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T-Type and L-Type Ca®" Conductances Define and Encode
the Bimodal Firing Pattern of Vestibulocerebellar Unipolar
Brush Cells
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Cerebellar unipolar brush cells (UBCs) are glutamatergic interneurons that receive direct input from vestibular afferents in the form of a
unique excitatory synapse on their dendritic brush. UBCs constitute independent relay lines for vestibular signals, and their inherent
properties most likely determine how vestibular activity is encoded by the cerebellar cortex. We now demonstrate that UBCs are bimodal
cells; they can either fire high-frequency bursts of action potentials when stimulated from hyperpolarized potentials or discharge toni-
cally during sustained depolarizations. The two functional states can be triggered by physiological-like activity of the excitatory input and
are encoded by distinct Ca** -signaling systems. By combining complementary strategies, consisting of molecular and electrophysiolog-
ical analysis and of ultrafast acousto-optical deflector-based two-photon imaging, we unraveled the identity and the subcellular localiza-
tion of the Ca>* conductances activating in each mode. Fast inactivating T-type Ca>* channels produce low-threshold spikes, which
trigger the high-frequency bursts and generate powerful Ca*" transients in the brush and, to a much lesser extent, in the soma. The tonic
firing mode is encoded by a signalization system principally composed of L-type channels. Ca>* influx during tonic firing produces a
linear representation of the spike rate of the cell in the form of a widespread and sustained Ca*" concentration increase and regulates
cellular excitability via BK potassium channels. The bimodal firing pattern of UBCs may underlie different coding strategies of the

vestibular input by the cerebellum, thus likely increasing the computational power of this structure.
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Introduction

The most caudal, or flocculonodular, lobe of the cerebellum is
generally known as vestibulocerebellum. As its name suggests, the
vestibulocerebellum processes information mainly from the ves-
tibular system, receiving both direct ipsilateral sensory afferences
from primary nuclei and bilateral projections from brainstem
secondary nuclei (Barmack, 2003). Integrating sensory and mo-
tor components, the vestibulocerebellum regulates ocular move-
ments and controls head and trunk posture, thus contributing to
the correct positioning of the body in space.

In this study, we examine a poorly characterized neuronal
type displaying a central position in the granule cell layer of ves-
tibulocerebellar lobules: the unipolar brush cell (UBC) (Altman
and Bayer, 1977; Floris et al., 1994). UBCs form a class of gluta-
matergic interneurons (Nunzi et al., 2001) morphologically char-

Received Oct. 30, 2006; revised Feb. 6, 2007; accepted Feb. 7, 2007.

This work was supported by the Fondation pour la Recherche Médicale (M.A.D., Y.0.), the Région lle de France
(M.A.D.), and the Human Frontier Science Program (Y.0., S.D.). We thank Drs. Philippe Ascher, Boris Barbour, Anne
Feltz, Philippe Isope, Alain Marty, and Eric J. Schwartz for comments on this manuscript.

Correspondence should be addressed to Marco Alberto Diana, Laboratoire de Neurobiologie Moléculaire et Cel-
lulaire, Centre National de la Recherche Scientifique Unité Mixte de Recherche 8544, Ecole Normale Supérieure, 46
rue d'Ulm, 75005 Paris, France. E-mail: mdiana@ens.fr.

DOI:10.1523/JNEUR0SCI.4719-06.2007
Copyright © 2007 Society for Neuroscience  0270-6474/07/273823-16%15.00/0

acterized by a single dendrite originating from the soma and
terminating in a brush-like structure composed of several dend-
rioles. A key region for synaptic integration, the brush receives a
single giant excitatory synapse, which is formed either by an ex-
trinsic vestibular fiber or by the axon of another UBC (Jaarsma et
al., 1995; Mugnaini et al., 1997; Nunzi et al., 2000, 2001). The
presynaptic element of this synapse shows the typical ultrastruc-
ture of mossy fiber (mf) terminals but forms an exceptionally
extended synaptic contact that can entrap glutamate for several
hundred milliseconds, thus enabling unusually long excitatory
responses (Rossi et al., 1995; Kinney et al., 1997). This unique
input is tempered by the mixed GABAergic/glycinergic inhibition
provided by Golgi cell terminals, impinging onto both the brush
and the soma (Mugnaini et al., 1997; Dugué et al., 2005).

UBCs provide a strong feed-forward excitatory input onto
other UBCs and granule cells (Nunzi et al., 2000, 2001) via axonal
mf-like terminals and possibly onto granule cells via dendroden-
dritic synapses (Mugnaini et al., 1997). Several arguments suggest
that UBCs are important elements in the vestibulocerebellar cir-
cuitry. First, ~50% of the mf terminals arise from UBCs (Nunzi
and Mugnaini, 2000). Second, their distribution spreads with
evolution beyond the vestibulocerebellum. Indeed, in primates,
UBCs are an integral part of the neuronal circuitry also in vermal
lobules related to spinal functions (Vig et al., 2005).
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UBC:s participate to the elaboration of the complex response
patterns encountered in the vestibulocerebellar cortex (Simpson
et al., 2005). Nevertheless, little is known about their function. A
modeling study suggests that the peculiar mf synapse input would
code for a delayed representation of vestibular information (Rob-
erts, 2004). Alternatively, UBCs may integrate and/or amplify
acceleration- and position-related vestibular signals. In all cases,
their intrinsic properties are most likely determinant factors for
their computational properties. Here, we provide the first de-
tailed account of the intrinsic excitability of UBCs and show that
bursting and tonic firing define separate functional states (Llinas
and Jahnsen, 1982). By combining electrophysiology, imaging,
and molecular analysis, we examine the relationship between the
activity displayed by UBCs and the underlying voltage-
dependent Ca>" conductances (VDCCs). In particular, we show
that the brush expresses VDCCs at high density, which determine
the integration and potentially the dynamic control of the sen-
sory information transiting via UBCs.

Materials and Methods

Slice preparation. Experiments were performed on slices from the cere-
bellum of 17- to 22-d-old Wistar rats. Animals were deeply anesthetized
with either chloroform or halothane before decapitation, in accordance
with procedural guidance by the Centre Nationale de la Recherche. After
isolation, the cerebellar vermis was placed in bicarbonate-buffered saline
(BBS) at 2-5°C for a few minutes. Parasagittal slices (250 um) were then
cut using either a VT1000S (Leica, Nussloch, Germany) or an HM650V
vibratome (Microm, Walldorf, Germany). The slicing procedure was
performed in cold BBS supplemented with sucrose (100 mm) and p-(-)-
2-amino-5-phosphonovaleric acid (p-APV; 50 um). The slices were then
stored at 32°C in oxygenated BBS for the rest of the experimental day. For
all recordings, the slices were continuously superfused (2-2.5 ml/min) in
the recording chamber with oxygenated extracellular solution. BBS con-
tained the following (in mm): 130 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.25
NaH,PO,, 26 NaHCOj3, and 10 glucose (pH 7.4, after equilibration with
95% O, and 5% CO,). All experiments were performed at 33—-36°C.

Electrophysiology. In the rodent cerebellum, UBCs form a heteroge-
neous population, as inferred by the region-specific expression of cellular
markers within the vestibulocerebellar subdivisions (Nunzi et al., 2002,
2003; Sekerkova et al., 2004). To reduce possible heterogeneity sources,
we thus restricted our recordings to UBCs in the ventral part of lobule X.
UBCs could be identified easily in the transmitted deep red light (~750
nm) with which slices were visualized using a CoolSnap HQ CCD camera
(Photometrics, Trenton, NJ) run by MetaMorph software (Universal
Imaging, Downington, PA) and mounted on an Axioskop microscope
(Zeiss, Oberkochen, Germany). UBC somas were typically intermediate
in size between granule and Golgi cells. Soma dimensions and a first
evaluation of the capacitance of the cell in the whole cell configuration,
giving values approximately comprised between 8 and 15 pF, were very
reliable criteria for identifying UBCs. Nevertheless, in most recordings,
either Alexa 488 (50 um) for purely electrophysiological experiments or
Alexa 594 (15 um) for two-photon imaging ones were added to the in-
tracellular solution to confirm the morphology of the cell.

Recording pipettes were pulled from borosilicate glass capillaries and
had a resistance of 3.5-6.5 M(). Several intracellular solutions were used
for whole-cell, patch-clamp recordings of UBCs. When either the firing
pattern of UBCs or BK channel activation were examined, recordings
were performed with an internal solution of the following composition
(in mm): 150 KMeSO,, 4.6 MgCl,, 10 HEPES, 4 Na-ATP, 0.4 Na-GTP,
0.05 or 0.25 EGTA, pH 7.3 with KOH and final osmolarity 295-305
mOsm. For some of the experiments described in Figure 2 A, K-gluconate
replaced K-methylsulphate, and 1 mm EGTA was used. External solu-
tions were supplemented with 1 um 2, 3-dihydroxy-6-nitro-7sulfonyl-
benzo[f]quinoxaline disodium salt (NBQX), 0.5 uMm strychnine, 1 um
6-imino-3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic acid hydro-
bromide (SR95531) to block AMPA, glycinergic, and GABAergic recep-
tors, respectively. When specified in this study, 0.4 um TTX was also bath
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applied. For the experiments shown in Figure 1, NBQX was omitted from
the external solution. Here, mossy fibers were activated via a stimulation
pipette placed in the granule cell layer, and the identity of the synaptic
currents evoked in UBCs was confirmed by bath applying 10 um NBQX
and 50 uMm D-APV at the end of the recording. Stimulation pipettes were
filled with HEPES-buffered solution. Stimulation pulses were provided
via a Model 2100 Isolated Pulse Stimulator (A-M Systems, Carlsborg,
WA).

In some of the wave-clamp experiments displayed in Figures 2 and 7,
40 mm BAPTA was used in the internal solution. Changes in osmolarity
were compensated for by modifying the content of K-methylsulphate. In
these experiments, traces recorded from current-clamped UBCs were
applied as voltage-clamp commands to the same UBCs after replacing
the standard BBS with the following tetraethylammonium (TEA)-BBS
solution: 130 TEA-CI, 2 CaCl,, 1 MgCl,, 26 NaHCO3, 10 glucose supple-
mented with TTX, strychnine, SR95531, and NBQX. The Ca?™ currents
activating during stimulation protocols were obtained as described in the
Results.

For the simultaneous somatic and brush recordings described in Fig-
ure 6 A, somatic whole-cell configuration was first established with an
Alexa 488-containing internal solution. Under visual guidance of the
whole-cell fluorescent signal, a second pipette was then approached to
the brush, and the loose cell-attached configuration (LCA) was estab-
lished. LCA pipettes contained either a K-methylsulphate-based internal
solution or standard BBS. Analysis was performed on LCA action poten-
tial waveforms obtained by averaging >30 single traces time-locked at
the peak of the corresponding action potentials. The duration of LCA
action potentials was calculated at the half-width of the negative part of
the curves, thus plausibly giving an evaluation of the slope of the depo-
larizing upstroke phase of action potentials. In LCA, recorded currents
are in fact understood to mirror approximately the time derivative of the
membrane potential (Barbour and Isope, 2000).

Ca®* current isolation and recording. Several ionic conditions were
tested to isolate Ca®" conductances. The best results were obtained with
an intracellular solution with the following composition (in mm): 150
N-methyl-p-glucamine (NMDG)-Cl, 4.6 MgCl,, 10 HEPES, 4 Na-ATP,
0.4 NA-GTP, 1 EGTA, pH 7.3 with NMDG. In several experiments, 10
mM Na,-phosphocreatine was added to the internal solution, and the
concentration of NMDG-Cl was modified accordingly. The extracellular
solution was the TEA-BBS described previously, supplemented with
TTX, strychnine, SR95531, NBQX, and 2 mm CsCl to block I, currents.
In these conditions, two distinct VDCC components, a slowly (SLINC)
and a fast (FINC) inactivating one, could be isolated clearly according to
their voltage dependence and their kinetic properties (see Figs. 3, 4). We
also performed several experiments using the following external NMDG-
BBS: 130 NMDG-CI, 2 CaCl,, 1 MgCl,, 26 NaHCOj;, and 10 glucose
supplemented with synaptic blockers and CsCl. With this extracellular
solution, I-V curves at depolarized potentials (more depolarized than
—30 mV) appeared to be contaminated by unidentified outward con-
ductances. Reported potentials have been corrected for a junction poten-
tial of 7 mV, measured with respect to extracellular BBS.

VDCCs slowly ran down in these whole-cell recording conditions,
typically disappearing 2025 min after breaking in. The steepest part of
the run-down process generally started after 10 min of recording. Phos-
phocreatine in the internal solution improved recording stability and
greatly reduced the run-down. To study VDCCs, typical protocols con-
sisted of stepping the cell to the test membrane potential for several
hundreds of milliseconds after a 1-s-long deinactivating step to —100
mV. Membrane holding potential was —75 mV. Either P/4 or P/8 sub-
traction protocols at 5% amplitude were applied to eliminate leak con-
tributions to voltage-dependent currents. Test pulses for Ca** currents
were normally given at 30 s intervals for pharmacological experiments
and at 20 s intervals for I-V curves and kinetic properties characteriza-
tion of VDCCs. Drug effects were evaluated on SLINC at —30 mV as test
potential and on FINC at either —40 or —30 mV.

Electrophysiological experiments: data acquisition and analysis. Electro-
physiological recordings were performed via either a double EPC-10
amplifier (Heka Elektronik, Lambrecht/Pfalz, Germany) run by Patch-
Master or Pulse software (Heka Elektronik) or, in preliminary experi-
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ments, a double EPC-9 amplifier (Heka Elektronic) run by Pulse. Sam-
pling frequency was either 20 or 40 kHz for VDCC recordings and 10, 20,
or 100 kHz for the other recordings. Data were filtered at 3 kHz. All data
were analyzed using IGOR (WaveMetrics, Lake Oswego, OR) and with
routines developed in-house. Analysis of VDCC amplitudes was per-
formed separately on SLINC and FINC components. SLINC amplitude
was calculated as the difference between the average current in the 500—
550 ms interval after the start of the test pulse and the average current in
a 50-ms-long prepulse interval. As for FINC, we fitted the SLINC current
with aline in a several hundred millisecond-long interval at the end of the
test pulse. The extrapolated value on the fitted line at the time point of
maximal FINC was then subtracted from the composite (SLINC plus
FINC) current value, calculated as the average current in a 600 us period
centered at the peak minus the control prepulse value. SLINC and FINC
activation and SLINC deactivation times were calculated between 20 and
80% of the corresponding processes. SLINC deactivation kinetics was
evaluated during the repolarization phase at the end of the 550-ms-long
test pulses performed to obtain I-V curves. SLINC activation times were
calculated on the current rising phase of test potential pulses performed
from —55 mV as holding potential. FINC deactivation was well fitted by
a double exponential function. The faster time constant, as opposed to
the slower time constant probably depicting inactivation, was assumed to
be the deactivation time constant. Statistical comparisons were performed
using either the Mann—-Whitney or the Wilcoxon ranked paired test. Statis-
tical significance was set at 0.05. Results are given as mean * SEM.
Two-photon imaging experiments. All experiments were performed
with a custom-built two-photon laser-scanning microscope. A detailed
description of the system is provided in a manuscript in preparation (Y.
Otsu, V. Bormuth, J. Wong, B. Mathieu, G. Dugué, A. Feltz, S. Dieud-
onné, unpublished observations). In brief, in our system, both X and Y
scanning was operated by acousto-optic deflectors (AODs). These non-
mechanical beam-steering devices use acoustic waves diffusing inside a
crystal to diffract light, thus allowing access to individual points of inter-
est on a biological specimen up to rates of several hundred kilohertz. The
TeO, crystal AODs, which constitute the core of our system, were custom
designed by A-A Opto-Electronic (Orsay, France). Two-photon excita-
tion was produced by an infrared Ti-Sa pulsed Tsunami laser pumped by
aMillennia VI (Spectra-Physics, Mountain View, CA) and coupled to the
transmitted light port of a BX51W1 microscope (Olympus, Tokyo, Ja-
pan) by a dichroic filter. The microscope was equipped with a 40X
LUMPIanFL/IR objective with 0.8 numerical aperture (Olympus). Fluo-
rescence photons were detected by a cooled AsGaP H7421-40 photo-
multiplier (Hamamatsu, Shizuoka, Japan). To operate the AODs and run
the scanning procedures, a custom-made user interface was pro-
grammed in Labview (National Instruments, Austin, TX). Determining
the appropriate acoustic wavelength in the AOD crystal deflects the laser
beam to a determined position. Steady-state acoustic waveforms were
generated via a Direct Digital Synthesis and a fast power amplifier from
A-A Optoelectronics in <10 ns. In our experiments, we set the dwell time
at each individual point of interest (POI) to 50 us, during which the POI
was illuminated and the resulting fluorescence photons were collected.
Summing the user-selected dwell time to the AOD switch rate (4 us)
provided the illumination duty cycle. In our experiments, between 15
and 25 POIs were chosen on UBCs. Fluorescence sample frequencies
were thus comprised between 1235 and 741 Hz. In this way, exceptionally
fast biological signals could be simultaneously recorded at multiple POIs.
Full images could also be acquired by performing a raster scan. As an
example, the reconstruction of UBC morphology, which can be seen in
Figures 5, 6, and 7, were performed by superimposing several raster scan
images at 2 uM Z increments. Whole-cell recordings of UBCs were per-
formed with an Axoclamp 2B amplifier (Molecular Devices, Union City,
CA) via a Digidata 1320A interface (Molecular Devices). Recording pi-
pettes contained the following (in mm): 150 KMeSO,, 6 NaCl, 2 MgCl, 10
HEPES, 4 ATP-Mg, 0.4 GTP-Mg, supplemented with the morphological
dye Alexa 594 (15 um; Invitrogen, Carlsbad, CA) and either Fluo-4 (200
uM; Invitrogen) or Fluo-5F (200 um; Invitrogen) as calcium-sensitive
dye. All experiments were performed at 33—36°C. When possible, brush,
shaft, and somatic points in the same focal plane were chosen to monitor
the structures simultaneously. Otherwise, the focal plane was modified to
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perform separate trials. Ca?"-sensitive dye fluorescence was typically
acquired continuously while performing electrophysiological protocols.
Fluorescence acquisition was routinely interrupted every 2-3 min to
check the recording stability. The laser powers used in this study (typi-
cally <10 mW?) provided good signal-to-noise ratios while limiting
photodamage, and optical recordings from UBCs were generally stable
over >20 min. All data were analyzed using IGOR (WaveMetrics) and
with routines developed in-house. For each experiment, all analysis was
performed on average fluorescence traces for brush, shaft, and somatic
signals obtained by pooling all POIs in the corresponding cellular com-
partment. For low-threshold spike (LTS)-triggered Ca** signals, so-
matic POIs were divided into two subsets, one group composed of the
POIs close to the cellular membrane and the other of the POIs chosen in
the center of the soma. Changes in fluorescence were evaluated by calcu-
lating AF/F,, = 100*(F — F,)/F,, where F, and F were the background-
subtracted average photon number at rest and the background-
subtracted average photon number during the test period, respectively.
Background fluorescence was acquired at a POI positioned away from
dye-loaded structures.

Single-cell reverse transcription-PCR. We studied the expression pat-
terns of eight genes encoding a1 calcium channel subunits by single-cell
reverse transcription (RT)-multiplex PCR (RT-mPCR) (Christophe et
al., 2005). All UBCs used for this analysis were recorded in acute slices. At
the end of the experiment, the content of the cell was aspirated under
visual control into the recording pipette. This operation was halted either
before or as soon as the seal was lost. Patch pipettes were filled with 10 ul
of a sterile-filtered and autoclaved solution containing the following (in
mu): 140 KCl, 5 HEPES, 3 MgCl,, and 5 EGTA, pH 7.3. The content of
the pipette was expelled into a sterile 0.2 ml test tube for reverse tran-
scription reactions by breaking the very tip of the pipette into the tube
and simultaneously applying positive pressure to the pipette. The usual
volume recovered was ~5 ul. To perform the one-step RT-PCR, this
volume was brought to 20 ul with the following components at final
concentrations, as follows: 0.2 um forward primers, 0.2 uM reverse prim-
ers, 25 ul of 2X buffer of the SuperScript III One-Step RT-PCR System
(containing 0.2 mM each of the four deoxyribonucleotide trisphosphate
and 1.2 mm MgCl, final concentration; Invitrogen) and 2 ul of the en-
zyme mixture (Superscript III RNase H™ Reverse Transcriptase and Plat-
inum Taq Polymerase). The resulting 50 ul mix was incubated for 45 min
at 55°C and then submitted to 40 PCR cycles (15 s at 94°C, 30 s at 56°C, 1
min at 68°C) with an initial denaturation period of 2 min at 94°C and a
final elongation of 5 min at 68°C. The PCR products were reamplified in
simplex mode with a unique pair of primers. The reaction was set up as
follows: 2 pl of 10X reaction buffer (yielding to 1.5 mm MgCl, final
concentration; Qiagen, Courtaboeuf, France), 0.2 um forward primers,
0.2 uMm reverse primers, 0.2 mM each of the four deoxyribonucleotide
trisphosphate, 2.5 U of Taq Polymerase and water up to 20 ul. Thirty
PCR cycles (1 min at 94°C, 1 min 30 s at 56°C, 1 min at 72°C) were then
performed with an initial denaturation period of 3 min at 94°C and a final
elongation of 10 min at 72°C. The primers used have the following se-
quence and are listed in the forward and reverse order: 1A, 5" -CACTCA
AGC TGG TGT CTG GA-3’ and 5'-GGA AAA CAG TGA GCA CAG
CA-3';a1B,5'-ACATTC GTG GTC TCT CCA CC-3" and 5'-GAG GCG
AAG GAAGCT TAG GT-3'; alC, 5'-CCA GCC CAG AAA AGA AAC
AG-3" and 5'-ACT GCC TTT TCC TTA AGG TGC-3'; alD, 5'-ATT
GCC AGA AAA GAA AGC CTA GA-3" and 5'-AAT GAG CTT GTG
GCA ACCCAC-3'; alE, 5'-ATG GAG ACT CGG ACC AGA GC-3' and
5'-GGT GGC CAG GAT CAT GTA CTC-3'; alG, 5'-GAT GGT ACC
TCA CAC TGA GG-3' and 5'-GGT TGG GAG TGA ACA GAC AA-3';
alH, 5'-AGG ACG CAG CAG AGT TTG AT-3' and 5'-GTT GGA GAC
GCT GAG AAA GG-3'; a11, 5'-ATG CTG GTG ATC CTG CTG AAC-3’
and 5'-GCA CGC GGT TGA TGG CTT TGA G-3'. Each PCR was run on
a 1.5% agarose gel stained with ethidium bromide using a 100 bp DNA
ladder molecular weight marker (Promega, Charbonnieres, France). The
efficiency of the RT-multiplex PCR protocol was tested on 500 pg of total
RNA from rat cerebellum for each primer pair. The result of the PCR for
each tested gene in all experiments was taken into account when the
positive control reaction demonstrated a single major band of correct
size, whereas the negative control reaction (without reverse transcrip-
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tase) generated no detectable products other
than primer dimers. As a control, harvesting
pipettes were briefly brushed on the slice sur-
face, and the amplification procedure was re-
peated as for whole-cell recordings. All of the
PCR fragments amplified from mRNA
spanned at least one intron to prevent or at least
identify amplification of genomic DNA.
Drugs. Stocks of NBQX, SR95531, p-APV,
TTX (Tocris Cookson, Bristol, UK), strych-
nine, and mibefradil (Sigma, St. Louis, MO)
were prepared in water and stored at —20°C. In
our experiments, mibefradil was used at a
concentration of 10 uM, because, at lower
concentrations, the action of the drug in the
slice was too slow to warrant stable record-
ings. Stocks of CsCl, CdCl,, CoCl,, and NiCl,
(Sigma) were prepared in water and stored at
5°C. Stocks of isradipine, paxilline, penitrem
A (Sigma), 1,4-dihydro-2,6-dimethyl-5-nitro-4-
[2-(trifluoromethyl)phenyl]-3-pyridinecar-
boxylic acid, methyl ester (BAYK8644), and
2,5-dimethyl-4-[2-(phenylmethyl)benzoyl]-
1H-pyrrole-3-carboxylic acid methyl ester
(FPL64176) (Tocris Cookson) were prepared
in DMSO and stored at —80°C. Nimodipine
(Tocris Cookson and Sigma) was dissolved in
DMSO at most 5 min before use, and the
aliquot was used for a single experiment. All
dihydropyridines, FPL64176, and paxilline
were applied in dark-room conditions. All
other drugs were obtained from Sigma.

Results

Tonic and burst firing of cerebellar
UBCs in response to mossy fiber inputs
UBCs were recorded in the granule cell
layer of the vestibulocerebellum. UBCs
were reliably identified by the diameter of
their ovoid cell body (1020 wm), which
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Figure 1. Mossy fiber stimulation and UBC excitability. A, The typical morphology of a cerebellar UBC shown here on the left
was obtained with a commercial anti-calretinin antibody. Note the single dendrite terminating with small finger-like dendrioles.
The histogram on the right illustrates the distribution of the resting membrane potentials (Rest. potential) of 20 UBCs, calculated
as the membrane potential while injecting no net current into current-clamped cells. In only one case, a UBC fired spontaneously
(Spontan. firing). Bins in the graph cover 2 mVintervals. B, In the voltage-clamp configuration, single mf stimulation produced the
typical biphasic synaptic response of UBCs. The faster component is included in the dashed box on the left, and is correspondingly
time enlarged on the right. Here, the stimulation artifact was cancelled for clarity, and the time of stimulation is indicated by the
black arrow. Note the different time scale. In this UBC, the faster EPSC had 76.4 pA amplitude, 269 s rise time, and 1.9 ms decay
time constant. In contrast, the slower component had 58.0 pA amplitude and 454.5 ms decay time constant. The mf response was
blocked by application of NBQX and o-APV (left gray trace). Traces are averages from eight (control) and 10 (NBQX and p-APV)
individual responses. C, Mossy fiber stimulation induces bursts and tonic firing in UBCs. In current clamp, a train of six stimulations
at 20 Hz triggered two bursts of action potentials in this UBC from hyperpolarized voltages (top). Longer stimulation trains (2 s at
20 Hz) induced two bursts followed by individual action potentials from a membrane potential slightly more depolarized than
—70 mV (middle) and a train of tonic spikes, but no bursts, from more positive potentials (bottom). In all traces, bursts are
indicated with black dots. A minimum of two action potentials at frequencies higher than 100 Hz were considered as a burst. Insets
represent the first burst of action potentials on the top and the response of the cell to the first mf stimulation in the middle and

is intermediate between that of Golgi cells
and granule cells. In most cells, their dis-
tinctive morphology, a single sturdy dendrite with a paintbrush-
like ending (Fig. 1 A), was nonetheless confirmed on-line by flu-
orescence imaging after whole-cell loading of either Alexa 488 or
Alexa 594.

The vast majority of the UBCs tested (19 of 20) did not dis-
charge spontaneously at rest when recorded in the cell-attached
configuration. When entering the whole-cell configuration, the
resting membrane potential ranged between —57.8 and —72.9
mV and averaged —67.6 £ 0.9 mV (n = 19) (Fig. 1 A, histogram
on the right).

The only known source of excitation of UBCs is their single
giant mossy fiber input, which can be spontaneously active at
high frequencies in vivo (>> 20 Hz) (Goldberg and Fernandez,
1971) and is thus likely to drive the complex pattern of activity of
UBC:s observed in anesthetized and awake animals (Simpson et
al., 2005). To understand how UBCs may transcode their synap-
tic input, we examined the response of UBCs to extracellular
stimulation of the mf. Strychnine (0.5 um) and SR95531 (1 um)
were bath applied to block synaptic inhibition (Dugué et al.,
2005). In voltage-clamped cells (holding potential, —72 mV),
single mf stimulations produced a typical biphasic synaptic re-
sponse (Rossi et al., 1995) (Fig. 1 B). The first component of the
response was a “classical” fast EPSC that had an average ampli-
tude 0of 102.8 £ 19.1 pA (n = 11) (Fig. 1 B, inset, right trace), rose

bottom traces. Calibration: (inset) 30 mV, 5 ms. Stimulation artifacts have been reduced digitally for clarity.

in0.31 = 0.06 ms (n = 11) from 20 to 80% of the peak amplitude,
and decayed with a time constant of 2.2 * 0.3 ms (n = 11). The
slower component had an average amplitude of 31.0 = 5.5 pA,
reached its maximal amplitude 163.3 = 14.8 ms after the peak of
the faster component, and showed a decay time constant of
504.1 = 70.0 ms (n = 13). Both components were inhibited by
application of the AMPA and NMDA receptor blockers NBQX
(10 wm) and D-APV (50 M), as described previously (Rossi et al.,
1995).

Repetitive stimulations of the mossy fiber input were per-
formed in the current-clamp mode (Fig. 1C). From hyperpolar-
ized membrane potentials (approximately more negative than
—75 mV), at most six mf stimulations at either 20 or 50 Hz were
sufficient to induce one or more high-frequency bursts of action
potentials in 10 of 14 UBCs (Fig. 1C, top). On average, bursts
consisted of 3.8 * 0.4 action potentials (range, 2—6; n = 10) ata
frequency of 300.5 * 45.7 Hz (range, 192 to 681 Hz) and with a
duration of 14.3 * 1.9 ms, calculated as the time between the first
and the last occurring spike. At hyperpolarized and intermediate
potentials, longer stimulations at either 20, 50, or 100 Hz (for
example 2 s at 20 Hz) (Fig. 1C, middle) were able to induce short
bursting periods followed by individual action potentials in five
of nine cells. At depolarized voltages closer to spike threshold
(approximately more depolarized than —60 mV) (Fig. 1C, bot-
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Figure 2.  The bimodal spiking activity of vestibulocerebellar UBCs is intrinsically deter-

mined. A, Example of a current-clamped UBC showing two different voltage-dependent firing
modes induced by depolarizing pulses. From hyperpolarized membrane potentials, this cell
fired a burst of seven sodium action potentials ata maximum instantaneous frequency of 417 Hz
(inset, left trace), riding on a slow depolarizing wave that inactivated in a few tens of millisec-
onds. From depolarized potentials (right trace), the cell responded to the same positive current
pulse by firing tonically, on average at 96 Hz. The dashed lines show reference membrane
potentials for the two cases. Calibration: (inset) 10 ms, 40 mV. B, Mibefradil eliminates the
bursting behavior of UBCs. In the experiment shown here, control depolarizing current pulses
produced a high-frequency burst of action potentials followed by an accommodating spiking
pattern. After application of mibefradil, increasing pulses (here from bottom to top) triggered
either no spikes or an accommodating pattern at low frequencies but never bursts. C, LTSs in
current-clamped UBCs. TTX was present in the bath in all experiments. Application of mibefradil
(MIBE) completely blocked the occurrence of LTSs, as illustrated for one experiment by the
traces on the left. LTS pharmacology is shown in the right graph. Mibefradil and replacement of
extracellular calcium with magnesium (no Ca) decreased LTS amplitude (ampl.) almost com-
pletely. In contrast, bath application of cadmium (Cd) reduced LTS only partially. LTS amplitude
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tom), repeated mossy fiber activity triggered tonic firing either
during or at the end of the stimulation trains in all of the UBCs
examined (11 of 11 cells). Under these conditions, in contrast,
bursting activity could never be induced.

Therefore, depending on the membrane potential, the re-
sponse of UBCs to physiological mossy fiber activity consists in
either bursts of action potentials or in tonic firing. This property
may underlie different coding strategies by the vestibulocerebel-
lum of the information transiting via the granule cell input layer.

The intrinsic excitability of UBCs explains their bimodal
firing behavior

The bursting behavior of UBCs may arise from the peculiar ki-
netic properties of the mossy fiber EPSC and/or from the regen-
erative properties of its large NMDA component (Rossi et al.,
1995). Alternatively, bursting may be generated by active mem-
brane properties. To test this second hypothesis, depolarizing
current pulses were injected from various holding potentials in
the current-clamp configuration (Fig. 2A). In the majority of the
cells examined (129 of a total 136 cells), we found that UBCs
showed two distinct firing modes. When depolarizing pulses
were given from potentials close to or overlapping the threshold
of the cell for sodium action potentials, they produced tonic se-
quences of single action potentials (Fig. 2A, right). However,
when evoked from hyperpolarized potentials (approximately
more hyperpolarized than or equal to —75 mV), depolarizing
pulses produced a short (duration, 28.2 = 8.1 ms; n = 21) ste-
reotyped burst consisting of a small number of action potentials
(5.2 = 0.6; range, 2—15) at the average frequency of 277.1 = 26.3
Hz (range, 101 to 618 Hz). Additionally, when hyperpolarizing
pulses (100-500 ms long) were applied to UBCs from depolar-
ized potentials, the vast majority of UBCs (25 of 26 cells) showed
robust rebound bursts, which were sometimes followed by peri-
ods of accelerated tonic firing activity (data not shown). Thus,
UBC intrinsic conductances profoundly shape their response to
the mossy fiber input.

Several distinct mechanisms can produce bursts in neurons
(Krahe and Gabbiani, 2004). Nevertheless, the properties of
bursts in UBCs draw a direct parallel to a firing pattern present in
thalamocortical relay cells, where bursts are produced by low-
threshold T-type Ca** channels (Llinas and Jahnsen, 1982; Des-
texhe and Sejnowski, 2001). Consistent with this hypothesis, we
found that mibefradil (10 uMm) completely eliminated the capa-
bility of UBCs to produce high-frequency bursts when depolar-
ized from hyperpolarized membrane potentials (Fig. 2 B). After
mibefradil application, in fact, all of the cells tested (n = 6) re-
sponded to current pulses either with subthreshold depolariza-
tions or with sustained patterns of firing when the amplitude of

<«

was calculated as the difference between the membrane potential at the peak, and the poten-
tial at the end of the 500-ms-long depolarizing pulses. Cntrl, Control. D, Wave-clamp experi-
ments revealed the activation of a low-threshold calcium current and of faster calcium currents
concomitantly with LTSs and sodium action potentials, respectively. The traces correspond,
from top to bottom, to the command template applied in voltage-clamp conditions in this
experiment, to the corresponding current recorded in extracellular TEA-BBS and extracellular
calcium (ext. Ca), to the current recorded in TEA-BBS with cobalt replacing calcium (ext. Co), and
finally to the subtraction of the two previous traces. The thick bottom traces thus represent the
net calcium currents activating during the protocol. Part of the left traces (dashed box) were
expanded for better visualization on the right. In the extracellular cobalt trace, note the pres-
ence of an outward current activating during the part of the command template corresponding
to sodium spikes. This current is likely mediated by potassium conductances not completely
blocked by extracellular TEA-BBS.
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the injected currents was increased (Fig. 2 B, right traces). This
result points to an involvement of VDCCs, and particularly of
T-type channels, in triggering the bursting behavior. Mibefradil is
in facta Ca>* channel blocker that shows a preferential, although
not specific, action on T-type Ca*" conductances (Viana et al.,
1997; McDonough and Bean, 1998).

During bursts, sodium action potential discharges were sus-
tained by a slow depolarizing wave that could be revealed by
application of TTX. These LTSs (Fig. 2C, left control trace) were
present in all of the UBCs tested (n = 24). They had an average
amplitude of 36.5 = 2.9 mV and a duration at half-maximum
(FDHM) of 42.4 = 6.9 ms (n = 9). We examined the pharmaco-
logical profile of LTSs, particularly the possible involvement of
VDCCs. Replacing Ca®" with magnesium decreased LTS ampli-
tude to 18.5 = 3.8% of the control value ( p < 0.05; n = 4) (Fig.
2C, right graph), thus confirming that Ca** ions carry most of
the current that generates burst firing and the underlying LTS.
We then tested mibefradil and cadmium (50 um) to identify the
VDCCs involved. Cadmium is in fact a potent blocker of most
VDCCs but not of T-type conductances (Huguenard, 1996). Ap-
plication of mibefradil led to a dramatic decrease in the ampli-
tude of LTSs to 12.8 * 3.1% (n = 7) of the control value, whereas
application of cadmium only partially decreased the amplitude of
LTSsin TTX to 67.8 = 5.3% of their control value (n = 5). These
results strongly support the hypothesis of a major role of T-type
channels in producing bursts in UBCs.

We then used the wave-clamp method (Fig. 2D) (Swensen
and Bean, 2003) to quantify the contribution and amplitude of
the Ca®" conductances activated during a burst. UBCs were de-
polarized with a square current pulse. The resulting burst was
recorded and transformed on-line into a voltage-clamp template.
TTX (400 nm) was subsequently added to the external solution,
and Na-Cl was completely replaced with TEA-CI to reduce so-
dium and potassium conductances and better isolate Ca** cur-
rents. The burst voltage template was then replayed in the
voltage-clamp mode before and after replacement of the extra-
cellular Ca*" ions by cobalt (2 mm), and the corresponding cur-
rents were recorded. Ca*" currents activated by the burst were
revealed by subtraction of the two traces. In eight of nine UBCs,
the voltage templates evoked a slow Ca** current of 373.5 + 62.0
PA activating at low-threshold (—75.4 + 10.3 mV) and inactivat-
ing after several tens of milliseconds (FDHM, 13.9 = 2.9 ms).
Superimposed on this slow conductance, very fast Ca** currents
(FDHM, 0.88 = 0.14 ms) appeared in correspondence to the
sodium action potential waveforms present in stimulation tem-
plates. These experiments directly confirmed the activation of a
low-threshold, rapidly inactivating Ca*" conductance during
LTSs in UBCs but also revealed the presence of a faster compo-
nent associated with sodium action potentials. To analyze Ca*™"
signaling in more detail, we characterized the VDCCs present in
UBCs.

T-type and L-type conductances dominate the fast and slowly
inactivating components of calcium currents in UBCs

UBCs were recorded in the voltage-clamp configuration, and
VDCCs were pharmacologically isolated (see Materials and
Methods). Depolarizing voltage steps to test potentials between
—80 and +40mV, given after a 1-s-long prepulse to —100 mV,
evoked biphasic voltage-dependent inward currents in 55 of 58
tested UBCs. A prominent, fast inactivating component was fol-
lowed by a persistent, more slowly inactivating component (Fig.
3A,B). Peak FINC and SLINC amplitudes averaged 572.4 = 30.3
PA (n=50) and 170.4 = 14.9 pA (n = 43), respectively. The two
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components showed different dependence on the membrane po-
tential, as shown by their average I-V curves (Fig. 3A) (n = 25).
FINC activated between —80 and —70 mV and peaked at —40
mV, whereas SLINC typically activated between —60 and —50
mV and peaked at —20 mV, suggesting that they represented
separate conductances.

To study the role of FINC and SLINC in UBC physiology,
their pharmacological profiles were analyzed (Fig. 3B). Replacing
extracellular Ca*" with cobalt (2 mm) completely inhibited FINC
and SLINC (to 2.5 * 0.7 and 0.9 = 0.7% of control, respectively;
n = 6) (Fig. 3B, right), confirming that the recorded currents
were mediated by VDCCs. Nickel (100 wMm) inhibited FINC and
SLINC to 73.2 * 4.9% (n = 5) and 72.6 * 6.0% (n = 6) of
control, whereas cadmium (50 uMm) decreased them by signifi-
cantly greater amounts, to 62.5 = 2.6% (n = 10) and 32.2 *
4.7%, respectively (n = 11). The modest blocking effect of nickel
and cadmium on FINC implies that neither P/Q-type, N-type,
L-type (a1-C), R-type channels, nor T-type channels composed
by a1-H subunits dominate this component (Tottene et al., 1996;
Lee et al., 1999). Thus, a substantial part of FINC is most likely
mediated by T-type conductances of either the a1-G or a1-1 type.

Mibefradil inhibited FINC to 10.9 = 3.0% of control (n = 6)
and SLINC to 65.5 = 5.9% (n = 4; p < 0.005), in agreement with
a preferential contribution of T-type conductances to FINC. Fi-
nally, we examined the effect of two dihydropyridines. The L-type
activator BAYK8644 (1 or 2 uM) slightly decreased FINC to
84.4 = 5.0% of control (n = 5), whereas it strongly potentiated
SLINC to 176.0 £ 14.9% of control in 9 of 10 tested cells (range,
137-229%). At the concentration of 1 uMm, the L-type channel
blocker nimodipine did not affect FINC (98.5 = 15.6%; n = 9)
but significantly reduced SLINC to 48.2 & 6.5% of control (n =
12; range, 0—87%), suggesting that L-type channels play an im-
portant role in mediating the slowly inactivating component. Be-
cause inhibitory dihydropyridines affect «l1-C - and «l-D-
containing L-type channels with different efficacy (Xu and
Lipscombe, 2001), we tested nimodipine at a higher concentra-
tion (20 uM) to assess the maximal contribution of L-type chan-
nels to SLINC. At 20 uM, nimodipine dramatically inhibited
SLINC o 20.5 * 8.2% of control (n = 6; range, 0-56%; p = 0.025
with respect to 1 uM) while affecting FINC modestly (83.6 =
10.3%; n = 6). The small inhibitory effect of BAYK8644 and
nimodipine on FINC is consistent with a known, nonspecific
action of dihydropyridines on T-type channels (Randall and
Tsien, 1997).

Single-cell RT-PCR was then used to confirm the molecular
identity of the conductances responsible for FINC and SLINC.
mRNAs from 21 UBCs were harvested, amplified, and tested for
the following VDCC al subunits: al-A (P/Q-type), al-B (N-
type), al-C and al-D (L-type), al-E (R-type), a1-G, a1-H, and
al-I (T-type). Overall results are illustrated in Figure 3C. The
expression profile of the RT-PCR products for a single UBC is
shown on the left. The mRNAs of the a1-C and the a1-G subunits
were detected in most UBCs (15 and 13 of 21 cells, respectively).
The mRNAs of the a1-A, al-E, and a1-D subunits occurred at
lower frequency (7, 10, and 7 cells, respectively), whereas those of
the other two T-type channel subunits, a1-H and «1-I, and for
al-B were detected only in one cell.

Together, these pharmacological and molecular experiments
provide strong evidence that FINC is mostly generated by low-
threshold T-type conductances assembled from «1-G subunits,
and that SLINC is mainly mediated by L-type conductances that
may be produced by a mixture of a1-C- and «a1-D-containing
channels. A minor contribution of R-type channels to FINC and
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Figure3. Identification of VDCCsin UBCs. A, The average /-V curves for the FINC component (Fastinact.; right, open circles) and
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the membrane potential of UBCs to V, for 550 ms after a 1-s-long deinactivating pulse to — 100 mV. Sweep extracts from the /-V/
curve of one cell areillustrated on the left. Test potentials are indicated at the left of the corresponding sweeps. In this cell, the peak
FINCwas 890 pA at —30 mV, whereas the peak SLINC was 231 pA at —20 mV. Note the different dependence on the membrane
potential of the two VDCC components. B, Bar graphs summarizing the results of the pharmacological analysis of FINC (top graph)
and SLINC (bottom graph) in voltage-clamped UBCs. On the right, traces from three distinct UBCs illustrating the typical effect of
replacing external calcium with cobalt (top traces), of bath application of mibefradil (middle traces), and BAYK8644 (bottom
traces) are shown. Control traces are black, and traces recorded during drug application are gray. Note that cobalt completely
inhibited both components (FINC, 3.4% of control; SLIN, 1.1%), whereas mibefradil strongly reduced FINC (12.8%) and, toa lesser
extent, SLINC(75.3%). Finally, BAYK8644 potentiated SLINC (167.0%) while modifying FINConly slightly (118.2%). Cd, Cadmium;
Ni, nickel; Co, cobalt; Mibe, mibefradil; Nimo, nimodipine; BAYK, BAYK8644. C, Single-cell RT-PCR testing the expression of VDCC
mRNAs in UBCs. Left, Expression pattern for one UBC. In this case, the mRNAs of several VDCCs were amplified and revealed.
Exceptions were the mRNAs of the c:1B subunit-containing N-type channel and the a1 subunit-containing T-type channel. The
first column on the left corresponds to molecular weight markers. Right, Bar graphs representing the number of UBCs, of a total of
21, in which the mRNAs of the indicated o1 subunits were revealed.
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of P/Q-type channels to SLINC cannot be
completely ruled out, although their ex-
pression at the mRNA level may reflect
their presence at presynaptic sites in the
axon of UBCs.

FINC and SLINC biophysical properties
can underlie burst and single action
potential signaling
Average activation curves for FINC and
SLINC, obtained by deriving conductance
values from the I-V curves of each exper-
iment, were fitted with a Boltzmann func-
tion. Threshold for FINC (measured as
the point of 10% activation) was —76.3 *
1.7 mV, and half-activation was reached at
—61.0 = 1.7 mV with a slope factor of
7.0 = 0.4 mV (n = 7). Dependence of
FINC inactivation on the membrane po-
tential was quantified by applying a pre-
pulse protocol (Fig. 4Aa). Half-point in-
activation was reached at —=79.2 = 1.7 mV
with a slope factor of 6.2 = 1.0 mV (n =
12) (Fig. 4Ab). These values are consistent
with those reported previously for T-type
currents in isolated neurons (Perez-Reyes,
2003). Furthermore, a comparison of the
activation and inactivation curves sug-
gests that a window current may be
present between —70 and —50 mV, thus
endowing UBCs with a tonic inward cur-
rent and Ca*" entry at subthreshold po-
tentials, similar to what has been reported
in thalamocortical relay cells (Crunelli et
al., 2005).

The recovery time from inactivation is
a fundamental parameter governing FINC
recruitment. We studied it using a two-
pulse protocol (Hering et al., 2004) (Fig.
4 Ac). Curves representing the time course
of recovery from steady-state inactivation
were fitted with two exponentials. Time
constants were 48.2 = 10.8 and 752.8 =
206.4 ms, the faster component contribut-
ing 62.7% of the total inactivation (n =
10). Typical of T-type currents (Perez-
Reyes, 2003; Iftinca et al., 2006), rise times,
inactivation, and deactivation times were
dependent on the membrane potential
(supplemental figure, available at www.
jneurosci.org as supplemental material).
Inactivation rates decreased from 14.2 =
3.0msat =70 mV to 9.1 = 1.4 ms at —30
mV (n = 20; p < 0.05), whereas the 20—
80% rise time decreased from 3.1 * 0.6 ms
at =70 mV to 0.7 = 0.09 ms at =30 mV
(n=19; p < 0.001). FINC currents thus
presented a crossing pattern, which is dis-
tinctive of T-type conductances (Randall
and Tsien, 1997). Finally, deactivation was
examined by stepping the voltage com-
mand to —40 mV for 3 ms and then back
to test potential. The 80 to 20% deactiva-
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Figure 4. A, FINC activation and inactivation properties. Aa, Sample traces of the two pulse protocols used to study FINC inactivation. After the deinactivating pulse, T-type currents were
inactivated by stepping the membrane potential to V,,, for 1. The resulting steady-state inactivation was then studied by maximally activating T-type channels at —40 mV. Percentage current
inactivation (open circles, Ab) and conductance (conduct.) activation (filled circles, Ab) curves are illustrated as a function of the membrane potential. Note the wide crossing area formed by the two
curves. The recovery time from inactivation is illustrated in Ac. At the top, the protocol used is shown. After the deinactivating pulse to — 100 mV, FINC was completely inactivated by a 500-ms-long
stepto —40mV. Afteravariable time interval Atat —100 mV, recovery was tested again at —40mV. B, SLINCkinetic properties. Ba, Sample traces of the SLINC currents obtained at V.., indicated
at the left side of the sweeps. Here, no deinactivating prepulse was given. Bb, Percentage conductance activation is illustrated (black circles). For comparison, the activation curve of FINCis also

depicted (gray line). B, The dependence of SLINC rise times (top graph) and decay times (bottom graph) on the membrane potential is shown.

tion times increased from 0.4 = 0.1 msat —110 mV to 2.2 = 0.8
ms at —60 mV (n = 7; p < 0.001). In conclusion, the character-
ization of the biophysical properties of FINC fully supports the
hypothesis that this component is mediated by T-type conduc-
tances and is responsible for the LTSs observed in UBCs.

SLINC was studied by depolarizing to test potentials either
from hyperpolarized holding potentials or from —55 mV, in this
latter case, therefore, after almost complete inactivation of FINC
(Fig. 4Ba). In the first instance, we quantified the amount of
inactivation of SLINC. Inactivation, measured at the end of 500
ms depolarizing pulses, ranged from a minimum of 10.9 = 7.9%
at —50 mV to a maximum of 46.1 = 6.2% at +20 mV (n = 19),
thus confirming the persistent nature of SLINC. SLINC activated
at significantly more positive membrane potentials than FINC
(Fig. 4 Bb). Average 10% activation was at —47.2 = 2.4 mV (n =
14; p << 0.01 with respect to FINC), whereas half-activation was
reached at —28.6 = 2.0 mV (p < 0.01) with a slope factor of
8.4+ 0.9mV (0.05 < p <0.1). SLINC was characterized by fast
rise times (Fig. 4 Bc, top) and decay times (Fig. 4 B¢, bottom),
consistent with the fast kinetics reported for L-type channels (Liu
etal., 2003; Helton et al., 2005). The 20—80% rise time was 0.9 *
0.2msat —20 mV (n = 9), whereas the 80—20% decay time was
0.7 = 0.1 ms at =20 mV (n = 11). Thus, although FINC would
promote Ca** entry during burst firing, the fast activation and
deactivation kinetics of SLINC suggest that this component may

support action potential-dependent entry into UBCs during pe-
riods of tonic firing.

T-type channels located in the dendritic brush mediate strong
calcium signaling during LTSs

Understanding the subcellular localization of Ca*" channels in
UBCs is essential, because their somatodendritic compartment
has a complex organization endowed with both presynaptic and
postsynaptic functions (Mugnaini et al., 1997). We used ultrafast,
AOD-based two-photon imaging to map the spatial and tempo-
ral distribution of Ca*" influx during the two functional states of
UBCs with submicrometer and submillisecond precision
(Salomé et al., 2006).

UBCs were patch clamped in the presence of strychnine,
SR95531, NBQX, and TTX and loaded with the Ca**-sensitive
dye Fluo-4 (200 um) and with the morphological dye Alexa 594
(15 uM). Fluorescence was monitored at a high-frame rate at
specific locations or POIs (see Materials and Methods) that were
chosen in the tuft, the dendritic shaft, and the cell body (Fig. 5A).
To check for possible spatial heterogeneity of the somatic Ca*™
signals, somatic POIs were pooled into different subsets: mem-
brane and central POIs.

LTSs triggered large Ca®" increases in UBC brushes, in am-
plitude averaging 556.9 * 64.1% (n = 8) (Fig. 5B). In both so-
matic subdivisions, in contrast, the amplitude of LTS-associated
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91.7 = 27.0%, n = 3), showing that the
lower somatic values in Fluo-4 did not re-
sult from dye saturation. Brush and bulk
somatic rise times were similar to the val-
ues obtained in the Fluo-4 experiments
(brush, 17.9 * 6.6 ms, n = 3; soma mem-
brane, 20.4 *= 3.7 ms, n = 3; soma bulk,
50.7 = 27.1 ms, n = 3). This suggests that
the rise times in the brush and membrane

avg. soma soma reflect the real kinetics of the Ca*"
e L, | 40% influx. All decay times were approximately
500%| three times faster than in Fluo-4 (brush,
200ms 200ms 183 = 26 ms, n = 3; soma membrane,
593 * 42 ms, n = 4; soma bulk, 809 = 308
B c D ms, nn = 2), indicating that Ca** extrusion
800+ 1007 35 is instead linearly related to the buffering
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Figure 5.  Two-photon imaging analysis of LTS-induced Ca** transients in UBCs. A, The morphology of the UBC examined in

this experiment was reconstructed by superposing several Alexa 594 fluorescence images taken at different focal planes. TTX was
present in the bath. Fluorescence from multiple POIs from both the brush (blue circles) and the soma (red circles) was simulta-
neously recorded. In this experiment, POl fluorescence was sampled every 1.35 ms. On the left, the Ca** transients induced by a
single LTS (black trace on top) are shown for the brush POls indicated by the blue lines. Note the uniformity of transient amplitude
and kinetics in all of the POIs shown. On the right, the Ca™ transients obtained by averaging all of the POls analyzed in the brush
(blue trace; avg. brush) and in the soma (red trace; avg. soma) are depicted for the same trial. Note the different amplitude in the

ics of the Ca”" signals. In this regard,
nonetheless, we cannot exclude that other
VDCCs may make a significant contribu-
tion to Ca’* transients at the peak of
LTSs, thus producing an overestimation
of the contribution of T-type channels.

two compartments. In this cell, AF/F, afterasingle LTS was 660.8 = 21.3%in the brush (n = 12 POls; average of 4 LTS responses),

40.5 = 2.8% in the membrane somatic region (soma memb) (n = 6 POIs), and 21.5 == 2.5% in the somatic bulk (n = 2 POs).
Average AF/F, values, 20— 80% rise times, and decay time constants from all experiments are depicted in B, €, and D.

transients were significantly smaller than in the brush, amount-
ing to 130.7 * 33.3% (n = 7) and to 86.2 * 24.3% (n = 7) in the
membrane and central somatic regions, respectively ( p < 0.01 in
both cases with respect to the brush; p < 0.05 between membrane
and central soma). LTS-associated Ca*" transients were highly
stereotyped, showing little variability inside single cells (average
coefficient of variation: brush, 0.13 = 0.03, n = 7; somatic mem-
brane, 0.19 = 0.05, n = 6) and shared the all-or-none nature of
LTSs. Moreover, the Ca®" transients were also completely pre-
vented by application of mibefradil (n = 3). Thus, T-type calcium
channels were likely responsible for the Ca** signals triggered by
LTSs.

In the brush, the transients had a fast 20—-80% rise time of
23.1 £ 2.6 ms (n = 8) (Fig. 5C) and decayed with a time constant
of 552 = 120 ms (n = 8) (Fig. 5D). The rise times of membrane
somatic signals showed no significant differences with brush val-
ues, amounting to 26.0 = 6.3 ms, whereas the decay time con-
stant was remarkably slower, 1553 * 477 ms (n = 7; p < 0.01;
Wilcoxon test). In contrast, bulk somatic transients were both
slower in rising, 58.9 = 4.5 ms (n = 7), and in decaying, 1954 =
467 ms (n = 7), than brush and membrane somatic transients
(p <0.01, in all cases).

In a separate set of experiments, Fluo-4 was replaced by its
lower-affinity analog Fluo-5F (200 uM) to test for saturation of
the dye and for the influence of the buffering power on the kinet-
ics of the transients. The amplitude difference between brush and
somatic transients was qualitatively preserved (brush, 278.0 =
72.1%, n = 3; soma membrane, 95.1 * 26.6%, n = 4; soma bulk,

Action potentials propagate into
UBC brushes
In many neurons, action potential back-
propagation in the dendrites is a regulated phenomenon that
plays a central role in the physiology of the cell (London and
Hiusser, 2005). We examined to what degree action potentials
invade the brush of UBCs in physiological conditions.
Simultaneous recordings were obtained in the whole-cell
current-clamp mode at the soma and in the LCA mode either at
the soma or at the brush (Fig. 6A). In all of the cells, sodium
action potentials at the soma were time-locked with fast current
signals in the LCA electrode at the brush (Fig. 6 Ab) without any
sign of failure. Currents recorded in LCA are generally assumed
to represent the time derivative of the local membrane potential,
but these fast signals are filtered by the recording circuit (Barbour
and Isope, 2000) in such a way that LCA signals do not provide
precise information on their intracellular equivalent. We there-
fore used the action currents recorded in LCA at the soma, where
a full-blown spike occurs, as a reference template. The FDHM of
the brush (319 % 33 us; n = 5) and somatic (320 = 30 us; n = 4)
LCA signals were not significantly different ( p > 0.1), although
they were significantly longer than the derivative of whole-cell
action potentials (brush, 160%; soma, 139%). Because of their
morphology, a stout (5-50 wm long), and unramified dendritic
shaft, UBCs are electrotonically compact cells, as suggested pre-
viously (Rossi et al., 1995). Nevertheless, fast depolarizations like
action potentials should encounter substantial filtering (1 ms for
a 50 MQ) dendrite and 20 pF brush). The speed of the LCA signal
at the brush suggests that action potentials propagate into the
dendrites of UBCs without major distortions.
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Action potential firing evokes phasic
and tonic calcium influx in the brush
and soma of UBCs
To determine whether action potentials
were associated with Ca** signaling in the
brush, we mapped Ca*™ transients associ-
ated with tonic firing in current-clamped
UBCs during 10-s-long depolarizing
pulses using two-photon microscopy
(Fluo-4). In most cases, pulses were deliv-
ered from potentials comprised between
—65 and —55 mV. In a few cells, current
pulses were provided from membrane po-
tentials more negative than —75 mV (Fig.
6Bb). In both conditions, voltage and flu-
orescence traces falling into the first 2 s of
the depolarizing pulses were excluded
from analysis to avoid contaminations
from T-type conductances. Increases in
intracellular Ca®" were associated with
action potentials in all of the cells (n = 12).
The fluorescence increases were com-
posed of a sustained component and of
fast transient signals associated with the
action potentials, which were evident in
some of the cells after inspection of the
traces (see brush trace in Fig. 6 Bb). Fast
transients were better revealed by action
potential-triggered averaging of fluores-
cence signals and were present in all of the
cellular compartments (Fig. 6 Ba). AOD-
based two-photon imaging yielded high-
frame rates that made it possible to follow
the exceptionally fast rise times (20— 80%)
of these signals: 2.2 = 0.8 ms (n = 8) in the
brushand 1.9 = 0.7 ms (n = 3;p >0.1) in
the dendritic shaft. Rise times at the soma
were slower, 11.7 £ 3.3 ms (n = 6; p =
0.05 with respect to the brush; p < 0.03
with respect to the shaft), although still
faster than LTS transients. The decay time
constants at the brush (68.7 = 6.8 ms; n =
7),shaft (71.2 = 17.0ms; n = 3), and soma
(110.9 = 22.4 ms; n = 5) were not signif-
icantly different ( p > 0.05, in all cases).
The percentage increase in fluores-
cence as a function of the spike rate of the
cell was analyzed by averaging values over
1 s bins. In all cellular compartments, the
fluorescence was linearly related to the fir-
ing frequency up to ~15 Hz (Fig. 6 Bc).
The slopes (AF/F, per spike) were similar
(p > 0.05, in all cases) in the brush
(11.1 = 2.4%; n = 12), dendritic shaft
(10.0 £ 3.0%; n = 7), and soma (7.6 =
1.7%; n = 12). At higher firing rates, sub-
linearity prevailed, most likely resulting
from dye saturation. Interestingly, linear
regressions crossed the y-axis at 80.2 *
16.9% in the brush (n = 12),47.5 + 19.2%
in the shaft (n = 7), and 55.7 = 16.6% in
the soma (n = 12), indicating the presence
of sustained, action potential-
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Figure 6.  Brush excitability and Ca* signals in tonically firing UBCs. A, Simultaneous somatic current clamp (C-clamp) and
brush LCA recordings were performed from single UBCs. One experiment is illustrated in Aa, where the morphology of the cell and
the recording pipettes are shown. The insetimage on the top right corner shows in more detail the contact point between the LCA
pipette and the brush at a different focal plane. Here, a standard CCD camera collected the fluorescence originating from the Alexa
488-containing pipette solutions. In this UBC, the distance between the brush and the soma center was ~50 wm. Tonic firing
triggered by somatic current injection invariably induced fast signals in the LCA pipette (Ab). These resembled “classical” cell-
attached action potentials. Several somatic action potentials and time-locked brush LCA traces (black traces) are illustrated in Ac
withtheiraverages (red traces; n = 56 individual sweeps). Single traces were aligned at the peak of somatic spikes. B, Two-photon
imaging analysis of Ca2* transients in tonically firing UBCs. In the experiment illustrated here, the depolarizing pulse was
provided from hyperpolarized membrane potentials, such that the tonic firing period was preceded by an initial burst (Bb, black
top trace). Note the huge fluorescence transient in correspondence with the spike burst in the brush (Bb, second trace from top)
and the dendritic shaft (third trace) and the much smaller one in the soma (fourth trace). Single spike-induced Ca ™ augmenta-
tions during tonic firing could be easily detected in the brush after inspection of the trace, as shown at enlarged time scale in the
inset by the transients corresponding to two consecutive spikes. In contrast, fast signals were revealed in the shaft and soma only
after averaging several single action potential-locked fluorescence sweeps (1 = 35; Ba). In this experiment, Ca>™ transients
associated with tonic firing in the soma were, atypically, much smaller than in the brush and the shaft. Colored fluorescence traces
in Bb are a smoothed version of the raw recordings, which areillustrated in black. PO fluorescence was sampled every 1.404 msin
this experiment. Inset bars are 75% and 20 ms. In B¢, the average AF/F, as a function of the firing frequency is illustrated for all
cellular compartments. Color codes are always blue for the brush, green for the shaft, and red for the soma.
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Figure7.  L-type channels mediate most of the somatodendritic Ca2™ influx during tonic firing. 4, In this wave-clamp exper-
iment, the voltage command template used is represented by the top tracesin Aa. It consisted of a mixed bursting and tonic firing
pattern of activity, which was previously recorded in the same UBC. The bottom traces show the currents activated by BAYK8644
(BAYK) during the voltage-clamp protocol. Note that the BAYK8644-sensitive currents reliably activated in correspondence with
each imposed spike. The sweep extracts included in the dashed box on the left are shown at higher temporal resolution on the
right. In Ab, the average of 50 single action potential commands (top trace), extracted from the traces illustrated in Aa, are shown
with the corresponding BAYK8644-sensitive currents (bottom trace). The traces were time-locked at the peak of the spike com-
mand. Note the rapidity of current activation and deactivation kinetics and its weak activation during the slow depolarizing phase
preceding the spike initiation and during the spike upstroke. B, Two-photon imaging analysis confirmed that L-type channels are
present in the somatodendritic compartment of UBCs. The reconstructed morphology of the cell is shown in the top panel.
Exemplary fluorescence traces before and after BAYK8644 (BAYK) application for the indicated POIs are also depicted. Each trace is
an average of 30 action potential-induced transients. As shown in the bottom graphs, BAYK8644 application increased the slope
of the linear dependence of AF/F; on the spike rate both in the soma (top graph) and in the brush (bottom graph). Fluorescence
values in the soma and the brush were calculated from the average fluorescence traces obtained by pooling all somatic and brush
POIs, respectively. POI positions are indicated by the symbols in the morphological reconstruction (brush, circles; soma, squares).
In this experiment, fluorescence from each POl was sampled every 1.134 ms. C, The effect of isradipine (isra) on Ca** transients
induced by 1-s-long depolarizing steps to UBCs was examined. TTX was present in the bath. In this UBC, two-photon
imaging analysis was performed only for the brush POls shown in the morphological reconstruction of the cell. Isradipine
reduced the amplitude of AF/F from 34.4 and 199.4% in the control (cntrl) to 1.6 and 8.2% for voltage steps from —57
to —47and —2mV, respectively. Average values in the soma and the brush from all experiments are shown in the graphs
below for the same voltage steps.
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independent Ca’" influxes mediated by
Ca** channels tonically activated during
sustained spiking.

In conclusion, we have shown that
electrical propagation of the action poten-
tial in the dendritic brush activates tran-
sient Ca’" conductances, which mediate
short-lasting Ca®" influx. In contrast to
T-type channels, these conductances ap-
pear distributed uniformly over the entire
brush, dendritic shaft, and somatic
membrane.

Do action potentials activate
L-type currents?
We investigated the nature of the Ca**
conductances activated in the tonic firing
regime. Wave-clamp and imaging experi-
ments revealed that fast Ca®" currents are
associated with action-potential and tonic
depolarization in the soma and the brush.
We tested whether L-type channels, which
carry most of the slowly activating Ca*"
conductances, may indeed underlie Ca**
currents during single action potentials by
using wave-clamp protocols. Ca*" cur-
rents were pharmacologically isolated,
and voltage command templates repre-
senting either periods of tonic firing or of
mixed bursting and tonic firing (Fig. 7Aa)
were applied to UBCs. We recorded the
evoked currents before and after the appli-
cation of the L-type channel activator
BAYK8644 (3 uMm). Current subtraction
revealed that BAYK8644-sensitive L-type
currents reliably activated concomitantly
with each individual action potential (Fig.
7A). L-type currents started to activate
slowly either just below threshold or on
the rising phase of action potentials (Fig.
7Ab, average traces), peaked on the falling
phase of action potentials, and typically
deactivated within 3 ms. With Ca** as
permeant ion BAYK8644 increases chan-
nel conductance shifting the activation
curves of L-type channels toward more
negative potentials but modifying neither
activation nor deactivation kinetics
(Tavalin et al., 2004). Therefore, these ex-
periments cannot provide accurate infor-
mation about the physiological values of
activation of L-type currents. Neverthe-
less, they indicate that L-type currents
may provide Ca’" entry into tonically fir-
ing UBCs. This interpretation is strongly
supported also by the finding that rapid
activation kinetics allow L-type conduc-
tances to activate reliably in expression
systems during action potential-like depo-
larizations (Liu et al., 2003; Helton et al.,
2005).

Finally, using this experimental ap-
proach, we could confirm that dihydro-
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pyridine antagonists are not effective blockers of L-type channels
activated concomitantly with individual action potentials (Hel-
ton et al., 2005), because no consistent results could be obtained
by studying the effect of either nimodipine or isradipine (3 um).

L-type channels support the phasic and tonic calcium influx
into the brush and the soma of tonically firing UBCs

To study the location of L-type channels, we assessed the sensi-
tivity of the somatodendritic Ca*" transients to dihydropyri-
dines via two-photon imaging. First, we analyzed the effect of the
L-type activator BAYK8644 (3 uMm). The linear dependence of
AF/F, on the spike rate was compared before and after applica-
tion of BAYK8644. In five of seven UBCs, application of
BAYK8644 produced an increase of the Ca** signals associated
with action potentials. In these five experiments, at 5 Hz spike
rate, AF/F,increased to 177.1 = 16.2% of the control in the brush
and to 190.5 * 15.4% of the control in the soma. An example is
given by the cell shown in Figure 7B, where BAYK8644 produced
a clear increase in the slope of the linear dependence of AF/F, on
spike rate along the whole range of frequencies tested. In the two
experiments where BAYK8644 application did not increase
spike-related transients, it nevertheless induced huge increases in
basal fluorescence levels. In one cell, this led to a complete shunt-
ing of the spikes and in the other cell to an apparent decrease of
AF/F, associated with firing. Large increases in intracellular Ca*"
were also induced in two additional UBCs by the nondihydropy-
ridine L-type channel agonist FPL64176 (3 um). Here, again, the
strong increases in Ca®" conductance completely shunted the
sodium action potentials, so that a quantitative comparison of
the effect of the drug with respect to the control could not be
performed.

We then examined the effect of L-type channel antagonists. As
we mentioned previously, dihydropyridines blockers are not ef-
fective on action potential-activated L-type conductances (Hel-
ton et al., 2005). We thus studied the effect of isradipine (3 um)
on Ca®" transients induced by depolarizing steps (Fig. 7C) to
—47 mV and to —2 mV from a holding membrane potential of
—57 mV in the presence of bath applied TTX. Either Fluo-4 or
Fluo-5F was used as Ca>"-sensitive fluorescent dyes. Average
AF/F, values in the time interval comprised between 150 and 250
ms after the beginning of the test pulses were compared before
and after drug application. At —47 mV, AF/F, increases were
inhibited to 19.8 = 7.8% in the brush (n = 7; p < 0.05) and to
16.9 * 9.2% in the soma (n = 6; p < 0.05) with respect to the
control, whereas at —2 mV, AF/F, increases were reduced to
28.5 = 5.4% in the brush (n = 7; p < 0.05) and to 26.8 * 4.0% in
the soma (n = 6; p < 0.05). These results strongly support the
view that L-type channels are present in the somatodendritic
compartment of UBCs and that, in this area, they support the
majority of the Ca** entry associated with tonic depolarizations.

Calcium channels regulate the excitability of UBCs in the
tonic mode

VDCCs can control neuronal excitability in opposite ways. Ca*™
currents can indeed support and amplify depolarizations either
directly or via Ca*"-regulated inward currents (Crunelli et al.,
2005). Alternatively, VDCCs can activate hyperpolarizing con-
ductances, like Ca**-dependent potassium currents, which help
dampen the firing activity of the cell (Sah and Faber, 2002;
Swensen and Bean, 2003). The net effect of blocking VDCCs is
thus likely dictated by the balance between these contrasting ef-
fects and may vary between individual neurons. To examine to
which extent VDCCs determine UBC excitability during sus-
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tained depolarizations, we tested the effect of cadmium (50 um)
on tonically firing cells. In six of seven tested UBCs, cadmium had
a profound, although extremely variable, effect. In 50% of the
cells, the firing frequency was in fact strongly inhibited to 55.2 =
12.8% of the control (n = 3) (see experiment in Fig. 8 A), whereas
the spike rate increased to 262.2 = 123.5% of the control in the
remaining group of cells. Overall, cadmium decreased the ampli-
tude of the action potentials (from 72.6 £ 6.6 to 64.3 = 7.6 mV;
p = 0.02, Wilcoxon test; n = 6), it increased the spike FDHM
(from 368 = 58 to 447 = 95 ws; p = 0.04), and modified dramat-
ically the properties of the action potential-induced afterhyper-
polarization (AHP), in particular decreasing its fast phase (from
24.6 = 1.7 to 15.6 = 1.8 mV; p = 0.02) (Fig. 8 A, sample traces).
In contrast, no change was detected in the spike threshold
(—42.8 = 2.6 mV in the control, —42.7 = 3.7 mV in the test
period; p => 0.05). These results suggest that VDCCs do shape
UBC excitability during tonic activity. Interestingly, the contrast-
ing actions of cadmium also suggest a degree of heterogeneity in
the population of UBCs studied, which the analysis of VDCCs did
not reveal. In an additional series of experiments, we attempted
to study the contribution of L-type channels on UBC excitability.
Unfortunately, application of nimodipine (20 um) did not pro-
duce consistent modifications in the excitability properties of
tonically firing UBC:s, a fact likely attributable to the ineffective-
ness of dihydropyridine antagonists in blocking action potential-
triggered activation of L-type conductances (Helton et al., 2005).

We then examined in more detail the effect of blocking VD-
CCs on the fast phase of the AHP. In neurons, this component is
generally mediated by Ca*"-dependent BK potassium channels.
We therefore used the BK channel blocker paxilline (10 uMm) to
examine the possible presence of BK potassium conductances in
UBCs. Paxilline application affected the shape and frequency of
action potentials in tonically firing UBCs. First, the fast AHP was
reduced from 23.9 * 2.0to 16.1 = 1.5mV (n = 6; p < 0.05) (Fig.
8 B). Second, action potential FDHM increased from 499 * 30 to
691 = 69 s (n = 6; p < 0.05) (Fig. 8 Bb). Finally, spike frequency
was significantly augmented to 236.2 & 74.8% of the control (n =
5; p < 0.05), whereas no change in spike threshold was detected
(—41.9 = 1.8 mV in the control and —40.8 * 2.3 mV in paxilline;
n = 6). To quantify the BK potassium currents expressed by
UBCs, voltage-clamped cells were depolarized from —57 to —7
mV for 50 ms in the presence of synaptic blockers and TTX. The
effects of the BK channel blockers paxilline and penitrem A (10
uM) on the outward currents were examined (Fig. 8 D). Paxilline
and penitrem A inhibited 925.6 = 191.6 pA of the outward cur-
rents (n = 6 of 8 cells), which represents an outstanding amount
of current for such small cells as UBCs.

These results indicate that Ca®" channels are important actors
in defining UBC cellular excitability even during periods of sus-
tained depolarizations. This is accomplished, at least in part, via
the direct control of BK potassium channels.

Discussion

To understand how information is processed in a brain region, it
is crucial to determine the intrinsic properties of the neurons
composing the circuitry. We examined the UBCs, glutamatergic
interneurons participating in the computation of the vestibular
input to the cerebellum. We have shown, in particular, that the
distinct Ca** signaling systems, which are associated with the
functional states present in UBCs, control their excitability and
their responses to synaptic inputs. The use of complementary
investigative strategies, together with the unique morphology of
UBCs, has revealed the identity and the subcellular localization of
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Figure8. VD(Csshape UBCexcitability during tonicfiring. 4, Cadmium (50 rum) dramatically
modifies the excitability properties of UBCs. In the experiment shown here, application of cad-
mium reduced the spike rate from 18.0 to 7.2 Hz, with concomitant reduction of the spike
amplitude (from 52.7 to 47.7 mV) and the maximal AHP (from 17.5 to 6.9 mV) and increase of
the spike FDHM (from 695 to 921 ps). Sample sweeps from the control (1) and the test (2)
periods are shown on the right. In the graph on the left, spike rates were averaged in 1-s-long
bins. The reduction of the AHP strongly suggests that Ca* -dependent potassium conduc-
tances are activated by single spikes. This effect on the AHP was reliably induced by cadmiumin
most cells, whereas the reduction of the spike rate was noticed in only 50% of the tested UBCs.
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the main VDCCs of these cells, thus providing the first functional
characterization of their somatodendritic compartment.

Bursts and VDCCs

Approximately 95% of the UBCs examined fired high-frequency
bursts of action potentials. Bursting is a long-known feature of
many neurons (Llinas and Jahnsen, 1982) and can arise from
several biophysical mechanisms. Reported scenarios include
both “ping-pong” reverberations between somatodendritic con-
ductances (Mainen and Sejnowski, 1996) and interactions be-
tween somatic Na™ and K¥ conductances (D’Angelo et al.,
2001). The paradigmatic example of bursting cells is, nonetheless,
represented by thalamocortical neurons (Destexhe and Se-
jnowski, 2001), where bursts are triggered by low-threshold,
a1-G subunit-containing T-type Ca*" channels (Crunelli et al.,
1989; Kim et al., 2001). Several elements indicate that this is the
case of UBCs. First, single-cell RT-PCR reveals the expression of
al-G mRNA in most cells, consistently with its reported enrich-
ment in the vestibulocerebellum (Talley et al., 1999). Second, the
pharmacological profile of LTSs (Fig. 2) and of the fast-
inactivating VDCC component (FINC) (Fig. 3) supports the hy-
pothesis that T-type channels generate the high-frequency bursts.
Finally, the voltage-dependent properties of FINC are distinctive
of T-type currents (Perez-Reyes, 2003; Iftinca et al., 2006). Thus,
UBC:s express functional T-type channels, and these define their
bursting properties.

Identity of the slowly inactivating calcium currents

We demonstrated that UBCs exhibit VDCCs producing slowly
inactivating currents (SLINC) with higher activation threshold
than FINC (Figs. 3, 4). The overlap of FINC activation and inac-
tivation curves suggests that full steady-state inactivation of
T-type channels is not achieved between —70 and —50 mV (Fig.
4 Ab). T-type conductances might thus provide a significant con-
tribution to SLINC at subthreshold potentials. Nevertheless, the
sensitivity to dihydropyridines clearly indicates that SLINC is
principally carried by L-type channels. According to single-cell
RT-PCR analysis, UBCs express both a1-C and al-D subunits
(Fig. 3C), although, in contrast with the homogeneity of our
pharmacological analysis, some cells did not show a positive am-
plification. This might be attributable to either a particular sen-
sibility of these mRNAs to degradation or to their possible com-
partmentalization in the brush, which contains a rich apparatus

<«

Inthe remaining group, the spike rate increased. B, BK potassium channel activation in tonically
firing UBCs. In Aa, an extract of the continuous recording of a tonically firing UBC before and
during paxilline application is shown. Both the decrease of maximal AHP (from 25.5to 14.1TmV)
and the dramaticincrease of the firing frequency (from 1.6 to 8.1 Hz) are evident. Similar results
were obtained in the case of another UBC, which is depicted in Ab by the superposition of
average action potential traces in the control (black) and after paxilline application (gray; both
traces are averages of 26 sweeps). Inthis cell, the spike rate increased from 4.7 to 6.4 Hz, and the
spike FDHM augmented from 0.54 to 0.99 ms, whereas the AHP amplitude decreased from 26.8
t0 16.6 mV. The AHP amplitude was calculated as the membrane potential difference between
the spike threshold and the following maximal hyperpolarization. €, The graph depicts the
increase of the firing frequency with time after paxilline application. Spike frequencies in 1-s-
long bins were calculated for each experiment, considering paxilline application as t = 0.
Corresponding bins from five experiments were then averaged and shown here as a function of
time. Error bars were omitted for clarity. D, Voltage-clamp quantification of the amount of BK
current present in UBCs. The effect of the BK channel blocker penitrem A was studied on the
outward current produced by depolarizing UBCs from —57 to —7 mV. In this case, penitrem A
reduced the outward current by 943.1 pA. Note the decrease of the current during the repolar-
izing phase, as shown in the inset on the right. Avg., Average.
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for protein synthesis (Mugnaini et al., 1997) and a high density of
VDCCs (Figs. 5, 6).

a1-C subunits typically generate high-threshold currents with
high sensitivity to cadmium and dihydropyridines (Xu and Lip-
scombe, 2001). In contrast, al-D subunits form low-threshold
channels that are relatively cadmium- and dihydropyridine-
insensitive (Avery and Johnston, 1996; Platzer et al., 2000; Xu and
Lipscombe, 2001). SLINC properties are thus consistent with
al-D subunits mediating a significant fraction of the current.
However, the distinction between L-type subunits in neurons is
complicated by several factors. The voltage dependence of L-type
channels is, in fact, sensitive to the concentration and identity of
the carrier ion (Xu and Lipscombe, 2001). Furthermore, auxiliary
subunits, modulation by second-messengers, and alternative
splicing may affect the properties of the channels. Finally, we
cannot exclude the presence of a1-F subunits, which also gener-
ate relatively low-threshold and dihydropyridine-insensitive
L-type conductances (Koschak et al., 2003; McRory et al., 2004).

The rapid kinetics of L-type conductances is consistent with a
major role of these channels during spike-triggered Ca*" influx
(Liuetal., 2003; Helton et al., 2005). Therefore, it is likely that the
role of L-type channels in supporting fast Ca*™ signals has been
underestimated thus far (Yasuda et al., 2003; Hoogland and Sag-
gau, 2004) because of the ineffectiveness of dihydropyridines in
contrasting L-type channel activation on rapid time scales. Our
experiments show that L-type channels produce most of SLINC
and of the Ca** influx at depolarized potentials. Furthermore,
BAYKS8644 reveals an L-type channel component associated with
individual action potentials (Fig. 7). We therefore propose that
L-type channels are the main players of the somatodendritic
Ca*"-signaling system of UBCs during periods of sustained
firing.

Brush excitability and role of dendritic Ca*" signaling
Mapping of Ca*" influx into UBCs with submicrometer and
submillisecond resolution was achieved with AOD scanning
(Shoham et al., 2005; Salomé et al., 2006). Imaging experiments
suggest high densities of T-type channels in the brush, where
huge transients are associated with LTSs (Fig. 5). The rise times of
the submembrane somatic and of the dendritic transients are
comparable, indicating that T-type channels may be present in
the soma, although at lower densities as suggested by the smaller
amplitude of the signals. Unfortunately, the difference in the sur-
face to volume ratio between the brush and the soma does not
permit more precise quantifications.

In contrast, individual action potentials trigger fast Ca** in-
flux over the entire somatodendritic membrane. The exceptional
rapidity of the brush signals supports the view that action poten-
tials propagate into the dendritic compartment, as LCA record-
ings also indicate (Fig. 6A). The Ca*" influx during tonic firing
affects excitability by triggering activation of BK conductances,
which likely occurs along the whole somatodendritic compart-
ment because of the widespread distribution of the spike-
associated transients. L-type channels plausibly perform the cou-
pling between Ca?* and BK channels (Berkefeld et al., 2006).
This is also suggested by the powerful shunt that, in some cases,
we observed after pharmacological potentiation of L-type
currents.

The brush is the presynaptic compartment of dendrodendritic
synapses with granule cells (Mugnaini et al., 1997). Thus, any
dendritic Ca** influx likely affects release at these synapses. Im-
portantly, in several cells, a strong correlation between sub-
threshold membrane potential variations and Ca*" increases was
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observed in the brush, suggesting that subthreshold Ca*" influx
does occur (data not shown). This component might allow re-
lease in the absence of full spikes and could represent an impor-
tant mechanism either for forwarding information to granule
cells or for setting basal excitability. The linear relationship be-
tween firing rate and Ca®" may instead code for a linear input—
output relationship at the dendrodendritic contact. Interestingly,
in this regard, low-threshold L-type channels support transmis-
sion in neurons where release is controlled by graded changes of
the membrane potential (Brandt et al., 2003; Habermann et al.,
2003).

In addition to the possible roles of Ca** discussed above, the
powerful Ca*" -signaling system of UBCs may also control a host
of other events. For example, Ca** may either produce long-
term changes of the intrinsic excitability by modulating BK chan-
nels, as in secondary vestibular neurons (Nelson et al., 2003), or
control the insertion cycle of receptors into postsynaptic densities
(Malinow and Malenka, 2002), thus modifying synaptic efficacy.
Finally, L-type channels may be particularly effective in mediat-
ing activity-dependent changes in gene expression and thus
adaptive neuronal responses (Bading et al., 1993; Sekerkova et al.,
2005).

Bimodal excitability patterns and physiological functions
Because of their all-or-none nature, bursts have been associated
with states where the accurate transmission of sensory informa-
tion is hampered (Steriade et al., 1993). This view is now chal-
lenged in several awake animal models, where bursts help detect
stimuli related to behaviorally important events (Krahe and Gab-
biani, 2004). UBCs have been recorded in in vivo conditions only
recently. In anesthetized rats, most cells displayed a regular firing
pattern, with just a few firing bursts, whereas in awake rabbits,
only data from regular firing cells were discussed (Simpson et al.,
2005). Whether bursts in UBCs are physiologically relevant is
therefore still an open question. Nevertheless, burst firing is gen-
erally regarded as a highly effective mechanism for relaying syn-
aptic information (Krahe and Gabbiani, 2004). We can then sup-
pose that bursts in UBCs could efficiently amplify vestibular
sensory signals to granule cells, evoking high-frequency action
potentials (Chadderton et al., 2004) and influencing integration
and plasticity at their synapses onto Purkinje cells.

At the resting potential, a considerable fraction of T-type
channels (~20%) is not inactivated, a fact allowing the mf input
to trigger bursts from relatively depolarized levels (Fig. 1C). Nev-
ertheless, several mechanisms may lead to further deinactivation.
Inhibitory inputs from Golgi cells may produce hyperpolariza-
tions (Dugué et al., 2005) and T-type channel-mediated re-
bounds. Alternatively, UBCs may experience periods of scarce
excitatory input, and thus hyperpolarize, when the firing fre-
quency of primary vestibular afferents is reduced from back-
ground levels by sensory stimulations (Fernandez and Goldberg,
1971; Goldberg and Fernandez, 1971). This situation would be
similar to slice conditions, where UBCs and their excitatory input
are typically quiescent.

Functionally, rebound bursts could signal specific patterns of
head acceleration, velocity, and position in the gravitational field.
Alternatively, T-type channels may perform other voltage-
dependent amplifications, such as at the transitions from down to
up states during slow oscillations (Crunelli et al., 2005). In this
regard, it is particularly interesting to note that, in vivo, UBCs can
display abrupt transitions from periods of regular firing to peri-
ods of quiescence (Simpson et al., 2005).
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