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Altered Neuronal Excitability in Cerebellar Granule Cells of
Mice Lacking Calretinin

David Gall,' Céline Roussel,' Isabella Susa,? Egidio D’Angelo,>* Paola Rossi,> Bertrand Bearzatto,!

Marie Christine Galas,' David Blum,' Stéphane Schurmans,’ and Serge N. Schiffmann'

"Laboratoire de Neurophysiologie (CP601), Faculté de Médecine, Université Libre de Bruxelles, B-1070 Bruxelles, Belgium, 20ptique Nonlinéaire Théorique
(CP231), Faculté des Sciences, Université Libre de Bruxelles, B-1050 Bruxelles, Belgium, *Department of Cellular and Molecular Physiology and
Pharmacology, University of Pavia and Instituto Nazionale per la Fisica della Materia, I-27100 Pavia, Italy, “Department of Evolutionary and Functional
Biology, University of Parma, 43100 Parma, Italy, and °Institut de Biologie et de Médicine Moléculaires (CP300), Université Libre de Bruxelles, B-6041
Gosselies, Belgium

Calcium-binding proteins such as calretinin are abundantly expressed in distinctive patterns in the CNS, but their physiological function
remains poorly understood. Calretinin is expressed in cerebellar granule cells, which provide the major excitatory input to Purkinje cells
through parallel fibers. Calretinin-deficient mice exhibit dramatic alterations in motor coordination and Purkinje cell firing recorded in
vivo through unknown mechanisms. In the present study, we used patch-clamp recording techniques in acute slice preparation to
investigate the effect of a null mutation of the calretinin gene on the intrinsic electroresponsiveness of cerebellar granule cells at a mature
developmental stage. Calretinin-deficient granule cells exhibit faster action potentials and generate repetitive spike discharge showing an
enhanced frequency increase with injected currents. These alterations disappear when 0.15 mu of the exogenous fast-calcium buffer
BAPTA is infused in the cytosol to restore the calcium-buffering capacity. A proposed mathematical model demonstrates that the
observed alterations of granule cell excitability can be explained by a decreased cytosolic calcium-buffering capacity resulting from the
absence of calretinin. This result suggests that calcium-binding proteins modulate intrinsic neuronal excitability and may therefore play

arole in information processing in the CNS.
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Introduction

Calcium regulates a large variety of neuronal functions, including
neurotransmitter release, ionic channel permeability, enzyme ac-
tivity, and gene transcription. Hence, the cytosolic calcium con-
centration must be tightly regulated. Cytoplasmic calcium-
binding proteins play a key role in this regulation leading to
specific adjustments of neuronal signaling. Among these, calreti-
nin is the only calcium-binding protein known to be expressed in
cerebellar granule cells (Résibois and Rogers, 1992; Marini et al.,
1997), whereas the structurally related calbindin is exclusively
expressed in Purkinje cells. Granule cells form the largest neuro-
nal population in the mammalian brain. They process informa-
tion entering into the cerebellar cortex through the mossy fibers
(Ito, 1984) and convey the major excitatory afference to Purkinje
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cells through the parallel fibers. The involvement of the cerebel-
lum in motor coordination has long been recognized and, inter-
estingly, it has been shown recently that calretinin-deficient mice
(Cr™'7) were impaired in motor coordination tests and displayed
alterations in Purkinje cell activity recorded in vivo (Schiffmann
etal., 1999). Because calretinin is not expressed in Purkinje cells,
the latter study lacked direct evidence for intrinsic cerebellar elec-
trophysiological alteration at the cellular level, resulting from the
Cr~/~ mutation. This is particularly relevant, because granule
cells show a calcium-dependent regulation on their intrinsic ex-
citability (D’Angelo et al., 1997, 1998, 2001; Gabbiani et al.,
1994), so that alteration in calcium buffering is expected to affect
action potential generation. Thus, in addition to addressing a
question specific to cerebellar physiology, Cr~ '~ mice may pro-
vide a model for understanding the regulation of calcium-
dependent control of neuronal excitability.

In this study, we directly address this question by recording
granule cells using the perforated patch configuration of the
patch-clamp technique in brain slices. We show that the electro-
responsiveness of granule cells from Cr™’~ mice is altered. Fur-
thermore, we show that intrinsic excitability of granule cells from
Cr ™/~ mice can be restored to its control level by the infusion of
an exogenous calcium buffer in the cytosol by means of the
whole-cell configuration. Finally, we present a mathematical
model providing a link between the observed alterations in gran-
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ule cell electroresponsiveness and the decreased cytosolic Ca**-
buffering capacity, resulting from the absence of calretinin. Our
results suggest a critical role for calretinin in regulating granule
cell excitability and signal coding at the input stage of the
cerebellum.

Materials and Methods

Mice. Sex- and age-matched wild-type (WT) and Cr~/~ mice back-
crossed on a C57BL/6 genetic background (f7) were used in all experi-
ments (Schurmans et al., 1997).

Electrophoresis and immunoblotting. One dimensional polyacrylamide
gel electrophoresis was performed as described previously (Galas et al.,
2000). Cerebellum from WT and Cr ™/~ were homogenized in lysis buffer
(10 ul/mg of tissue) (M-PER; Pierce, Rockfold, IL) containing a protease
inhibitor mixture (Complete; Roche Molecular Biochemicals, Vilvorde,
Belgium). Samples were stored at —20°C until analysis. Protein concen-
trations were determined using MicroBCA Protein Assay (Pierce). Equal
amounts of protein (40 ug or 250 ug for the densitometrical analysis)
were denatured in 2X Laemmli buffer at 100°C for 5 min and then
separated on an SDS-PAGE. Proteins were transferred to supported ni-
trocellulose (Bio-Rad, Hercules, CA) at 250 mA for 90 min at 4°C. The
membrane was blocked with 5% BSA and 0.1% Tween 20 in PBS buffer.
The membrane was then incubated with the primary antibody anti-
calretinin (1:10000; Swant, Bellinzona, Switzerland) or the primary an-
tibody anti-actin (1:2000; Sigma, St. Louis, MO) overnight at 4°C. After
washing in 0.1% Tween 20 containing PBS buffer, the membrane was
incubated with the HRP-labeled secondary antibody (anti-rabbit IgG;
NEN, Boston, MA) at a concentration of 0.1 ug/ml for 60 min at room
temperature. Immunoreactive bands were visualized by chemilumines-
cent ECL Plus western blotting reagents (Amersham Biosciences, Buck-
inghamshire, UK). For the densitometrical analysis, the bands on the
ECL hyperfilm (Amersham Biosciences) corresponding to calretinin and
actin were scanned and quantified using the public domain NIH Image 8
4.0.2 program (National Institutes of Health, Bethesda, MD). The ratio
between calretinin and actin in the cerebellum is considered 100%.

Immunocytochemistry. Mice were killed by decapitation after a slight
ether anesthesia, and brains were removed and fixed in 0.1 M phosphate-
buffered 4% paraformaldehyde freshly prepared for 24 hr at 4°C. Brains
were then rinsed in several changes of 0.1 M PBS, pH 7.4, and cryopro-
tected in sucrose. Cryostat-cut 30 wm thick brain coronal sections were
processed free-floating. After quenching of the endogenous peroxydases,
the floating sections were incubated for 1 hr in 10% swine normal serum
(Hormonologie Laboratoire, Marloie, Belgium). Sections were then in-
cubated overnight at room temperature with anti-calretinin polyclonal
antiserum (1/1000; Swant). Thereafter, they were successively incubated
with swine anti-rabbit gammaglobulins (1/30; Dako, Glostrup, Den-
mark) and rabbit PAP complex (1/300; Dako). The peroxydase activity
was revealed by diaminobenzidine in the presence of hydrogen peroxide.

Histology. Four wild-type and four calretinin-deficient mice were
killed, and their brains were removed and fixed overnight in 4% parafor-
maldehyde. After a wash in 0.1 M PBS and consecutive 24 hr incubations
in 10, 20, and 30% sucrose solutions, brains were frozen in isopentane.
Sagittal sections (15 wm) were performed at the level of the vermis using
a cryotome (Leica, Wetzlar, Germany) and stained using a Nissl proce-
dure. For each mouse, four digitized fields (100 X 100 um) were ran-
domly generated from four adjacent stained sections at a 63X magnifi-
cation using a confocal microscope (Bio-Rad). On each field, we
measured the surface of 10 individual granule cells using the Scion—NIH
Image software. The mean apparent area of granule cells was then deter-
mined for each mouse, and the difference between genotypes was com-
pared using unpaired Student’s ¢ test.

Whole-cell patch-clamp recordings. Cerebellar granule cells were re-
corded in acute cerebellar slices obtained from 15- to 31-d-old mice,
when the excitable response has assumed its mature pattern (D’Angelo et
al., 1997). Slice preparations were performed as described previously
(D’Angelo etal., 1998). Current-clamp recordings were taken from gran-
ule cells in the internal granular layer at room temperature using the
“blind patch” approach. All recordings were made with an EPC-8 ampli-
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fier (Heka Elektronik, Lambrecht/Pfalz, Germany) in the fast current-
clamp mode. Membrane potential signal was filtered using an 8-pole
Bessel low-pass filter (Frequency Devices, Haverhill, MA) at a cutoff
frequency of 2 KHz and subsequently digitized at 10 kHz using the ac-
quisition software Pulse (Heka) in combination with an ITC-16 analog-
to-digital converter (InstruTech, Port Washington, NY). Patch pipettes
were pulled from borosilicate glass capillaries (Harvard Apparatus,
Edenbridge, UK) and had a resistance of ~6 M{). For whole-cell record-
ings, the pipette solution contained the following (in mm): 126 KGlu-
conate, 0.05 CaCl,, 0.15 BAPTA, 4 NaCl, 1 MgSO,, 15 glucose, 5 HEPES,
3 MgATP, and 0.1 GTP, pH adjusted at 7.2 with KOH. Recordings were
started 5 min after obtaining the whole-cell configuration to allow diffu-
sion of the calcium buffer BAPTA into the cytosol. In some experiments,
the perforated patch configuration of the patch-clamp technique (Horn
and Marty, 1988) was used to maintain the endogenous Ca** buffers.
The pipette solution contained the following (in mwm): 80 K,SO,, 10
NaCl, 15 glucose, and 5 HEPES, pH adjusted at 7.2 with KOH, and 100
pg/ml nystatin. The extracellular solution contained the following (in
mw): 120 NaCl, 2 KCl, 2 CaCl,, 1.19 MgSO,,, 26 NaHCO;, 1.18 KH,PO,,
and 11 glucose equilibrated with 95% O,/5% CO,, pH 7.4. Intrinsic
excitability was investigated by setting resting membrane potential at
—80 mV and injecting 1 sec steps of depolarizing current (from 2-30 pA
ina2 pA increment). Action potential frequency was measured by divid-
ing the number of interspike intervals by the time interval between the
first and the last spike. The amplitude of the action potential undershoot
was estimated as the difference between the threshold of spike prepoten-
tial and the minimal potential during spike afterhyperpolarization.
When EPSPs were measured, the extracellular solution was supple-
mented with 25 um picrotoxin to block GABAergic inhibition generated
by Golgi cell synapses (Armano et al., 2000). The mossy fibers were
stimulated at a frequency of 0.1 Hz with a bipolar tungsten electrode via
a stimulus isolation unit. In our EPSP-recording protocol, 200 us step
current pulses were applied to activate the mossy fibers while measuring
EPSPs from a resting potential of —70 mV. The maximal effective stim-
ulus intensity was used in all EPSP recordings. The time to peak was
estimated as the interval between the beginning of the stimulating pulse
and the maximum of the spike upstroke during the EPSP. The time
constant of EPSP relaxation, 74, was estimated by monoexponential
fitting using the Levenberg-Marquardt algorithm implemented in IGOR
(WaveMetrics, Lake Oswego, OR). Only EPSPs giving rise to action po-
tentials were used to evaluate the number of spikes per EPSP. Passive
cellular parameters were extracted in voltage clamp by analyzing current
relaxation induced by a 10 mV step change from a holding potential of
—70 mV as described previously (D’Angelo et al., 1995). In the perfo-
rated patch configuration, access resistance was monitored to ensure that
voltage attenuation in current-clamp mode was always <10%. Data are
reported as means = SEM, and statistical comparisons were performed
using unpaired Student’s ¢ test [p > 0.05, not significant (NS)].

Minimal model of the granule cell. Calcium dynamics have a profound
influence on Ca*"-activated K * current (I ,) activation, thereby reg-
ulating spike discharge. A typical approach to investigate Ca** dynamics
(Traub and Llinas, 1979) is to model Ca®" and I;_¢, and to adapt Ca*™"
dilution and removal to match the firing pattern. This approach has been
applied previously to cerebellar granule cell model (Gabbiani et al., 1994;
Maex and Schutter, 1998; D’Angelo et al., 2001). Here, to focus our
attention on Ca*" dynamics, we reduced the number of gating variables
and currents involved in action potential generation. We also modified
the equation governing the Ca** dynamics to take into account varia-
tions in the concentration of endogenous Ca*" buffers.

Because granule cells have a compact electrotonic structure (Silver et al.,
1992; D’Angelo et al., 1993, 1995, 2001), a single compartment model was
used. Following the classical Hodgkin and Huxley (1952) approach, the
membrane can be considered as a leaky capacitor, and the membrane poten-
tial dynamics are governed by the following current balance equation:

av

CmE =

I m kv I~ Ik-cas (1)
where C,,, is cell capacitance, I, is a voltage-dependent Na ™ current,

Iy is a delayed rectifier K™ current, I, is a high-threshold voltage-
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Table 1. Voltage-dependent conductance parameters
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Conductance Grnax Ve
state, variable n (nS) (mV) a(msec ") B(msec™ ") Tonin (MseC)
Ina

Activation, m 3 7.5exp [0.081(V + 39)] 7.5exp [—0.066(V + 39)]

Inactivation, h 1 172 55 0.6 exp [—0.089(V + 50)] 0.6 exp [0.089(V + 50)] 0.045
Ik—v

Activation, n 4 28 -90 0.85 exp [0.073(V + 38)] 0.85 exp [—0.018(V + 38)]
g(a

Activation, s 2 58 80 8/(1+exp[—0.072(V—5)]) 0.1(V+8.9)/(exp [0.2(V+8.9)]—1)
Ik—ca

Activation, a 1 56.5 -9 12.5/(1+410.15 exp(—0.085V)]/[Ca]) 7.5/(1+[Ca)/[0.015 exp(—0.077V)])

dependent Ca** current, and I -, is a Ca®"-activated K" current.
These ionic currents have been shown to be the core of action potential
generation in cerebellar granule cells (D’Angelo et al., 1998) when the
excitable response has assumed its mature pattern (D’Angelo et al.,
1997). The interplay between I, and Iy y, is the basic mechanism, giving
rise to the action potentials, and the presence of I, and I -, allows
coupling between intracellular calcium dynamics and membrane poten-
tial dynamics. We also reduced the number of gating variables by exploit-
ing the difference in their time scale compared with the time scale of the
evolution of V. The complete expressions for the different ionic currents
are given by the following:

Ing = Zuamh(V = Vi), (2)
Iy = gV — V), (3)
Iy = g8’ (V= Ve, (4)

Ii—ca = Zx-cat(V = Vi), (5)

where the evolution of the gating variables A, s, and a is governed by the
following relationships:

dh h(V) —h
@ nw ©
ds so(V) —s
di V) 7

da B a.(V,Ca) —a
dt - 1(V,.Ca) )

For a given gating variable, x, the steady state function, x.,, and the
relaxation time constant, T, are related to the corresponding first-order
rate functions, « and 3, by the following relationships:

ax
ot B

Xoo Ty = = m,h,n,s,a. 9)

o+ B
Channel parameter values are given in Table 1. The gating parameters for
Iy Ixvs Ic, and the cell capacitance, (C,, = 3.14 pF) are the same as
those in Maex and Schutter (1998). The conductances of the different
currents and the parameters related to the calcium dependence of Iy,
were adapted to obtain current intensities during the action potential
similar to those in the models of Gabbiani et al. (1994) and D’Angelo et
al. (2001).

To complete the model, the following balance equation gives the evo-
lution of the free calcium concentration (in um) in a submembrane shell
of thickness d in a cell of surface area A.

dCa B I,
- —m—BCaCa , (10)

where the dimensionless parameter f represents the calcium-buffering
capacity of the cytosol inside the submembrane shell, resulting from the
presence of fast calcium-binding proteins (binding is assumed to be in-
stantaneous). In particular, calretinin is a fast-calcium buffer, the mean

free lifetime for a Ca** ion in the presence of a physiological concentra-
tion of the protein of the ws order (Edmonds et al., 2000), third order of
magnitude faster than the time scale of the evolution of the system vari-
ables. Therefore, any alteration in the calretinin level corresponds to a
modification of f. Moreover, because this parameter can be seen as the
ratio of free Ca*" concentration to bound Ca®" concentration (Chay
and Keizer, 1983; Gall and Susa, 1999; Gall et al., 1999), a decrease in
cytosolic Ca®* -buffering capacity, attributable to the absence of calreti-
nin, can be mimicked by an increase in the value of f. In the absence of
data for cerebellar granule cells, the numerical values for the cytosolic
Ca**-buffering capacity (in the order of 0.01) have been set in agreement
with values reported for other neuronal types (Tatsumi and Katayama,
1993; Stuenkel, 1994; Helmchen et al., 1996), with the notable exception
of cerebellar Purkinje cells, which show a calcium-binding ratio of an
order of magnitude higher (Fierro and Llano, 1996). The parameter B,
describes Ca** removal corresponding to diffusion, action of ionic
pumps, and slow buffers. Calcium dynamics were adapted to yield Ca**
transients in the uM range, similar to those reported from Gabbiani et al.
(1994). Parameter values are A = 314 (um)?, d = 0.084 um, B, = 10
msec ', and F is the Faraday constant.

Equations 1, 6, 7, 8, and 10 constitute our minimal model for the
cerebellar granule cell. The equations of the model are numerically solved
using a fourth-order Runge-Kutta method, as implemented in the sub-
routine DO2BBF of the Numerical Algorithms Group library. Computa-
tions are performed on an SGI R12000 workstation (Silicon Graphics,
Mountain View, CA). To test the accuracy of our minimal model, simu-
lations were also run with similar results (data not shown), with models
by Maex and Schutter (1998) and D’Angelo et al. (2001) modified to
include Ca®" dynamics as described in Equation 10.

Results

Enrichment of calretinin in the mouse cerebellum
Calcium-binding proteins are differentially expressed depending
on the neuronal type. Figure 1 A shows that calretinin is particu-
larly enriched in the mice cerebellum as compared with other
brain areas such as the hippocampus (Schurmans et al., 1997). In
this study, the role of calretinin was investigated by using
calretinin-deficient mice. Calretinin was revealed by Western
blotting with anti-calretinin antiserum. No calretinin signal
could be detected in the cerebellum of Cr~/~ mice as expected for
a null mutation (Fig. 1B). In addition, immunocytochemistry
revealed no calretinin immunoreactivity in the cerebellar granule
cell layer of Cr™'~ mice (Fig. 1C).

Alteration of granule cell intrinsic membrane excitability

Unless otherwise stated, recordings were made using the perfo-
rated patch technique to minimize unwanted alteration of the
endogenous Ca’™-buffering capacity. No difference in mem-
brane resistance or capacitance could be observed in Cr '~ com-
pared with wild-type granule cells (Table 2), indicating the ab-
sence of granule cell morphological alterations. This was
confirmed by the quantitative data we obtained using histological
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Figure 1. Expression of calretinin in the cerebellum of wild-type mice and absence of calretinin in the cerebellum of mutant

mice. The Western blot analysis shown in A illustrates the relative distribution of calretinin in the cerebellum and hippocampus of
the wild-type mice (n = 4). Also shown is a Western blot analysis of cerebellar protein homogenates (B) and calretinin-
"~ mice compared with wild-type mice. Scale bar, 10 m. No

immunoreactivity detection in the granule cell layer () from Cr

calretinin signal is detected in the Cr '~ mice.

Table 2. Passive membrane properties

n Ve (MV) C, (pP) R, (G2
w1 5 —648 + 55 20 +0.2 23+03
(e 8 —659 53 22+ 04 21+02

staining and confocal microscopy showing that the mean granule
cell-apparent area was similar in both WT (21.8 = 1.05 um? n =
4) and calretinin-deficient mice (20.69 * 1.28 um?; n = 4; NS).
Moreover, no difference in subthreshold currents measured at
—70 and —80 mV could be detected in Cr™/~ mice (—1.9 = 2.0
pA and —7.8 £ 2.0 pA, respectively; n = 8) as compared with
wild-type granule cells (—2.2 = 5.7 pA and —7.9 = 4.8 pA, re-
spectively; n = 5; NS).

Intrinsic granule cell electroresponsiveness was investigated
in current-clamp recordings. The resting potential of WT and
Cr ™'~ granule cells was not significantly different (—64.8 * 5.5
mV,n=5vs —65.9 £ 53mV, n = 8NS). Neither WT nor Cr~/~
granule cells generated spontaneous action potentials. Active cell
membrane properties were evaluated by measuring the voltage
response while injecting steps of depolarizing current of increas-
ing intensities in the granule cell soma. Above a critical value of
the injected current (4.4 £ 1.6 pA for WT, n = 5vs4.9 = 1.0 pA
for Cr™/~, n = 8; NS), fast repetitive spiking was obtained with a
threshold of spike prepotential of —58.0 = 2.3 mV for WT gran-
ule cells (n = 5)and —58.7 = 2.0mV for Cr '~ granule cells (n =
8; NS). Action potentials occurred in regular trains showing little
or no adaptation (Fig. 2A), and frequency increased with the
intensity of the injected current. The average frequency was mea-
sured over the entire duration of current injection (1 sec) and was
used to construct current—frequency plots (Fig. 2 B). At low cur-
rent intensities, the current—frequency plots were interpolated
with a straight line. Because the threshold current and maximal
frequency varied substantially from cell to cell, the evaluation of
the slope factor of the linear part of current—frequency plots was
used as a normalized measure of excitability. Using such analysis,
we observed a significant increase in the slope of the current—
frequency plots (4.8 = 0.2 Hz-pA ' for WT, n = 5and 6.6 = 0.7
Hz-pA_1 for Cr™/~, n = 8; p < 0.05), indicating that the excit-
ability of Cr ™'~ granule cells was increased (Fig. 2C). In addition,
Cr~'™ granule cells showed a 23% decrease in the action potential
half-width (Fig. 2 D) evaluated at the threshold potential in which
fast repetitive spiking is obtained (1.02 * 0.06 msec for WT, n =
5 and 0.78 = 0.06 msec for Cr /", n = 8 p < 0.05). Besides
changes observed in Cr™’™ mice, it should be noted that both the
spike shape and frequency of spike discharge in WT mice were
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similar to those reported previously
(D’Angelo et al., 1998). The action poten-
tial undershoot amplitude was deeper for

Cr~/~ than WT granule cells, although
this change did not reach statistical signif-
icance (—4.0 = 0.7 mV for WT, n = 5and
—64 *17mVforCr /", n=7p=
0.2406; NS). The fact that the latter change
fails to be statistically significant probably
reflects the higher sensitivity of this pa-
rameter toward cell-to-cell variations,
compared with more robust temporal pa-
rameters such as the slope factor of cur-
rent—frequency relationship or the action
potential half-width.

Restoration of neuronal excitability by
an exogenous buffer
The lack of calretinin in Cr~’~ mice is likely to alter cytosolic
Ca’** buffering in cerebellar granule cells. To test this hypothesis,
we measured the ability of an exogenous Ca*" buffer to restore
similar levels of excitability in the mutant mice as in the WT mice.
Because calretinin and BAPTA have similar Ca**-binding kinet-
ics (Roberts, 1993; Edmonds et al., 2000), we perfused the cells
with 0.15 mM BAPTA using the whole-cell configuration of the
patch-clamp technique. In these conditions, no differences be-
tween the mutant and the WT mice could be found (Fig. 3) either
concerning spike-discharge frequency (4.4 = 0.3 HzpA ™' for
WT, n =5and 4.4 = 0.4 HzpA ' for Cr /~, n = 5) or action
potential half-width (0.59 = 0.07 msec for WT, n = 50 and
0.64 = 0.06 msec for Cr~/~, n = 5). The difference in action
potential half-width observed in WT granule cells using the
whole-cell configuration, compared with the corresponding
value measured using the perforated patch method, is probably a
consequence of the difference between the two recording condi-
tions. Indeed, the higher series resistance obtained in perforated
patch configuration determines a voltage attenuation (D’Angelo
et al., 1995) that could slightly alter the spike shape but not the
spike count. Therefore, we can compare the slope factors ob-
tained in the two recording conditions. Our results show that the
presence of 0.15 mMm BAPTA in the pipette is sufficient to restore
an excitability level in the Cr™'~ granule cell similar to the one
measured in the WT using the perforated patch method. This
indicates that the endogenous cytosolic Ca**-buffering capacity
in the cerebellar granule cell is approximately equivalent to 0.15
mM BAPTA.

We also studied the effect of a decreased calcium-buffering
capacity on granule cell excitability by performing whole-cell re-
cording with low BAPTA concentration (0.01 mm) on wild-type
mice. In these conditions, we observe an important spike-
frequency accommodation (data not shown) in all of our record-
ings (n = 7). The absence of a stable repetitive firing pattern
prevented us from estimating accurately the average action po-
tential frequency at a given injected current and thus to construct
current—frequency plots. Therefore, the intrinsic excitability can-
not be evaluated in a similar way as the previous recordings. In
addition, the spike-frequency accommodation alters the action
potential kinetics, preventing us from accurately measuring the
action potential half-width. Such modulation of spike-frequency
accommodation by changes in calcium-buffering capacity has
been shown to occur in hippocampal neurons (Lancaster and
Nicoll, 1987). The absence of a similar increase in spike-
frequency accommodation in the perforated patch recording on
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the Cr™/~ granule cells indicates the exis- A
tence of compensatory mechanisms at
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To investigate the role of cytosolic Ca*" ey
buffering on intrinsic granule cell excitabil- 2 100l
ity, we used a mathematical model (see Ma- g
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in cytosolic Ca®"-buffering capacity on the LA T
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in cytosolic Ca*"-buffering capacity, result- & o[ _ o B 7]
ing from the absence of calretinin, can be & S 0.2 -
simulated by anincreasein thevalueof . The ~ = g E 0.0

observed alterations in Cr’~ mice can be
mimicked by a fourfold decrease in the cyto-

—/—

solic Ca*" -buffering capacity, raising the ac-
tion potential frequency from 55.1 (f =
0.01) to 105.7 Hz ( f = 0.04) in good agree-
ment with the experimental data (Fig. 2A).
The linear slope increase in current—fre-
quency plots from 3.0 HzpA ! for f = 0.01
to 5.2 HzpA ! for f = 0.04 (Fig. 4 B) is also
close to the experimental values. Figure 5
shows the effect of a fourfold decrease of
the cytosolic Ca" -buffering capacity on

Figure 2. mice. A, Repetitive spiking
obtained by the injection of a 14 pA depolarizing currentina WT granule cell (top) anda Cr '~ granule cell with similar threshold
current for action potential generation. The Cr /™ granule cell shows a much higher action potential frequency (4, bottom) and
faster action potentials (D, inset) compared with the WT cell for the same injected current from a holding potential of —80 mV.
Because the frequency remained stable throughout the stimulation, average frequency was measured over the total time of
currentinjection (1 sec) atincreasing intensities. From this data, current—frequency plots could be constructed ( B). At low-current
intensities, granule cells showed a linear encoding of stimulus intensity. The slope of the linear part of current—frequency plots
was used as a measure of the intrinsic granule cell excitability. Histograms report the slope factor of current—frequency plots for
WTvs (r~"~ () and corresponding durations of action potentials at half-amplitude (D) evaluated at the threshold potential
where fast repetitive spiking is obtained. In the perforated patch configuration, Cr /"~ granule cells (n = 8) show significantly
(*p << 0.05) increased excitability and faster action potentials (*p << 0.05) compared with WT (n = 5).

Evaluation of the intrinsic excitability of a cerebellar granule cell in wild-type and Cr
/

membrane voltage, submembrane Ca**
concentration, and membrane currentsduring an action poten-
tial. The action potential half-width undergoes a 41% decrease
when fis increased from 0.01 to 0.04. This action potential short-
ening reflects a more pronounced activation of I_., because of
faster Ca** dynamicstaking place when the cytosolic Ca**-
buffering capacity is decreased. This greater Iy_c, activation also
leads to a 28% increase in the action potential undershoot. There-
fore, the model suggests that the faster Ca*>* dynamics can fully
explain the increased excitability observed in Cr '~ mice through
increased activation of Ca**-activated K™ current. It is impor-
tant to note that a change in the dynamics leading to the activa-
tion of I_, is needed to obtain hyperexcitability in the model. A
simple increase in the maximal conductance, attributable to
Ca**-activated K™ channels (gx_¢,), leads to the opposite effect,
lowering the spike frequency (data not shown). Finally, because
our model is a qualitative one, we do not claim that the fourfold
variation in f represents the actual variation of the calcium-
buffering capacity resulting from the absence of calretinin. A
quantitative analysis would require a detailed knowledge of the
mechanisms regulating the Ca®" homeostasis of the cerebellar
granule cell. Such a complete set of quantitative data is not avail-

able at the present time. Similar results (date not shown) were
obtained with models by Maex and Schutter (1998) and
D’Angelo et al. (2001), which were modified to include Ca**
dynamics as described by Equation 10.

Unaltered synaptic transmission

We have also examined whether the absence of calretinin also
affects synaptic transmission at the mossy fiber—granule cell syn-
apse. Granule cells are excited by glutamatergic mossy fiber syn-
apses and inhibited by GABAergic Golgi cell synapses. Without
GABA,, receptor inhibitors, mossy fiber stimulation in sagittal
cerebellar slices causes strong granule cell inhibition through di-
rect activation of Golgi cells by the mossy fibers (Armano et al.,
2000). Therefore, to measure the EPSPs, we stimulated mossy
fibers in the presence of the GABA, receptor-blocker picrotoxin
(25 um). In these conditions, a similar increase in the intrinsic
excitability was observed, because the slope of the current—fre-
quency plots was significantly higher in mutant mice (3.4 = 0.6
HzpA 'for WT,n=6and7.3 = 1.0HzpA 'forCr /", n=5;
p < 0.05). However, no differences in the EPSP amplitude or
kinetics could be observed (Fig. 6, Table 3).
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Figure3. Restauration of neuronal excitability by the exogenous Ca2* buffer BAPTA. In the

whole-cell configuration, the presence of 0.15 mm BAPTA in the pipette solution is able to
restore a similar excitability level in the WT and Cr—/~ mice.
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Figure4. Fffect ofa reduction of the Ca 2 * -buffering capacity on the intrinsic excitability of
the granule cell model. A, The response of the granule cell model to injection of a 14 pA depo-
larizing current with a cytosolic Ca** -buffering capacity parameter f of 0.01 (top) and 0.04
(bottom) is shown. Theincrease in parameter fmimics the decrease in cytosolic Ca 2 -buffering
capacity, resulting from the absence of calretinin (see Materials and Methods). 8, Correspond-
ing current—frequency plots. The curves are obtained by numerical integration of Equations 1,6,
7,8,and 10. Parameter values are listed in Materials and Methods. As observed experimentally,
action potentials are faster, and the slope of the current—frequency plot is markedly increased.

Discussion

This study shows that the absence of calretinin increases cerebel-
lar granule cell excitability without altering granule cell morphol-
ogy or passive electrical membrane properties. Calretinin is a
Ca**-binding protein member of the “EF-hand” family (Per-
sechini et al., 1989). On the basis of available functional data, two
types of EF-hand Ca**-binding proteins can be distinguished.
Proteins like calmodulin change their conformation after Ca**
binding, thereby modulating the activity of various enzymes
(Cheung, 1980) and ionic channels (Peterson et al., 1999; Qin et
al., 1999; Zuhlke et al., 1999). In contrast, proteins like parvalbu-
min, calbindin-D28K, and calretinin are believed to play the role
of passive-buffering systems, limiting the rise in intracellular free
Ca>" concentration.

We used a mathematical model to examine whether the ob-
served alterations of Cr /" cerebellar granule cell electrorespon-
siveness could be linked to the decreased Ca*" -buffering capacity
determined by the absence of calretinin. When challenged with a
decreased cytosolic Ca’ " -buffering capacity, the model correctly
predicts all of the changes in Cr™/~ granule cell electrorespon-
siveness that are observed experimentally. Thus, calretinin seems
to affect excitability primarily by acting as a passive Ca*" buffer.
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Figure 5.  Fffect of a reduction of the Ca ™ -buffering capacity on the action potential, sub-

membranous Ca2 ™" concentration, and ionic currents of the granule cell model. A, B, Superpo-
sition of the action potentials (A) elicited by a 4 pA depolarizing current and corresponding
(a’" transients in the submembrane shell (B) with a cytosolic Ca 2" -buffering capacity pa-
rameter fof 0.01 (solid line) and 0.04 (dashed line). C, D, The corresponding time courses of ionic
currents flowing across the membrane during the action potential for f= 0.01(() and f = 0.04
(D). Iy, Voltage-dependent Na ™ current; /., delayed rectifier K™ current; Ic,, high-
threshold Ca%™ current; IK,(a,(a”—activated K ™ current. Action potentials are shorter when
the buffering capacity is decreased. The decreased cytosolic Ca® " -buffering capacity allows
higher and faster Ca®* transients, leading to a more pronounced activation of /., , whereas
the other currents remain mostly unchanged.
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Figure 6.  No change in synaptic excitation of Cr—/~ cerebellar granule cells. 8, Superposi-

tion of three traces corresponding to the synaptic responses elicited by mossy fiber stimulation
from a membrane potential of —70 mV in the presence of 25 M picrotoxin in a wild-type
granule cell (A) and Cr=/~ granule cell (B). The absence of calretinin does not induce alter-
ations in EPSP characteristics (Table 3).

A direct confirmation of this conclusion is provided by the fact
that 0.15 mm BAPTA is able to restore normal excitability levels in
Cr~'™ granule cells. A consequence of this observation is that,
because calretinin and BAPTA have similar Ca**-binding kinet-
ics and because calretinin is the only calcium-binding protein
detected so far in cerebellar granule cells, 0.15 mm BAPTA may
effectively mimic the contribution of calretinin to the cytosolic
Ca**-buffering capacity of the granule cell. Finally, the similar
intrinsic excitability in the wild-type and Cr~/~ mice observed in
the presence of 0.15 mM BAPTA supports the notion that the
membrane properties involved in the action potential generation
are similar in the two strains. Thus, the possibility that the in-
creased excitability observed in Cr™/~ mice in the perforated
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Table 3. EPSP characteristics

Amplitude Time to peak Tgecay Spike
n (mV) (msec) (msec) number
WT 6 178 £ 3.1 23.7 £ 4.1 127.6 = 36.0 23+05
a '~ 5 151 =47 227 +50 117.2 = 285 22*+04

patch configuration is a consequence of long-term changes in the
electrical membrane properties resulting from the mutation can
be ruled out.

Our model should not be seen as a complex model of the
granule cell, similar to the one proposed by D’Angelo et al.
(2001), but rather as an abstract model focusing on a specific cell
property, cytosolic Ca** buffering. The purpose of this model is
to demonstrate the basic mechanism linking alteration of the
intrinsic excitability in Cr~/~ mice to alterations in the cytosolic
Ca**-buffering capacity. Thus, on a broader perspective, the
conclusions drawn from our simulations can be applied to other
neuronal types, providing that the mechanisms of excitability are
essentially the same as in cerebellar granule cells and that the
conductance of the Ca*"-activated K channels is sufficient to
obtain a strong coupling between excitability and Ca** dynamics
during the spike generation. Although it is general knowledge
that increasing Ca’ " -activated K current slows down the firing
rate, faster Ca>* dynamics through reduced Ca** buffering has
the opposite effect. The model suggests that this is because of
direct control of Iy ., by the Ca*" transient, speeding up spike
repolarization when the calcium-buffering capacity is decreased.
Interestingly, experimental data obtained from hippocampal
neurons perfused with BAPTA support our results (Lancaster
and Nicoll, 1987; Storm, 1987). In this view, in addition to their
obvious role in Ca** homeostasis, Ca*"-binding proteins could
play an active role in modulating neuronal intrinsic excitability
and therefore neuronal plasticity. Although information storage
is usually believed to be mediated by long-term modifications in
the strength of synaptic transmission, activity-dependent
changes in the neuronal intrinsic excitability also take place, caus-
ing forms of nonsynaptic plasticity. Such activity-dependent
changes in intrinsic excitability have been shown to occur in cer-
ebellar granule cells (Armano et al., 2000) and neurons of the
deep cerebellar nuclei (Aizenman and Linden, 2000). It would be
interesting to know whether activity-dependent modifications in
the localization or in the level of expression of Ca®"-binding
proteins are involved. Although expression changes are still con-
troversial (for review, see Baimbridge et al., 1992), changes in the
localization of calretinin have been shown to occur in neurons
(Hack et al., 2000).

Our results shed light on previous data obtained by Schift-
mann et al. (1999), which show an increased simple-spike firing
in Purkinje cells of alert Cr/~ mice. Because calretinin is not
expressed in Purkinje cells, their firing alterations have to be an
indirect consequence of the mutation. Indeed, because granule
cells excite Purkinje cells through the parallel fibers, the increased
Purkinje cell-firing rate observed in vivo can be explained by the
increased granule cell excitability. Indeed, neither any increase in
synaptic excitation was observed at the mossy fiber granule cell
synapse nor excitatory transmission or short-term plasticity were
altered at the parallel fiber Purkinje cell synapse in Cr™/~ cere-
bellar slices (Schiffmann et al., 1999). Thus, altered intrinsic ex-
citability in granule cells is probably the most important factor
causing the in vivo alterations in Cr~'~ mice.

The possibility that calretinin deficiency might increase excit-
ability in other cerebellar neurons cannot be ruled out at present.
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Indeed, in rodents, calretinin is also present in two other neuro-
nal subtypes of the granule cell layer: unipolar brush cells and
Lugaro cells (Résibois and Rogers, 1992). Lugaro cells are be-
lieved to exert a disinhibitory influence on Purkinje cells via a
glycinergic inhibition of Golgi cells (Dieudonné and Dumoulin,
2000). Therefore, an increased excitability of the Lugaro cells
induced by the calretinin deficiency could lead to an increased
activity at the level of the Purkinje cell. The involvement of
unipolar brush cells may also cause a direct excitatory enhance-
ment of Purkinje cells. However, it should be noted that unipolar
brush cells are restricted to a subset of cerebellar lobes (Difio et
al., 2000), whereas the increased Purkinje cell firing is ubiquitous
in the cerebellar cortex of Cr™/~ mice (G. Cheron, D. Gall, and
S. N. Schiffman, personal communication).

In conclusion, this study demonstrates that calretinin defi-
ciency increases the intrinsic excitability of cerebellar granule
cells. The increased granule cell electroresponsiveness may ex-
plain the electrophysiological and behavioral alterations ob-
served in vivo on alert Cr~'~ mice, indicating the critical role of
granule cells in information processing in the cerebellar cortex.
On a broader perspective, we suggest that modulation of neuro-
nal excitability by Ca*"-binding proteins could play a functional
role in the control of information coding and storage in the CNS.
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