactivity to anti-calretinin serum

The alterations in Purkinje cell firing behavior in PV~ mice were
similar to those previously described in CR-deficient mice (CR™™)
(i.e. increase in simple spike frequency, decrease in complex spike and
pause durations and emergence of 160-Hz oscillations) (Schiffmann
et al., 1999; Cheron et al., 2004; Bearzatto et al., 2004). This may
suggest a possible common mechanism operating in both mutants. The
positive staining of CR™”~ Purkinje cells with an antiserum against CR
was discussed as an increased fractional Ca®" occupancy of CB
leading to the cross-reactivity of the CR antibody to the Ca®'-bound
form of the closely related protein CB (Schiffmann et al., 1999). The
authors proposed that alterations in the Ca®" homeostasis in Purkinje
cells of CR™~ mice might be a likely explanation. As PV is also
inferred to act in the regulation of Ca>" homeostasis in Purkinje cells
(Schmidt ef al., 2003), we tested whether the absence of PV leads to
similar changes in the CR immunoreactivity of Purkinje cells. In WT

mice, CR immunoreactivity was confined to granule cells including
the parallel fibers in the molecular layer, while Purkinje cells were
completely negative (Fig. 9A and B). As demonstrated before,
Purkinje cell somata, dendrites and axons were strongly labeled with
the CR antiserum in CR™”~ mice (Fig. 9C and D). In PV~ as well as
WT mice, however, CR staining in the cerebellum was confined to
granule cells (Fig. 9E and F).

In the CB-deficient mice investigated here (CB™~ and PV CB™/~
mice), no staining by the CR antiserum could be detected in Purkinje
cells and CR immunoreactivity was confined to the granule cell layer
and the parallel fibers in the molecular layer (similar to Fig. 9A and B,
data not shown). This is in line with the fact that the apparent CR
immunoreactivity in Purkinje cells of CR™~ mice is due to the
presence of CB (Schiffmann ef al., 1999).

Discussion

This study demonstrates Purkinje cell firing alterations and the
emergence of 160-Hz oscillation in the cerebellar cortex of PV~
mice. This oscillation presents electrophysiological and pharmacolo-
gical properties similar to those observed in CB™~ mice (Cheron
et al., 2004). Despite the similar electrophysiological phenotype of the
two mutants, knocking-out of both genes results in the emergence of
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F1G. 7. Complex and simple spikes of rhythmic Purkinje cells are phase-locked to one of the frequencies of the dual-frequency local field potential oscillation
(LFPO). (A) Simultaneous recording of dual-frequency LFPO and Purkinje cell along the parallel fiber axis in a mouse lacking calbindin and parvalbumin. Note the
increment of interspike interval during the lowest frequency spindles. (B) Band-pass filtering between 104 and 124 Hz of the LFPO. (C) Band-pass filtering
between 275 and 295 Hz of the LFPO. (D) Simple spike autocorrelogram of the Purkinje cell. Note the rhythmicity presented as small symmetrical side peaks
(approx. 3). (E) Averaging of LFPO triggered by the simple spike of the Purkinje cell. Note the presence of a fast oscillation before and after the simple spike,
phase-locked to the negative wave of the LFPO. (F and G) Averaging of band-pass-filtered signal as illustrated in B and C triggered by the simple spike of the
Purkinje cell. Note how simple spikes are phase-locked to the rapid frequency of the dual-frequency LFPO. (H) Simple spike cross-correlogram triggered by
complex spikes. (I) Averaging of LFPO triggered by the depolarization of the complex spike. Note the presence of a fast oscillation before the complex spike,
phase-locked to the ascending wave of the rapid frequency. (J and K) Averaging of band-pass-filtered signal illustrated in B and C triggered by the complex spike.

dual-frequency (around 110 and 240 Hz) oscillations. This is the first
report of dual-frequency oscillation above 100 Hz in the cerebellum.
In other parts of the mammalian brain, high-frequency oscillations that
occur at different frequencies have already been described in
hippocampal (Bragin et al., 1999; Csicsvari et al., 1999), enthorinal
(Bragin et al., 2002) and somatosensory (Jones & Barth, 2002) cortex.

As with any other neuronal firing, Purkinje cell firing largely
depends on intracellular Ca*" homeostasis (Berridge, 1998). For
example, intracellular [Ca®"] changes during climbing fiber activation
are crucial in this regulatory process (Llinds & Sugimori, 1980; Ito,
1989; Kano et al., 1992). In a slice preparation, Chang et al. (1993)
suggested a role of intracellular Ca>" in the oscillatory activity of
Purkinje cells. Experimental and theoretical studies have demonstrated
that neuronal rhythms of various time scales are associated with the
regulation of ionic conductances that largely depend on Ca*
homeostasis (Llinas, 1988; Meyer & Stryer, 1988). A major function
of Ca**-binding proteins is to modulate the amplitude and kinetics of
[Ca"] transients. The absence of CB results in alterations in Purkinje
cell firing, including decreased complex spike duration and subsequent
pause and fast cerebellar LFPO supported by increased synchronicity
and rhythmicity of simple spikes (Cheron et al., 2004). The present
results demonstrate that the absence of PV, a slower Ca>" buffer, leads
to similar alterations. Some of these are less pronounced in PV~ than
in CB™~ mice, namely alterations in simple spike rhythmicity,
complex spike duration and pause. This could be related to the Ca**-
binding properties of both buffers. Indeed, CB presents binding sites
with at least two distinct binding kinetics (Nagerl et al., 2000), i.e.
sites with fast and sites with intermediate on-rates for Ca** binding,
while both binding sites of PV are slow. One may envisage that the

intermediate sites of CB could, in part, functionally replace PV.
Conversely, the slow binding sites of PV cannot replace the function
of the fast sites of CB. This could explain the increased alterations
observed in CB™~ in comparison with PV~ mice. However, the
present results cannot determine whether the differences in electro-
physiological alterations between PV~ and CB™~ mice are solely
related to differences in the Ca**-binding kinetics of CB and PV as PV
is additionally expressed in basket and stellate cells. This might affect
Purkinje cell properties indirectly via a network mechanism. Such an
effect has been demonstrated in mice lacking CR, a protein that in the
cerebellum is almost selectively expressed in granule cells
(Schiffmann et al., 1999; Bearzatto ef al., 2004). In CR™~ mice, the
alterations in complex and simple spikes were the same as those in
PV~ and CB™~ mice. These alterations in CR™”~ mice are probably
due to increased activation of Purkinje, stellate and basket cells, given
the granule cell hyperexcitability in CR™~ mice (Gall et al., 2003) and
the absence of CR expression in WT Purkinje cells and molecular
interneurons. In PV~ mice, the absence of a Ca>” buffer in molecular
layer interneurons and Purkinje cells leads to alterations in pre-
synaptic Ca®" signaling (Collin et al, 2005) and possibly to
hyperexcitability (Gall et al, 2003) of both cell types thereby
producing a similar pattern of Purkinje cell complex spike and pause
duration. We ruled out the possibility that the mechanism leading to
the paradoxical CR immunoreactivity in Purkinje cells of CR™"~ mice
(Schiffmann et al., 1999) was involved in Purkinje cell firing alteration
in PV™" mice. Further experiments, such as Purkinje cell-specific PV
gene rescuing (knock-in), would be required to determine whether the
differences in the phenotype severity between PV~ and CB™~ mice
are strictly related to differences in Ca**-binding kinetics or to the
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F1G. 8. Local field potential oscillation (LFPO) frequencies are very similar to
simultaneously recorded Purkinje cell rhythmic frequencies. (A) Frequen-
cies of seven dual-frequency LFPO episodes (O) and seven simultaneously
recorded rhythmic Purkinje cells (W) in two mice lacking calbindin and
parvalbumin (PV~""CB™""). The rhythmic frequency of each Purkinje cell is
close to one of the two peak frequencies of the LFPO. (B) Plotted values of
simple spike rhythmicity plotted vs. simultaneously recorded frequency of
LFPO episodes in rhythmic Purkinje cells [15 mice lacking parvalbumin
(PV™77), 11 PV/°CB" mice with one-frequency oscillations and seven
PV/"CB™/~ mice with dual-frequency oscillations].

FI1G. 9. Immunohistochemistry using a rabbit anti-calretinin polyclonal anti-
body on parasagittal sections. (A and B) Calretinin immunoreactivity in a wild-
type (WT) mouse is observed in cerebellar granule cells and parallel fibers in
the molecular layer (m). p, Purkinje cell layer; g, granular layer. (C and D) In
mice lacking calretinin (CR™7), apparent calretinin immunoreactivity is
detected in Purkinje cell bodies, dendritic trees and axons. (E and F) In mice
lacking parvalbumin (PV "), as in WT mice, the calretinin immunoreactivity
is restricted to granule cells and associated parallel fibers.

additional presence of PV in basket and stellate cells in WT mice. The
study of double mutants offers insights into this question. PV~ "CB™~
mice present a major decrement of complex spike duration and pause,
with no additional increment of simple spike firing rate or rhythmicity

Fast cerebellar oscillation 869

when compared with single mutants. This suggests that the absence of
PV in the molecular interneuron may enhance complex spike
alterations observed in the double mutants.

The rhythmic firing pattern of Purkinje cells that is normally absent
in WT mice (Goossens et al., 2001; Cheron et al., 2004) leads to the
emergence of ~160-Hz oscillation in PV™"", CB™~ and PV~ "CB™~
mice. The common physiological properties of this 160-Hz LFPO
include: (1) phase-locking to rhythmic Purkinje cells; (2) synchron-
ization along the parallel fiber axis and (3) reversible inhibition by
blockers of N-methyl-D-aspartate receptors, GABA, receptors and
gap junctions. What could be the mechanism by which deletion of a
Ca**-binding protein in Purkinje cells leads to the emergence of fast
cerebellar oscillation? The present results demonstrate that the
synchronization of rhythmic Purkinje cells is central in this process.
Given the inhibitory action of gabazine and carbenoxolone on LFPO,
the densely gap junction-connected interneuron network is probably
involved in the maintenance of such a firing mode. This inhibitory
network plays a key role in synaptic integration and precise timing
of Purkinje cell spikes, enabling them to act as coincidence detectors
of parallel fiber input (Mittmann et al., 2005). The firing behavior of
interneurons during fast LFPO remains to be studied but, to our
knowledge, spontaneous activity of cerebellar interneurons in alert
normal animals has never been described, as these neurons are difficult
to consistently identify. Studies of different Ca>*-binding knockout
mice demonstrate that both intrinsic and extrinsic factors may induce
increased Purkinje cell rhythmicity. The intrinsic factors are demon-
strated by the Purkinje cell specificity of CB, suggesting that precise
control of Ca" transients in Purkinje cells (Airaksinen ef al., 1997) is
required to control the rhythmicity of their firing. An extrinsic
mechanism (network) must be involved in CR™~ mice as CR is not
expressed in Purkinje cells. In these mice, increased excitation of
Purkinje cells by parallel fibers leads to increased firing rate and
rhythmicity of Purkinje cells, facilitating the emergence of their
synchronization on the same rhythmic firing pattern. Thus, it appears
that fast cerebellar LFPO may result from different conditions leading
to Purkinje cell thythmicity, either through intrinsic regulation of firing
or through an increase of excitatory input. In CB™"CR™~ mice,
where CR-depleted granule cells overexcite CB-deficient Purkinje
cells, LFPO is similar to that in the single mutant, although stronger
and more constant (Cheron et al., 2004). In contrast, PV CB™~
mice, where Purkinje cell Ca®>"-buffering capacity is decreased more
than in single mutants, show dual-frequency LFPO. The fact that
Purkinje cells are phase-locked with one of the two frequencies rules
out the possibility that both frequencies would simply be harmonics of
one common rhythm and that the same Purkinje cells would sustain
dual-frequency oscillation. Thus, it is the rthythmic and synchronous
firing of different Purkinje cell groups beating in an alternating mode
that sustain ‘rapid’ and ‘slow’ components of dual-frequency oscil-
lation. The synchronization of different Purkinje cell populations firing
at different rhythmic frequencies in PV~ "CB™~ mice outlines the
increased tendency of Purkinje cells lacking Ca®" buffers to fire in a
rhythmic and synchronous mode, regardless of the calcium-binding
properties of the buffer. During the recording, the two frequencies
could merge into a mono-frequency LFPO around 200 Hz and split
again to dual-frequency oscillation, indicating a dynamic process.

This dual mode may be facilitated by the heterogeneity of the
Purkinje cell population previously revealed following ischemia
(Welsh et al., 2002). The intrinsic nature of the Purkinje cell
bistability (Loewenstein et al., 2005) may facilitate LFPO bifurcation
by switching Purkinje cells between up and down states of firing. In
the same line of reasoning, cutaneous stimulation was able to
simultaneously evoke excitation and inhibition of different Purkinje
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cell populations (Bower & Woolston, 1983; Cheron et al, 2004)
leading to a reciprocal firing mode resembling that recorded during
dual fast oscillation.

In conclusion, the present data demonstrate that the cytosolic Ca>"
buffers CB D-28k and PV play a key role in the regulation of Purkinje
cell firing rate and rhythmicity in vivo. Our results also suggest that
precise Ca®" transient control by these binding proteins is required to
maintain the spontaneous firing pattern of the Purkinje cells arrhythmic
and asynchronous, which is necessary for normal cerebellar functioning.
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