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lonic mechanisms of autorhythmic firing in rat cerebellar

Golgi cells
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Although Golgi cells (GoCs), the main type of inhibitory interneuron in the cerebellar granular
layer (GL), are thought to play a central role in cerebellar network function, their excitable
properties have remained unexplored. GoCs fire rhythmically in vivo and in slices, but it was
unclear whether this activity originated from pacemaker ionic mechanisms. We explored this
issue in acute cerebellar slices from 3-week-old rats by combining loose cell-attached (LCA) and
whole-cell (WC) recordings. GoCs displayed spontaneous firing at 1-10 Hz (room temperature)
and 2-20 Hz (35-37°C), which persisted in the presence of blockers of fast synaptic receptors and
mGluR and GABAg receptors, thus behaving, in our conditions, as pacemaker neurons. ZD 7288
(20 M), a potent hyperpolarization-activated current (I,) blocker, slowed down pacemaker
frequency. The role of subthreshold Na* currents (Inasub) could not be tested directly, but
we observed a robust TTX-sensitive, non-inactivating Na* current in the subthreshold voltage
range. When studying repolarizing currents, we found that retigabine (5 ;tM), an activator of
KCNQ K* channels generating neuronal M-type Kt (Iy) currents, reduced GoC excitability
in the threshold region. The KCNQ channel antagonist XE991 (5 M) did not modify firing,
suggesting that GoC I, has low XE991 sensitivity. Spike repolarization was followed by an
after-hyperpolarization (AHP) supported by apamin-sensitive Ca>*-dependent K* currents
(Iapa). Block of I,,, decreased pacemaker precision without altering average frequency. We
propose that feed-forward depolarization is sustained by I, and In,eub, and that delayed
repolarizing feedback involves an Iy-like current whose properties remain to be characterized.
The multiple ionic mechanisms shown here to contribute to GoC pacemaking should provide
the substrate for fine regulation of firing frequency and precision, thus influencing the cyclic

inhibition exerted by GoCs onto the cerebellar GL.
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Inhibitory interneurons are key elements for network
computation and learning (Singer, 1993). In the
cerebellum, the main inhibitory neurons of the granular
layer (GL) are Golgi cells (GoCs; Golgi, 1883). GoCs
are activated by mossy and parallel fibres, and are
inhibited by molecular layer interneurons (Eccles et al.
1967) and by Lugaro cells (Dieudonné & Dumoulin,
2000). In turn, GoCs contact granule cells at glomeruli
with inhibitory synapses (Eccles et al. 1967), thereby
regulating information flow along the mossy fibre
pathway. Investigations in vivo revealed that GoCs show
spontaneous rhythmic discharge both in awake (cat: 2
to ~50 Hz, Edgley & Lidierth, 1987; monkey: 10-80 Hz,
Miles et al. 1980) and anaesthetized animals (rat: 2 to
~30Hz, Schulman & Bloom, 1981; Vos et al. 1999).
An interesting observation is that the granular layer
of awake animals during states of quiet attentiveness
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shows a population oscillatory activity at 7-8 Hz (rat;
Hartmann & Bower, 1998) or 15-18 Hz (monkey; Pellerin
& Lamarre, 1997). This raises the question as to whether
GoC rhythmicity is driven by network oscillations or is
due to intrinsic pacemaking. Answering this question is
critical in view of the role played by neuronal excitability
in determining network behaviours (Llinas, 1988).

The observation of GoC spontaneous discharge in
cerebellar slices (~3 Hz, rat, Dieudonné, 1998; 5-20 Hz,
turtle, Midtgaard, 1992) suggests that GoCs could
be autorhythmic. Autorhythmicity usually requires the
interplay of at least two voltage-dependent mechanisms,
one causing feedforward depolarization, and the other
delayed feedback repolarization (Wang & Rinzel, 1999;
Hutcheon & Yarom, 2000). In low-frequency (1-10 Hz)
pacemaker neurons, subthreshold Na*t currents (In, sup)
are generally found to contribute to pacemaker
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depolarization (Pennartz et al. 1997; Feigenspan et al. 1998;
Bevan & Wilson, 1999; Bennett et al. 2000; Beurrier et al.
2000; Wilson & Callaway, 2000; Taddese & Bean, 2002; Do
& Bean, 2003; Jackson et al. 2004 and references therein).
A contribution to this depolarization is also given, in
some neuronal types, by the hyperpolarization-activated
current I;, (Maccaferri & McBain, 1996; Bennett et al.
2000; Neuhoff et al. 2002; Funahashi et al. 2003; Chan
et al. 2004) and by voltage-dependent Ca*" currents
with low activation threshold (Wilson & Callaway, 2000;
Jackson et al. 2004; Pignatelli et al. 2005). Among feed-
back voltage-dependent mechanisms, a number of slow
K* currents may contribute to interspike repolarization
on a time scale compatible with slow pacemaking.
Apamin-sensitive Ca’*-dependent K currents (I,,)
can regulate firing frequency and precision in several
pacemaker neurons (reviewed in Stocker, 2004). Given its
slow activation just below action potential (AP) threshold
and its lack of inactivation (Brown & Adams, 1980;
Brown & Yu, 2000), the M-type K™ current (I) is also
expected to regulate the interspike trajectory. Although Iy
functional properties in native neurons have been mainly
studied in non-pacemaker cells (reviewed in Brown & Yu,
2000), immunocytochemical data suggest that KCNQ2,
a member of the KCNQ (Kv7) family, which is thought
to generate Iy (Wang et al. 1998; Brown & Yu, 2000;
Jentsch, 2000; Robbins, 2001), is preferentially expressed
in neurons having an important role in the control of local
network oscillations in various CNS areas (Cooper et al.
2001).

Various channels potentially relevant to pacemaker
activity are suggested to be expressed in cerebellar GoCs.
mRNAs coding for the Ij, channel subtype hcn2 (mouse;
Santoro et al. 2000) and hcn2 protein (rat; Notomi
& Shigemoto, 2004) were detected in the GL with a
distribution compatible with their presence in GoCs.
Transcripts coding for two members of the KCNQ family
(KCNQ2 and KCNQS5; Wang et al. 1998; Schroeder et al.
2000; Saganich et al. 2001) were found in the rat GL,
and selective expression of KCNQ?2 protein was shown
in putative mouse GoCs (Cooper et al. 2001). Finally, I,p,
is mediated by channels of the SK family, in particular
SK2 and SK3 subtypes (Kohler et al. 1996; Ishii et al.
1997). In rat GoCs, mRNAs encoding the SK3 subtype
are particularly abundant (Stocker & Pedarzani, 2000).
Overall, these data suggested that I,, Iy and I,p, could
be functionally expressed in GoCs and could have a role
in the control of spontaneous firing.

By performing loose cell-attached (LCA) and whole-cell
(WC) recordings, we demonstrate that GoCs in acute
cerebellar slices behave indeed as pacemaker neurons.
Pacemaking involves the action of at least two depolarizing
currents active in the subthreshold region (Iy, s and
Iy) and possibly of an M-like current contributing
to the repolarizing feedback. I,, regulates spike
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after-hyperpolarization (AHP) and inter-spike interval
(ISI) precision. These results bear several consequences
for the mechanism of inhibition in the cerebellar circuit,
and suggest that GoC pacemaking can be finely regulated
by several voltage-dependent channels.

Methods
Slice preparation

Sagittal or parasagittal cerebellar slices (220 um thick)
were cut from the vermis of 16- to 21-day-old
(P16-P21) Wistar rats, decapitated after deep anaesthesia
with halothane (Sigma-Aldrich, Milan, Italy; 0-5ml in
21 administered for 1-2 min). All experiments were
conducted in accordance with international guidelines
from the European Community Council Directive
86/609/EEC on the ethical use of animals. During the
slicing procedure, the cerebellar vermis was immersed
in a cold (2-3°C) ‘cutting’ solution containing (mm):
potassium gluconate 130, KCl 15, ethylene glycol-bis
(B-aminoethyl ether) N,N,N’,N’-tetraacetic acid (EGTA)
0.2, N-2-hydroxyethyl piperazine-N-2-ethanesulphonic
acid (Hepes) 20, glucose 10, pH 7.4 with NaOH. This
solution was found to improve the viability of GoCs
(Dugué et al. 2005). Slices were incubated for at least
1 h before recordings in oxygenated bicarbonate-buffered
(‘standard extracellular’) saline maintained at 32°C,
containing (mm): NaCl 120, KCI 2, MgSO, 1.2, NaHCO;
26, KH,PO, 1.2, CaCl, 2, glucose 11 (pH7.4 when
equilibrated with 95%0,-5%CO,).

Electrophysiological apparatus

For electrophysiological recordings, slices were trans-
ferred to the recording chamber and perfused at
1.5mlmin~' with oxygenated standard extracellular
saline either at room temperature (RT; 20-23°C) or
at higher temperatures (32-37°C), as indicated. Slices
were visualized in an upright epifluorescence micro-
scope (Axioskop 2 FS, Zeiss, Oberkochen, Germany)
equipped with a x63, 0-9 NA water-immersion objective
and differential interference contrast (DIC) optics, using
infrared illumination (IR; excitation filter 750 nm) and an
IR CCD camera (Till Photonics, Grifelfing, Germany).
Patch pipettes were fabricated from thick-walled
borosilicate glass capillaries (1154150 or 1103286;
Hilgenberg, Malsfeld, Germany) by means of a Sutter
P-97 horizontal puller (Sutter Instruments, Novato,
CA, USA). Recordings were obtained in the LCA or
WC configuration, using a MultiClamp 700A (Axon
Instruments, Molecular Devices, Sunnyvale, CA, USA) or,
in a few cases, an Axoclamp 200B (Axon Instruments; in
the IClamp Fast mode) amplifier. Images of cells filled with
the fluorescent dye Alexa Fluor 488 (Molecular Probes,
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Invitrogen, S.Giuliano Milanese, Italy) were obtained
using a 50 W Xe lamp (Zeiss), excitation and emission
filters centred at 480 and 535 nm, and a 505 nm dichroic
mirror (41001, Chroma Technology, Rockingham, VT,
USA), a high-resolution digital camera (CoolSNAP HQ;
Roper Scientific, Trenton, NJ, USA) and MetaMorph
software (Universal Imaging Corporation, Downington,
PA, USA).

Loose cell-attached recordings

For loose cell-attached (LCA) recordings (10-50 M2
seal resistance), patch pipettes contained the standard
extracellular saline or, in a few cases, a Hepes-buffered
extracellular saline (results were indistinguishable and
were therefore pooled; 2-4 MQ pipette resistance).
Pipettes were held at 0 mV in the voltage-clamp mode.
Consecutive 1 min current traces were filtered at 2 kHz

Figure 1. Spontaneous firing of cerebellar
Golgi cells in loose cell-attached recordings
A, DIC-IR image of the surface of a cerebellar
slice. A patch pipette is in contact with a GoC
in the granular layer. Scale bar: 10 um.

B, fluorescence image of a GoC filled with
Alexa Fluor 488. Note the apical dendrites
extending in the molecular layer (lower part of
image) and the extended plexiform axonal
arborization in the granular layer (upper part).
Scale bar: 20 um C, left: loose cell-attached
(LCA) current traces showing spontaneous a
single-spike firing at the beginning (upper

trace, a) and at the end (lower trace, b) of a

30 min recording (RT). Biphasic downward and

upward deflections represent spikes. Inset:

single superimposed spikes from traces a and b b
shown at higher time resolution to illustrate
constancy of spike waveform. Right, interspike
interval (ISI) distributions from 1 min time
windows (‘1 min ISI distributions’) including
trace a (upper histogram; mean ISl and CVs;:
231 ms and 6.1%) and trace b (lower
histogram; mean ISI and CVi5): 218 ms and
6.0%). D, time course of firing frequency f
(top) and CVis; (bottom) for the recording
shown in C. Note the low variability, and
stability of £ and CVs; over time. Labels indicate
time position of traces a and b shown in C. E,
summary of f (left) and CVs (right) statistics for
a population of 103 cells at room temperature
(RT), for 17 cells at 31-33°C and for 24 cells at
35-37°C. Grey bars: mean values + s.E.M.;
black bars: median values.

F, plot of CVig vs f for 103 cells studied at RT.
Note the inverse correlation between CVs; and
f (see text). All recordings in C—F obtained in
standard extracellular solution.
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and acquired at 50 kHz sampling rate. In these conditions,
spikes in the recorded cell appear as biphasic, small
(20-200 pA peak-to-peak amplitude) current deflections
(Fig. 1C). Recordings were judged to be stable when (i)
the shape and amplitude of spikes was constant over
time (Fig. 1C); and (ii) firing frequency was insensitive
to changes in pipette holding potential. Stable recordings
were routinely obtained for as long as 30-40 min (Fig. 1C
and D). Giga-seal cell-attached recordings were not
suitable for this study, because they often showed partial
transition to the WC configuration after a few minutes,
as signalled by abrupt changes in spike waveform and
frequency.

Whole-cell recordings

WC GoC recordings were performed with a potassium
gluconate-based intracellular solution (KG) containing
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(mMm): potassium gluconate 135 or 145, KCl 5, Hepes
10, EGTA 0.2, MgCl, 4.6, ATP-Na, 4, GTP-Na 0.4,
pH 7.35 (supplemented with 100 M Alexa Fluor 488 in a
subset of recordings). The liquid junction potential (Ej;)
between the bath and pipette solution was measured
according to Neher (1992), and was 10 mV. Ey; has been
subtracted from membrane potential (V) measurements
throughout the text. Pipettes had resistances of 3—4 MQ
and were coated with dental wax; seal resistance was
2-5 GRQ. Signals were filtered at 2—10 kHz and acquired
at 10-50 kHz. Recordings were only accepted for analysis
if the basal current, when holding cells in voltage clamp at
—70 mV, was positive to —100 pA. Pipette series resistance
(R;) was 25+2MQ (n=74), and was constantly
monitored during experiments; Ry compensation was not
used. In current-clamp recordings, V,, measurements
were corrected offline for errors introduced by R;.
An apparent input resistance was evaluated both in
current-clamp and voltage-clamp conditions (Rcc and
Ryc), as follows. In the current-clamp mode, Rcc
was measured, in cells maintained in a subthreshold
regime (—77/—67 mV), as the chord of the V,—current
relation obtained from 1 s-long negative current injections
which decreased V,, down to —84/—72mV (control
experiments), or down to —111/—123 mV (experiments
with ZD 7288 application). In the voltage-clamp mode,
Ryc was measured from the current change at the
end of 100 ms-long voltage-clamp steps from —70 to
—80 mV (traces filtered at 10 kHz and acquired at 50 kHz).
The input membrane capacitance C,,, was approximately
measured by subtracting the time-integral of steady-state
current from the time-integral of total current developing
during the same voltage-clamp step and dividing by the
voltage jump. Ryc and C,, measured immediately after
break-in were 522 4 332 MQ (mean = s.p.; median value:
425 MQ (n=45) and 146 £ 73 pF (mean =+ s.p.; n=45;
see also Dieudonné, 1998). Ryc gradually decreased
during recordings (—32 % 4% in 15-25 min, n=11 cells
in control saline; see Fig.3C). At the same time, cells
were gradually depolarized, sometimes after an earlier
hyperpolarizing phase. In a group of 14 cells (out of
26 analysed in detail) the membrane gradually hyper-
polarized for several minutes after break-in (1-20 min;
median 8 min), as seen from the change in current needed
to maintain a V, value of —70mV (I_,); from —27 &+
4 pAat < 1 min from break-in, to —13 & 6 pA at the end of
the hyperpolarizing period; n = 14; P = 0.0001, Wilcoxon
matched-pairs test; see Fig.3D); this hyperpolarizing
phase was followed by slow progressive spontaneous
depolarization (I_;y was —33 £ 16 pA at 18-22 min after
break-in, n=9). In the remaining 12 cells, spontaneous
depolarization was observed from the beginning of the
WC recording. When averaging over both groups, I_
changed from —22 + 6 pA to —41 £ 8 pA between 10 min
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and 20 min from break-in (n=21; P = 0.008, Wilcoxon
matched-pairs test).

Drug application

All drugs were applied through the general bath
perfusion, flowing at ~1.5mlmin~!, with a ~1min
dead time before solution entrance in the bath. 4-Ethyl-
phenylamino-1,2-dimethyl-6-methylaminopyrimidinium
chloride (ZD 7288), p-(—)-2-amino-5-phosphonopenta-
noic acid (p-APV), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro-
benzo[f]quinoxaline-7-sulphonamide  disodium  salt
(NBQX), 6-imino-3-(4-methoxyphenyl)-1(6H)-pyrida-
zinebutanoic acid hydrobromide (SR 95531), (3-amino-
propyl) (diethoxymethyl)phosphinic acid (CGP35348)
(all from Tocris) and strychnine (SIGMA) stocks
were prepared in water. (S)-a-Methyl-4-carboxy-
phenylglycine ((S)-MCPG; Tocris) was dissolved at
10 mmM in extracellular saline (glucose, CaCl, and MgCl,
omitted). Apamin (Latoxan, Valence, France) stock was
prepared in a Hepes-buffered saline (mm: NaCl 100, Hepes
20, pH 7.4 with NaOH). Tetrodotoxin (TTX; Latoxan)
stocks were preparedin 0.1 M sodium citrate. N-(2-amino-
4-(4-fluorobenzylamino)-phenyl) carbamic acid ethyl
ester (retigabine) and 10,10-bis(4-pyridinylmethyl)-
9(10H)-anthracenone (XE991) were kindly provided
by Dr M. Taglialatela (University of Naples, Italy)
and were dissolved in DMSO at 50mm; a second
XE991-dihydrochloride (Tocris) 10 mm stock solution
was prepared in water, and no significant differences were
observed between effects of the two stocks. All other
chemicals were from Sigma-Aldrich.

Data analysis

For analysis, we used self-written routines in the IGOR
environment (Wavemetrics, Lake Oswego, OR, USA). In
LCA recordings, firing frequency (f) and variability of the
interspike interval (ISI) were evaluated from the mean
ISI and the ISI coefficient of variation (CVig). CVig
was computed as the squared root of the ratio of ISI
standard deviation to mean ISI. Each f and CVg; value was
computed from an ISI sample collected over a time window
of 1 min. LCA experiments were accepted for analysis of
pharmacological effects on firing only when f change in
a > 5min control period preceding application of drugs
was < 10% (Fig. 1). Values used for the statistics of f and
CVig1 in control conditions and in the presence of synaptic
blockers (see Results) were measured 1-3 min after seal
formation and 3-5 min after application of blockers in
each experiment.

In current-clamp recordings, properties of the action
potential (AP) waveform were evaluated from the
mean waveform, obtained by aligning 10-30 APs at
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their peak (traces acquired at 20-50 kHz sampling
rate). Spike threshold (Vi) was the V,, value where
dV,/dt exceeded 5mVms~'. Spike amplitude was
the peak-threshold difference. Spike half-width was the
time interval separating two successive crossings of 50%
of spike amplitude during the rising and repolarizing
AP phases. t1p—g9 was the time required for V, to rise
from 10% to 90% of spike amplitude. Mean subthreshold
Vi was calculated from a 10-30 s trace, excluding values
with V, > Vi, AHP trough was the minimum V, value
in the subthreshold interspike period; AHP rise was the
time interval separating threshold crossing during spike
repolarization and attainment of the AHP trough. Sag
amplitude was the difference between minimum and
steady-state V,, during a 1 s-long current step decreasing
Vin down to —117.3 & 1.3 mV (mean = s.D.; range —123
to —111 mV; obtained with —150 to —350 pA; n=3_),
either from a subthreshold regime (—77/—67 mV), or
from the autorhythmic firing condition.

Statistics reported are mean =+ standard error of the
mean (s.E.M.) unless specified. Statistical non-parametric
(for samples with n>5) or parametric (for samples
with n=15) tests were performed using Instat (Graphpad
Software, San Diego, CA, USA). Two-tailed P values were
used throughout.

Results

Spontaneous single-spike firing of cerebellar Golgi
cells in loose cell-attached recordings

In this paper we report an electrophysiological
investigation covering 237 GoCs (181 cells recorded
at room temperature (RT) and 56 cells at 32-37°C)
recorded in acute slices obtained from the rat cerebellum
in the third postnatal week. GoCs were visually selected as
cells presenting a large soma (> 10 um diameter; Fig. 1A),
located down to ~20 um below the surface of the GL in
lobules IT-VIII. We took care to avoid cells displaying the
characteristic brush of unipolar brush cells (Mugnaini &
Floris, 1994), or cells adjacent to the Purkinje cell layer
and displaying a bipolar, fusiform soma shape, typical
of Lugaro cells (Lugaro, 1894). Recent studies suggested
that some Lugaro cells display a non-fusiform, multipolar
soma morphology and are found at different levels in the
GL (Geurts et al. 2001; Lainé & Axelrad, 2002). Therefore,
besides visual selection, a further criterion is needed
for GoC identification. In slices, Lugaro cells are in a
resting state, and shift to rhythmic firing upon serotonin
application (Dieudonné & Dumoulin, 2000). In order to
exclude Lugaro cells, we limited analysis to cells displaying
single-spike rhythmic firing in standard extracellular
saline. This condition was met, at RT, in 87% of the cells
(103 out of 120) studied with LCA recordings and by 81%
(78 out of 96) of the cells studied with WC recordings. In
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the latter case, the presence of single-spike rhythmic firing
was assessed in the cell-attached configuration prior to
break-in or immediately thereafter. When maintaining
slices at more physiological temperatures (32-37°C), 80%
of the visually selected large-soma interneurons (56 out of
70) displayed single-spike rhythmic firing. The remaining
cells were either silent, with sporadic appearance of
short spike sequences, or displayed bursting activity (not
shown).

A subset of the visually selected cells subjected to WC
recording (RT) was filled with the fluorescent dye Alexa
Fluor 488 (100 um). These cells displayed a dendritic
arborization extending in both the granular and molecular
layers. In 81% of cases (30/37 cells), the characteristic
GoC axonal plexus with extended ramification into the GL
(Golgi, 1883; Eccles etal. 1967) was observed (Fig. 1B). The
remaining seven cells could have been GoCs with cut axon,
or belonged to unrecognized different neuronal classes.
Of the 30 cells endowed with a GoC-like axon, five were
irregularly bursting or silent and were not analysed; as a
consequence, the requirement for single-spike rhythmicity
used in this study could have excluded a silent or bursting
subpopulation of GoCs.

When recording with the LCA configuration (Fig. 1C),
the firing frequency (f) of GoCs at RT was 3.0 + 0.2 Hz
(range 0.5-8.8 Hz, n = 103; Fig. 1E). In control conditions,
firing continued for the entire length of recordings
(up to 30-40 min) with minimal changes of frequency
and precision (Fig. 1C and D). The interspike inter-
val (ISI) variability was measured by the coefficient
of variation of the ISI (CVig). CVig median value
at RT was 13.4% (n=103; Fig.1E), indicating that
firing was highly regular in a large fraction of GoCs.
CVig was inversely correlated to firing frequency, being
larger for lower frequencies (Spearman correlation
coefficient: r=—0.6983, P < 0.0001; Fig.1F). Firing
frequency increased with temperature (Fig.1E), being
424+0.6Hz at 31-33°C (range 1.6-11.6Hz, n=17)
and 9.3 & 1.3 Hz at 35-37°C (range 2.6-21.6 Hz, n=24;
P < 0.0001, non-parametric ANOVA), while the CVig
median value was relatively temperature insensitive, being
15% at 31-33°C and 9.7% at 35-37°C (Fig. 1E; P = 0.152,
non-parametric ANOVA).

Spontaneous single-spike firing
is an autorhythmic activity

GoCs receive excitatory NMDA and AMPA/kainate
glutamatergic synaptic inputs (Dieudonné, 1998; Bureau
et al. 2000; Misra et al. 2000) as well as glycinergic
and GABAergic inhibitory synaptic inputs (Dieudonné,
1995; Dieudonné & Dumoulin, 2000), which may be
spontaneously activated by recurrent activity in the slice
preparation. Therefore, the ability to generate spontaneous
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rhythmic firing could depend on the activation of
fast chemical synapses impinging onto GoCs. When
addressing this issue in LCA recordings, we observed
that firing was only slightly, although significantly, altered
(Fig. 2A and B) upon bath application of a mixture of
blockers of the above-mentioned ionotropic postsynaptic
receptors (‘synaptic blockers’; NBQX, 10 um; p-APV,
25 um; strychnine, 300nm, and SR 95531 (gabazine),
30 um). In fact, f was 3.6+0.4Hz with synaptic
blockers and 3.9+ 0.4Hz in control (n=20 cells;
P =0.024, Wilcoxon matched-pairs test; Fig.2B), with
a blockers/control frequency ratio of 0.92 +0.03. The
effect of synaptic blockers developed in 2—3 min (Fig. 2A).
Firing precision was not significantly influenced (CVig; in
control: 11.9 +2.0%, CVis with blockers: 10.9 & 1.8%,
n=20 cells; P=0.7285, Wilcoxon matched-pairs test;
Fig. 2B), and in no case was firing blocked. This result
shows that spontaneous rhythmic firing in GoCs does not
depend on phasic input from afferent synapses, but rather
is generated by intrinsic excitable mechanisms.

L. Forti and others
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Intrinsic excitability in the slice preparation might
be increased by tonic depolarization which could force
the cell into the firing regime. This could occur if, for
example, accumulated glutamate or GABA were activating
G-protein-coupled Glu (mGlu) and GABAj receptors,
leading to modulation of relevant ionic currents. Specific
expression in GoCs of mGIluR2 (mGluR group II) and
mGluR5/mGluR1 (mGluR group I) has been documented
(Knoflach et al. 2001, and references therein), and a high
density of GABAjp receptors is found in the cerebellar
cortex (Turgeon & Albin, 1993). We therefore studied the
effect of inhibiting the activation of mGluRs (groups I and
IT) and GABAg receptors with bath application of the same
mixture of ‘synaptic blockers’ as above, to which we added
the non-selective mGIuR group I/group II antagonist
(S)-MCPG (500 M), the GABAg antagonist CGP 35348
(100 um), or both. In all cases, rhythmic firing (monitored
at 35-37°C) continued after application of drugs with
no significant changes in frequency or precision (after
10min in CGP 35348: f =6.3+1.3Hz, vs 5.9+ 1.5Hz

A
i Control Syn Blk
5 o a
N b
N 3 —
T T T I' T 1
Syn Blk 10
. e Wi Syn Blk
=
Q24
2s, 40pA R .

t (min) 10 Figure 2. RI_'\y.thmlc firing is resistant to block of
fast synaptic inputs and mGIuR and GABAg
receptors

B Effect of synaptic input block with NBQX (10 M),
D-APV (25 um), SR 95531 (30 uMm) and strychnine
(300 nm) (‘synaptic blockers’) and with mGIuR group /I
and GABAg receptors antagonists. A, left: LCA traces
RT showing firing activity (at RT) before ('Control’) and
A Syn Blk after applying synaptic blockers for 6 min ('Syn BIk’).
Right: time course of firing frequency f (upper plot) and
CVs) (lower plot) for the same experiment. The
horizontal bars indicate time of drug application; labels
indicate time position of traces a and b shown on the
left. Note that firing frequency and CVjg are only
marginally affected. B, plot of firing frequency and CVs
in the presence of synaptic blockers (fp, CVpi), Vs
3470 corresponding values before blockers (fctr, CVyr) for 20

& CGP+Syn Blk

cells (RT). C, plot of firing frequency (at 35-37°C) and
CVisi (Fdrug: CVdrug) in the presence of a mixture of

® MCPG+Syn Bk synaptic blockers and CGP 35348 (100 um; A; 5 cells)
® CGP+MCPG (S)-MCPG (0.5 mm; m; 5 cells) and CGP 35348
+Syn Blk + (S)-MCPG (®; 4 cells), vs corresponding values in

control (fetr, CVeyr). Firing frequency and CVg are
non-significantly affected by drug application in all
cases.
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in control, n=5, P=0.433; CVigg=10.9+1.2%, vs
8.8 & 1.4%, n =5, P = 0.089; after 68 min in (S)-MCPG:
f=65+03Hz, vs 53+£04Hz in control, n=5,
P =0.1546; CVig1=6.8+2.5%, vs 9.7+ 1.3%, n=>5;
P =0.3456; after 5-8 min in (S)-MCPG + CGP 35348:
f=11.7+£53Hz, vs 8.8+2.8Hz in control, n=4,
P =0.386; CVi5g=9.2+0.8%, vs 16.2£5.1%, n=4,
P=0.202; paired ttest; Fig.2C). In experiments
conducted in the absence of synaptic blockers, (S)-MCPG
(500 um) application inhibited the pause in GoC
spontaneous firing following an evoked train of spikes
triggered by extracellular stimulation in the cerebellar
molecular layer (not shown); such decrease in GoC
excitability after intense parallel fibre release has been
studied by Watanabe & Nakanishi (2003) and found
to depend on mGluR2 activation. CGP 35348 (100 um)
application was effective in modulating the constitutive
inward rectifier Kt current of granule cells in parallel
slice experiments in our laboratory (P. Rossi ef al,
2006). These observations confirm that (S)-MCPG and
CGP 35348 applications were effective in our experiments.
In conclusion, we found that block of group I/group II
mGluRs and GABAg receptors does not block rhythmic
firing in GoCs, and this rules out the possibility that
firing is due to depolarization arising after activation of
these receptors by ambient Glu and GABA present in the
slice. These data further support the notion that GoCs are
endowed with intrinsic mechanisms to sustain auto-
rhythmic, pacemaker activity.

The rest of this work is devoted to uncovering
the ionic mechanisms generating the pacemaker cycle
in autorhythmic GoCs. We performed all subsequent
experiments at RT in the presence of blockers of fast
synaptic transmission (‘synaptic blockers, as above).
We investigated the presence and role of several
candidate currents including subthreshold Na™ currents,
the hyperpolarization-activated cationic current (I,), the
M-type KT current (I) and the apamin-sensitive K*
current (Iop,).

Whole-cell recordings from Golgi cells

GoCs were further studied with the current-clamp WC
configuration. When breaking into GoCs using potassium
gluconate-based pipette solutions, spontaneous firing
continued in 32 of 41 cells. In these cells, spike waveform
exhibited rapid rise and decay (Table 1; Fig.3A). The
subthreshold interspike trajectory (‘pacemaker range’;
Table 1 and Fig.3A) showed a pronounced AHP and
spanned from ~—75mV (AHP trough) to ~—55mV
(spike threshold). Comparison of firing frequency before
and 1-2 min after membrane rupture (noinjected current)
showed a significant increase (gigaseal cell-attached, f:
3.2+ 0.3 Hz; whole-cell, f: 4.6+£0.6Hz; n=32 cells;
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Table 1. Mean properties of AP and interspike interval in GoCs

Mean + s.e.m. (n = 6)

Spike peak 21.8+3.6 mV
Spike threshold —55.3+1.0mV
Spike half-width 1.22 + 0.08 ms
t10—-90 440 + 28 uS

Mean V subthreshold —-67.9+1.0mV
AHP trough —-749+1.5mV
AHP rise 37 £6ms

All parameters were measured during the pacemaker cycle in
six morphologically identified GoCs (GoC-like axon present)
firing at 2.5-3.6 Hz in current-clamp recordings (RT; holding
current in the range —20 to +10 pA). In this frequency range,
there was no correlation between measured AP parameters and
frequency. t10—90, 10-90% spike rise time. See Methods for details.

P =0.048, Wilcoxon matched-pairs test). In 8 out of 16
cells (50%) in which spontaneous firing was continuously
monitored, f decreased, and eventually firing stopped
within a few minutes after membrane rupture (Fig. 3B).
In all cases, the apparent input resistance (measured in
voltage clamp, Ryc; see Methods and Fig.3C) and the
current needed to maintain V,, at —70 mV (measured
in current clamp, I_7o; see Methods and Fig. 3D) showed
progressive changes after break-in. These effects, which are
possibly linked to cytoplasmic dialysis and/or increasing
leak conductance through the seal, are likely to perturb
the delicate balance of small ionic currents active in
the subthreshold region. Therefore, in order to study
the impact of pharmacological block of ionic currents
on spontaneous firing, we took advantage of the LCA
configuration, which, as reported above, permits long
stable recordings of firing activity. WC recordings provided
useful information on some functional parameters which
were stable enough during several tens of minutes.
These were, in current-clamp recordings, the firing
frequency-to-injected current (f-I) relationship (see
below and Fig. 3F) and the extent of inward rectification at
negative potentials (Fig. 5); in voltage-clamp recordings,
the amplitude of subthreshold persistent Na™ current
(Fig. 4).

Upon injection of 1s-long positive current steps of
increasing amplitude (Fig. 3E and G), the instantaneous
firing frequency at the onset of the response (f;,) followed
linearly the input current, reaching values up to ~200 Hz
(n=6 cells; holding current 0pA; 3-9 Hz basal firing
frequency; Fig.3G). Spike frequency adaptation at the
end of depolarizing steps (measured as 1 — (f5/fi,), where
f1s is instantaneous frequency estimated at the end of
the step) was modest (11 +3%) for f;, in the 7-35Hz
range, and increased to 74 & 12% for f;, in the 200-210 Hz
range (Fig. 3H; see also Fig. 3 in Dieudonné, 1998). Thus
GoCs can generate repetitive firing upon a large range of
depolarizing input intensities.
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Figure 3. Whole-cell current-clamp GoC recordings

A, left: autorhythmic firing (3.7 Hz) in a GoC with synaptic blockers
present. Holding current (/,01q): O pA. Note the pronounced
after-hyperpolarization after each spike. Horizontal bar: 0 mV level.
Right: a spike from the left trace, displayed with higher time
resolution. B, a longer voltage trace from another cell (/hig O PA).
Note the decrease in autorhythmic firing frequency occurring in the
course of a few tens of seconds. Scale bars: 5s, 20 mV. C, summary of
apparent input resistance (Ryc) values, measured from voltage-clamp
steps between —70 and —80 mV (see Methods), collected from 11
cells and plotted vs experimental time. Values are normalized to Ryc in
the first minute after break-in. D, time plot of the current injection
through the patch pipette needed to maintain Vp, at
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At the end of discharge in response to depolarizing
pulses, GoCs showed a marked AHP which delayed the
re-establishment of pacemaker activity (Fig. 3E). The AHP
depth and duration increased with stimulation intensity.

Subthreshold Na™ current

Na*t currents active in the subthreshold range (Inasub)
have been implicated in the generation and regulation
of pacemaker activity in several neuronal types (see
Introduction). The effects of TTX block of subthreshold
and suprathreshold Na® currents cannot be separated
while observing occurrence of spikes with LCA recordings;
therefore we could not directly verify the functional effect
of Iasub in spontaneous firing. Indirect information can
nevertheless be obtained by measurement of Iy, s, during
somatic GoC voltage clamp in a restricted voltage range
(=70 to —60 mV), where artefacts due to axial current
flow arising from imperfect space clamp and to series
resistance are minimized (White et al. 1995). We examined
responses to 2 s-long voltage steps from a holding potential
of —70 mV up to —60 mV before and after TTX application
(500 nm; Fig. 4A). Subtraction of average traces obtained
from control periods and after reaching steady-state TTX
block revealed a TTX-sensitive steady inward current
(Fig. 4A and B), activating positive to —70 mV (Fig. 4C),
which had an amplitude of —23 £5pA at the end of
a step to —60mV (n=>5; Fig.4D). This indicates that
Inasup 18 active in GoCs at voltages positive to —70 mV,
and therefore should take part in the slow pacemaker
depolarization leading to spike threshold. Moreover, the
current remaining after TTX block at command voltages
positive to —60 mV was outward atall times during the step
(n=4 out of 5 cells); given that spike threshold in GoCs is
~—55mV (Table 1), this suggests that the TTX-sensitive
current is necessary to drive GoC pacemaking.

~—70mV (I_70) in a single cell. Note the initial /_7 increase, indicating
membrane hyperpolarization, followed, after > 8 min, by progressive
I_70 decrease, indicating subsequent depolarization. This behaviour
was noticed in ~50% of the cells. E, whole-cell (WC) current-clamp
voltage traces showing responses of a GoC to 1 s-long step current
injections of increasing amplitude, as indicated above traces. Top
trace: oy O PA, autorhythmic firing, 6.6 Hz. Bottom two traces: note
spike frequency adaptation for large current input. Dotted bar: 0 mV
level. F, number of spikes during a 1 s-long step current injection of
90-100 pA (Ngo—100), as a function of time from break-in, normalized
to the value in the first minute (54 data points from 9 cells; small open
circles). Average Ngg—10o (filled symbols) decreases from 12.6 + 1.0
spikes to 12.3 4 1.0 spikes in the first 10-15 min (—2.9 + 4.1%). G,
frequency—current (f-/) relationships for six cells studied as in E. fi,
(filled symbols) and f1s (open symbols) are plotted vs injected current
(inj. curr.). lhoig O pA; autorhythmic firing frequency: 3.2-7.1 Hz. H,
ratio of f1s to fiy, plotted vs fi,, for the same six cells as in G. Note the
progressive spike frequency adaptation with larger inputs.
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Hyperpolarization-activated current (/},)

A Cs*-sensitive inward rectification of GoC membrane
current at negative voltages has been shown in the
rat by Dieudonné (1998) and in the turtle by Mid-
tgaard (1992), suggesting the presence of an I}, current.
To confirm the presence of inwardly rectifying currents
in GoCs in current-clamp recordings, we examined
responses to 1s-long negative current steps from cells
maintained in a subthreshold regime (—77/—67 mV) by
means of negative steady current injection. At 7-21 min
from break-in, responses showed a characteristic, stable,
slowly developing voltage sag, suggesting the slow
opening of I, channels (Fig.5A). Consistently, at the
end of hyperpolarizing current injection, a transient
after-depolarization indicated the delayed deactivation
of Ij, channels activated at negative potential (Fig.5A).
Return from hyperpolarization into the firing region was
often associated with a short spike burst (not shown).
GoC apparent input resistance (Rcc; see Methods)
significantly decreased during the step (at the time of V',
minimum: 340 4 44 MQ; after 1s: 244 £32MQ; n=38
cells; Fig.5B). The voltage sag amplitude, for negative
current steps hyperpolarizing V;, down to —117 &= 1 mV,
was 11.4+1.9mV (n=_8; Fig.5A). In six cells, inward
rectification was largely reduced by perfusing slices with

A
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the bradicardic agent ZD 7288 (20 um), a potent (I1Cs for
I, block in brain slices: 10.5 um, Gasparini & DiFrancesco,
1997; 2.3 um, Neuhoff et al. 2002) and selective Iy, blocker
(e.g. Dickson et al 2000; but see Do & Bean, 2003)
(Fig. 5C). Peak and steady-state Rcoc were increased by
44+7% and 81+ 17% by the drug (from 266 423
to 379 £33 MK, P=0.031, peak Rcc; from 193 +26
to 333 £32MQ, P=0.031, steady-state Rcc; Wilcoxon
matched-pairs tests; n=6 cells), indicating the presence
of a ZD 7288-blocked current which developed along
the step (Fig.5D). The V,, sag decreased by 51 5%
after 8-12 min drug application (from 12.9 £ 3.0 mV to
6.1+ 1.4mV, n=6, P=0.031, Wilcoxon matched-pairs
test; Fig.5C). These data indicate that slow inward
rectification was sustained by activation of Iy, and further
confirm that a robust I}, current is present in GoCs.

We investigated the role of I, in GoC pacemaking by
studying firing properties in LCA recordings before and
after slice perfusion with ZD 7288 (20 um). The onset of
the ZD 7288 effect on firing frequency was slow, starting
5-12 min after application, and led to slow progressive
f decrease (Fig. 6A and B; n=7 cells): 10 min after the
start of the ZD 7288 effect, f had decreased on average by
~59%, from 3.9 + 0.8 Hz (range 2.7-8.5 Hz) in control
to 1.4 + 0.2 Hz (range 0.75-2.1 Hz) (P = 0.016, Wilcoxon
matched-pairs test; Fig. 6C). In parallel with frequency,

Figure 4. TTX effect on subthreshold membrane
current

In voltage-clamp experiments exploring a small

subthreshold voltage range TTX (500 nm) abolishes a
steady inward component. A, current traces in response
to voltage-clamp steps from —70 mV (holding potential)

to —60 mV, before (top) and after TTX application

(middle); the lower trace is the TTX-sensitive current,
obtained from subtraction of the middle from the upper

trace. Horizontal lines indicate the zero current level.
The voltage protocol is shown above traces. B, for the

same cell, plot of steady-state current at —70 mV (open )
symbols) and at the end of a 2 s step from —70 to

—60 mV (filled symbols) vs experimental time. Cells
used for these experiments reached a stable current

B
. -60 mv 70mv - TTX 500 nM
O —
control ]
<
Q|
.- g
-80 —
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s ~ c
Vg oy (-‘—;—‘ 0 -
control-TTX .
L -
R 1
71 —= control Vine
0.5, 50 pA | 2004 -~ TTX e
I ! [ !

baseline at —70 mV after ~20-30 min from break-in.
Bar indicates the period of TTX application. Note the
TTX-induced decrease of inward current at —60 mV.
Markers indicate the time of current traces reported in D
A. C, current-voltage relation in the —80/—55 mV
range for the cell in A, before (m) and after (0) TTX. The
vertical dashed line reports the average value of GoC
spike threshold (Vy,,) for reference, to show that
TTX-resistant current at threshold is positive. D, average
TTX-sensitive current vs voltage in the —80/—55 mV
range (5 cells). Positive current at voltages < —70 mV
might be accounted for by space-clamp errors (White
et al. 1995).
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firing precision also decreased (Fig. 6A and B), with CVig
increasing from 10.4 £ 2.6% to 26.4 £ 7.6% (control vs
ZD 7288; P = 0.016, Wilcoxon matched-pairs test; 10 min
after application; Fig. 6C). This ‘early’ effect was followed,
in three of seven cells, by a progressive clustering of
spikes, appearing 10-20 min after drug application and
sometimes ending in a clear bursting behaviour (not
shown). The initial frequency decrease and the associated
CV increase can be explained by a decrease of an
inward current contributing to subthreshold pacemaker
depolarization; it is therefore consistent with I}, block as
the mechanism mediating the early effect of ZD 7288.
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Figure 5. ZD 7288-sensitive inward rectification in GoCs

A Voltage responses to 1 s-long negative current injections (—50,
—150 and —250 pA). The cell is hyperpolarized to —68 mV with

—50 pA steady injection. Note the inward rectification during the step
and rebound excitation after step termination. B. minimum (A; Vpin)
and steady-state (A; Vss) voltage during negative step injections,
plotted vs injected current, for the cell in A, to further illustrate slow
inward rectification at negative potentials. C, voltage responses to

1 s-long —150 pA current injection, before and 10 min after ZD 7288
(20 pum) application. Holding current: 0 pA, autorhythmic firing: 3.7 Hz
(control trace), 2.5 Hz (ZD 7288 trace). D, apparent input resistance
Rcc vs experimental time, for the cell in C. Rec is calculated from the
voltage displacement from —70 mV generated by a —150 pA
injection, measured at the voltage minimum (Rcc pk, A) or at the end
of the step (Rcc ss; m). The bar marks the period of ZD 7288
application. Note the Rcc decrease in the control period, and the Rcc
increase induced by the drug.
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A further manipulation producing block of I, is
application of extracellular Cs* ions (reviewed in Pape,
1996), also known to block a variety of K conductances
(reviewed in Garcia et al., 1997). Application of CsCl
(2mm) in GoC LCA recordings had opposite effects to
ZD 7288, with a significant acceleration of firing (n=3;
not shown), suggesting that the main effect of Cst was
block of outward K* conductances, leading to moderate
cell depolarization and subsequent frequency increase (Do
& Bean, 2003).

Do & Bean (2003) reported inconsistent effects of
ZD 7288 on firing in subthalamic nucleus neurons,
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Figure 6. Block of /,, with ZD 7288 reduces firing frequency and
precision

A, left: LCA traces before (a) and after (b) bath application of 20 um
ZD 7288, in the presence of synaptic blockers. Right, 1 min ISI
distributions for traces on the left. Mean ISl and CVs;: 270 ms and
distribution 3.6% (upper histogram) and 653 ms and 16.4% (lower
histogram).

B, time course of f (upper plot) and CVs; (lower plot) for the recording
shown in A, indicating a large f decrease and CVs; increase during
drug application. Horizontal bars indicate times of synaptic blockers
and ZD 7288 application; labels indicate time position of traces a and
b shown in A. C, plot of f (top) and CVis; (bottom) in the presence of
ZD 7288 (fzp, CVzp), vs respective values in control (e, CVeyr), for 7
cells.
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proposed to arise from non-specific blocking effects.
They show that ZD 7288 (10 um) blocks an outward,
hyperpolarizing current developing while the membrane
potential trajectory spans the subthreshold pacemaker
range; this is paralleled, in current-clamp recordings, by
membrane depolarization, firing frequency increase and,
in some cells, by ‘depolarization block’ of firing. In all GoC
LCA recordings, f did gradually decrease over 10-20 min
during ZD 7288 application, without ever accelerating or
stopping. This is in contrast to the effects expected from
progressive depolarization that should lead to f increase
and eventually to abrupt firing arrest, thus ruling out
the possibility that the effect of ZD 7288 on GoC firing
is caused by block of outward currents. In conclusion,
our data show that a ZD 7288-sensitive I}, current has an
important role in sustaining GoC pacemaker activity.

Retigabine-sensitive M-type K* currents

Neuronal K currents active in the subthreshold voltage
range generate hyperpolarizing current counteracting
slow pacemaker depolarization and contributing to
the determination of the interspike interval duration.
A number of functional K™ current types may in
principle contribute to subthreshold repolarizing current.
Besides the delayed-rectifier-type and BK-type Ca*" - and
voltage-dependent K* currents, which activate during
or immediately following the spike and deactivate
fast after repolarization, candidate Kt currents include
slowly activating M-like, transient outward A-type
and SK-type Ca’"-dependent K' currents, together
with voltage-independent ‘leak’ channels. We initiate
the analysis of K% currents contributing to the
determination of the pacemaker rhythm in GoCs by
focusing on retigabine-sensitive M-like K currents and
apamin-sensitive SK-type Ca’*-dependent K* currents.

Among the available pharmacological tools for the study
of the M-type K* current Iy is the cognition-enhancing
drug XE991, which blocks heterologously expressed
neuronal KCNQ channels (KCNQ2-5) with variable
potency depending on the specific subunit combination
(Wang et al. 1998; Robbins, 2001) and is a potent Iy
blocker in intact neurons (ICsy < 1 um; Wang et al. 1998;
Oliver et al. 2003; Passmore et al. 2003; Romero et al.
2004). The anticonvulsant drug retigabine increases I in
heterologously expressed channels formed with KCNQ2-5
subunits (Main et al. 2000; Rundfeldt & Netzer, 2000;
Tatulian et al. 2001; Wickenden et al. 2001) and increases
I in intact cells (Wickenden et al. 2000; Tatulian et al.
2001).

In order to gain information on the presence of
functional KCNQ channels in GoCs, we studied the effect
of bath perfusion of retigabine on cellular responses
recorded during current-clamp whole-cell experiments.
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We injected 1s-long depolarizing current steps in cells
steadily hyperpolarized to —70 mV by current injection.
Application of retigabine (5 um) led, in a few minutes,
to a clear excitability decrease, as measured from the
decreased number of spikes evoked by a fixed-amplitude
step. With steps of 90 or 100 pA, this number (Ngo—1q0)
was 12.1 & 1.6 in control, and 6.2 & 2.6 after 7-17 min
in retigabine, corresponding to a —52 + 16% decrease
(n=5;Fig. 7A-C). The decrease in Ngy— ¢ after retigabine
was significantly larger (P = 0.002, Mann-Whitney test)
than spontaneous rundown in comparable time windows
of control recordings (see Fig. 3F, legend). These results
show that retigabine depresses cell excitability, and this is
likely to be mediated by recruitment of functional KCNQ
channels.

Retigabine is known to displace KCNQ channel
activation towards negative potentials (Main et al. 2000;
Wickenden et al. 2000, 2001; Tatulian et al. 2001)
producing increased channel opening in the just-threshold
range. In cells hyperpolarized to —70 mV by steady current
injection, retigabine should therefore produce a hyper-
polarizing shift and an accompanying input resistance
decrease (e.g. Yue & Yaari, 2004; Gu et al. 2005). In our
whole-cell experiments, the current needed to maintain
Vi at =70 mV (I_5) became less negative after retigabine
(3 cells), or remained nearly constant (2 cells). On
average, [ _;o was —28 & 8.5 pAin controlat ~10 min from
break-in, and —17 & 14.5 pA after 7-17 min in retigabine,
i.e. 7-17 min later (n = 5). This I_;, change is significantly
different (P = 0.029, Mann-Whitney test) from the change
observed in the same time window in control recordings,
where I_;, became more negative with time (see Methods
and Fig. 3D). These observations are thus compatible with
a hyperpolarizing effect of retigabine. The apparent input
resistance measured in voltage clamp in the —70/—80 mV
range decreased during recordings, before and after
retigabine application (not shown), in a way similar to
that observed in control whole-cell recordings (Fig. 3C),
suggesting that the membrane conductance increase
associated with the WC configuration masks the increase
due to enhanced retigabine-mediated opening of KCNQ
channels.

To investigate the role of KCNQ channels in GoC auto-
rhythmic activity, we sought a selective antagonist rather
than an agonist. We monitored firing properties in LCA
recordings during bath application of XE991 (5 um). After
10 min of continuous application, firing frequency f and
CVis; were not significantly different from control (mean
f in control: 3.21 4 0.73 Hz; after XE991: 3.31 £+ 0.81 Hz;
n=>5 cells; P=0.589; mean CVig in control: 12 4 5%;
after XE991: 10+ 4%; n=>5 cells; P=0.125; paired
t tests; Fig. 8); further drug application for 5-10 min gave
similar results (not shown). Two different XE991 stock
solutions were used for this purpose (see Methods), with
indistinguishable results. Therefore, we have no evidence
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for a contribution of XE991-sensitive KCNQ channels to
the regulation of pacemaker activity in GoCs.

In conclusion, our results suggest the functional pre-
sence in GoCs of a retigabine-sensitive M-like current.
Due to low activation threshold and lack of inactivation,
an M-like current would be expected to be active in
the pacemaker range. Our experiments suggest that the
retigabine-sensitive M-like current in GoCs is either
XE991 insensitive, or, alternatively, it produces a small,
non-relevant contribution in the pacemaker range (see
Discussion).

Apamin-sensitive Ca?*-dependent K* currents

In several neuronal types, apamin-sensitive SK
channel-mediated ~ Ca’-dependent K"  currents,
Iipas are involved in the generation of the AHP that
develops after a single spike in the 10-100ms time
range (single-spike AHP or mAHP; reviewed in Stocker,
2004). To verify the presence of functional SK-type
channels in GoCs, we studied the effect of the specific
blocker apamin (50 nm; reported ICs, for SK3 channels is
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0.6—4 nm; reviewed in Stocker, 2004) on the single-spike
AHP in whole-cell current-clamp recordings. After
2-4 min bath application, apamin decreased the AHP
trough observed in spontaneously firing cells (n=>5;
control: —68.8 2.6 mV; after 2-4min in apamin:
—63.6£29mV; P=0.026, paired ttest; Fig.9A),
indicating that I,,, was contributing to the generation
of the AHP. A clear apamin-induced decrease of the
single-spike AHP amplitude was also observed in cells
maintained at —70 mV with negative current injection
and briefly (0.5ms) stimulated with just-threshold
current steps to evoke single spikes (not shown).

The effects of SK channel block on pacemaker activity
were assessed using bath application of 50 nm apamin
during LCA recordings. In cells displaying a basal
firing frequency > 2 Hz, apamin perfusion induced a
marked increase of ISI variability (Fig. 9B-D): CVig
rose from 7.1+ 1.8% (1 min before drug application)
to 21.1 £9.6% (4-6 min after bath application), with a
3.1 £ 0.8-fold increase (n=>5; P=0.031; paired f test).
Conversely, in two cells with low basal frequency (1.5
and 1.4Hz) and large ISI variability, CVig was not
significantly affected after apamin perfusion (0.2-fold
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Figure 7. The M-type current agonist
retigabine decreases cell excitability
A, voltage traces from a current-clamp WC
J recording showing responses of a GoC to
U 1 s-long step current injections of increasing
D — amplitude (indicated above traces), in control
0.3s,20mV (left) and 15 min after 5 um retigabine
; application (‘Ret’; right). Horizontal bars:
—70 mV level. Note decreased spike numbers
B C after drug for all step amplitudes B, number of
Ret —a— control spikes during a 1 s-long, 100 pA step current
159 50 50 4 Ret injection, as a function of time from break-in,
» _'_'/.\.\. ® for the experiment in A. The bar indicates
o a retigabine application. C, number of spikes
o « duri 15l t rrent injection
= e uring a 1 s-long step current injection as a
100 pA inj. curr. function of current amplitude, before (m) and
0 - 0 0 15 min after retigabine application (A). Left
T ] T Tt T plot is for the same cell as above, right plot is a
0 t(min) 30 0 inj. curr (pA) 500 0 inj.curr (pA) 500 summary for 5 cells.
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increase and 0.4-fold decrease). In spite of the large
effect of apamin on firing precision, the effect on
average firing frequency was not significant (control f:
3.0£0.4Hz, f after 4-6 min in apamin: 2.9 £ 0.5 Hz,
P =0.808, paired t test; n = 7). In conclusion, these results
demonstrate that, in cerebellar GoCs, apamin-sensitive
SK channels have an important role in determining the
precision of the pacemaker mechanism.

Discussion

Our investigation shows that Golgi cells in the rat
cerebellum sustain spontaneous low-frequency rhythmic
firing in the absence of phasic input. Firing continued
after blocking the known GoC synaptic ionotropic
receptors, namely glutamatergic receptors of the NMDA
and non-NMDA types (Dieudonné, 1998; Bureau et al.
2000; Misra et al. 2000) and glycine and GABA4 receptors
(Dieudonné, 1995; Dieudonné & Dumoulin, 2000).
We thus conclude that GoC firing is sustained by an

lonic mechanisms of pacemaking in Golgi cells 723

intrinsic pacemaker mechanism, i.e. an appropriate set of
membrane channels allowing the generation of rhythmic
firing.

It should be noted that some neurons in vivo can
switch between non-pacemaker and pacemaker properties
in relation to behavioural requirements, as reported for
neurons in the mammalian respiratory network, hypo-
thalamus and basal ganglia and for crustacean neurons
(reviewed in Ramirez et al. 2004; Surmeier et al. 2005).
Neuromodulators play an important part in the induction,
enhancement and suppression of pacemaker properties:
through multiple channel modulations, excitability is
increased or decreased, pushing a cell into the firing regime
or away from it. Relevant neuromodulatory effects may
also occur in slices in relation to accumulation or depletion
of transmitters. However, GoC firing in our experiments
was resistant to block of group I/group II mGluRs and
GABAj receptors, showing that periodic activity was not
due to depolarization arising after activation of these
receptors by ambient glutamate and GABA. While there
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Figure 9. Control of pacemaker precision by apamin

Effects of the SK-type Ca2*-dependent K+ channel blocker apamin
(50 nm). A, voltage traces from a WC current-clamp recording
showing autorhythmic firing before (thin line) and 3 min after apamin
application (thick line). Note the decrease of the spike AHP after
apamin. Dotted line: 0 mV. Holding current —15 pA for both traces. B,
LCA traces before (a) and during application of 50 nm apamin (b).
Right, 1 min ISl distributions for traces on the left. Mean ISI and CVg:
269 ms and 5.3% (upper histogram), 246 ms and 32.7% (lower
histogram). Note CV/g increase induced by apamin. C, time course of f
(upper plot) and CVig; (lower plot) for the recording in B. Bars indicate
times of application of synaptic blockers and apamin; labels indicate
time position of traces a and b shown in B. D, plot of f (top) and CVs
(bottom) in the presence of apamin (fapa, CVapa) vs respective values in
control (fetr, CVer), for 7 cells. @ indicates 2 cells with f < 2 Hz where
neither f nor CVs; were affected by apamin.
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might still be modulatory agents influencing pacemaking
(e.g. acetylcholine, noradrenaline, or serotonin), an
indication that slice conditions were compatible with
those occurring in vivo comes from the observation that
Golgi cells in vivo and in vitro fire rhythmically at similar
frequencies.

GoC spontaneous firing frequency at physiological
temperature (~9Hz on average) was slightly lower or
similar to values measured in the rat in vivo (~15Hz,
Schulman & Bloom, 1981; ~8.4 Hz, Vos et al. 1999). Firing
was much more regular in slices (CVig; ~0.1) than in vivo
(CVis1 ~0.9, Vos et al. 1999). The frequency and regularity
of GoC activity in vivo is likely to be influenced by massive
synaptic inputs, which are absent in slices because granule
cells do not discharge spontaneously (D’Angelo et al. 1995)
and afferent mossy fibres are deprived of their cell body.
Accordingly, firing activity in slices was marginally altered
by block of such inputs. Firing frequency and regularity
were correlated, and were modulated in parallel by down-
regulation of intrinsic currents relevant to pacemaking
(with the exception of I,,,; see below). Firing regularity in
vivo should thus be under dual control of synaptic inputs
and the level of activity of pacemaker channels.

Because of their rhythmic firing at 1-10 Hz and the
extended plexiform axonal arborization developing in the
granular layer, the majority (81-87%) of large neurons
in lobules II-VIII were identified as Golgi cells. It should
be recalled that Lugaro cells, which might in some cases
display a GoC-like soma located deep in the GL (Lainé
& Axelrad, 2002), do not discharge spontaneously in
slice preparations (Dieudonné & Dumoulin, 2000). The
main electrophysiological properties of GoCs were homo-
geneous. However, we cannot rule out that a minority
of large granular layer interneurons, excluded from
this study because silent, irregularly firing or bursting,
represent functionally different GoC subtypes; indeed, a
few non-pacemaker neurons endowed with a Golgi-like
plexiform axon were observed. The existence of GoC
subtypes has been previously suggested on the basis
of neurochemical studies (Geurts et al. 2001). The
observation that, in a small fraction of cells characterized
by low discharge frequency, apamin was ineffective on
pacemaking, might also indicate the existence of distinct
functional GoC subclasses.

In addition to autorhythmicity, which is the focus of
the present study, GoCs revealed interesting dynamic
behaviours, including the ability to (i) respond to a
depolarizing input with high-frequency repetitive firing
up to 200 Hz showing adaptation at increasing frequencies;
and (ii) to produce a deep AHP following discharge. These
properties match behaviours of GoCs in vivo, which can
show sustained discharge at high frequency (up to 50 Hz,
Edgley & Lidierth, 1987; 20-150 Hz, Miles et al. 1980).
Following punctuate sensory stimulation, GoCs respond
with short bursts of 2-3 spikes at up to 200-300 Hz
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followed by a silent pause (Vos et al. 1999), which can
therefore be due, at least in part, to intrinsic GoC electro-
responsive properties. The presence of spike-frequency
adaptation, together with rebound excitation following a
hyperpolarization, suggests that GoCs are able to signal the
time of input changes both in the excitatory and inhibitory
direction; rebound excitation following hyperpolarization
may contribute to resetting the phase of spontaneous firing
(Chan et al. 2004).

Membrane currents underlying Golgi cell
autorhythmic firing

While looking for depolarizing current components
contributing to the pacemaker depolarization in GoCs,
we found evidence for the participation of Na™ currents
and I,

Subthreshold Na*  current. A non-inactivating
subthreshold Na' current is active in GoCs in the
pacemaker range (positive to —70 mV), as shown here by
the effect of TTX on the steady-state current measured
with small voltage-clamp steps. A persistent Na* current of
similar amplitude has been recorded recently in rat GoCs
(J. Magistretti, unpublished results). This current is likely
to play a critical role in driving autorhythmic firing, thus
adding to the emerging evidence that Na™ currents are
major sources for the depolarizing drive to threshold in
low-frequency rhythmic neurons (Pennartz et al. 1997;
Feigenspan et al. 1998; Bevan & Wilson, 1999; Bennett
et al. 2000; Beurrier et al. 2000; Taddese & Bean, 2002;
Do & Bean, 2003; Jackson et al. 2004; see also Wilson &
Callaway, 2000).

Hyperpolarization-activated cationic current I,. The
decrease of firing frequency induced in GoCs
by ZD7288 suggests that I, contributes to the
subthreshold pacemaker depolarization, as found in
other low-frequency pacemaker neurons (Maccaferri &
McBain, 1996; Bennett et al. 2000; Neuhoff et al. 2002;
Funahashi et al. 2003; Chan ef al. 2004). The hypothesis
that the effect of ZD 7288 on firing is mediated by block
of hyperpolarizing K* conductances (Do & Bean, 2003) is
ruled out in GoCs by the slow, gradual firing deceleration
and the lack of firing arrest. I, was reported not to be
involved in firing in some pacemaker neuronal types
(Pennartz et al. 1997; Feigenspan et al. 1998; Bevan &
Wilson, 1999; Taddese & Bean, 2002; Do & Bean, 2003;
but see Beurrier et al. 2000), suggesting that in those
neurons a relatively negative activation threshold prevents
current build-up in the interspike voltage range. However,
I}, activation threshold and half-activation potential are
variable across cell types (Pape, 1996). Given the role of
I, in GoC pacemaking, its activation threshold in these
neurons should be relatively positive.
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M-type K current. We showed that GoC excitability is
decreased by application of low doses (5 um) of the anti-
convulsant drug retigabine. At this dose, retigabine is
an agonist at recombinant homomeric and heteromeric
channels formed with KCNQ2-5 (Main et al. 2000;
Wickenden et al. 2000; Tatulian et al. 2001; Dupuis et al.
2002) and increases native I, in sympathetic neurons
(Wickenden et al. 2000; Tatulian et al. 2001; Passmore
et al. 2003). Low retigabine doses are ineffective on
Na® and Ca?* currents (Rundfeldt & Netzer, 2000). A
potentiation of GABA, receptor activity has been reported
(Rundfeldt & Netzer, 2000); however, the latter should
not significantly influence the effect in GoCs reported
here, which was obtained in the presence of saturating
doses of the GABA, antagonist gabazine. Thus the
observed retigabine effect arguesin favour of the functional
presence of a retigabine-sensitive, KCNQ-mediated
M-type current in GoCs.

We also show that low doses (5um) of the Iy
antagonist XE991 have no effect on pacemaking. This was
unexpected given the suggested presence of Iy in GoCs.
It was reported that XE991 block is voltage dependent
in sympathetic neurons (Romero et al. 2004), being
more effective at positive (—30 mV) potentials. However,
effects of XE991 on cells maintained in resting, hyper-
polarized conditions have also been reported (Yu &
Yaari, 2004; Gu et al. 2005). It is therefore questionable
whether the lack of effect of XE991 on spontaneous
firing in GoCs is due to voltage dependence of Iy
block. The phenomenon could alternatively be explained
if the suggested retigabine-sensitive current was XE991
insensitive and/or was not involved in control of auto-
rhythmic firing properties. The latter hypothesis seems
unlikely given that the current is involved in control
of threshold excitability (Fig.7). As a consequence, we
hypothesize that the retigabine-sensitive current in GoCs
is not sensitive to low XE991 doses. This raises the
problem of the molecular identity of such current. The
precise molecular profile of KCNQ-containing retigabine
targets in GoCs is unknown, and their XE991 sensitivity
might be influenced by coassembled accessory subunits.
KCNQ5 mRNA is present in the rat GL (Schroeder et al.
2000), and KCNQ5 homomeric recombinant channels are
reported to have low sensitivity to XE991 block (Schroeder
et al. 2000). Further studies including direct recording
of retigabine-sensitive current will be necessary to clarify
these subjects.

SK-type Ca?*-dependent K* currents. Apamin disrupted
firing regularity, showing that apamin-sensitive
Ca**-dependent K* channels from the SK family
are essential for generating highly precise pacemaking
in GoCs. This is similar to observations in other
low-frequency pacemaker neurons (Shepard & Bunney,
1988; reviewed in Stocker, 2004). Saturating apamin doses
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for SK channels did not significantly alter the average firing
frequency, in line with other reports (Bennett et al. 2000;
Hallworth et al. 2003; but see Wolfart et al. 2001). Apamin-
induced irregular firing could arise from spike clustering
induced by suppression of the single-spike AHP.

A synthesis of mechanisms

Our observations allow us to propose a hypothesis on
the mechanism of GoC pacemaking. For convenience,
we begin our description from the ISI. During the
AHP (trough below —70 mV), I, slowly activates, raising
membrane potential enough (above —70 mV) to activate
INa.sub- The joint action of Iy, and I, sub leads membrane
voltage to threshold for a new spike. Depolarization
activates repolarizing feedback mechanisms with different
kinetics, both fast (the spike repolarization mechanism)
and slow (I, deactivation). The slowly activating and
deactivating Iy, coupled to faster currents, is in principle
sufficient to generate slow V, oscillations (e.g. Dickson
et al. 2000; Hutcheon & Yarom, 2000). However, it is
clear that activation of additional currents with slow
voltage-dependent kinetics would sustain slow GoC pacing
and increase the repertoire of modulatory actions enabling
tuning of pacemaker properties. Therefore, a special
interestis raised by the M-like K* current for which we have
proposed the functional expression in GoCs and which
may concur to generate and reinforce the repolarizing
phase. The SK-mediated I,,, proved unable to regulate
the average frequency, but seems to play an important role
in stabilizing the cycle.

Although the proposed mechanism is in line with
experimental observations in other pacemaker neurons
(e.g. Bennett et al. 2000) and explains the ability to sustain
autorhythmic firing, several questions remain open. The
role of Iy, s and M-like currents in GoC pacemaking
awaits an experimental demonstration. The K* current I,
(see Midtgaard, 1992; Liss et al. 2001) could also contribute
to contrasting the depolarizing action of Iy, b and Iy
and to control firing frequency. Finally, low-threshold
voltage-dependent Ca’* currents could contribute to
subthreshold depolarization (Wilson & Callaway, 2000;
Jackson et al. 2004; Pignatelli et al. 2005). The role of
these channels should be investigated. The assessment
of the interplay between the various voltage-dependent
conductances would also benefit from a realistic numerical
simulation of the present hypothesis.

Conclusions and functional implications

Low-frequency pacemaking in GoCs suggests specific
consequences for cerebellar operating mechanisms.
Intrinsic firing can be up- or downregulated, depending
on the nature of synaptic inputs. GoCs may therefore
behave as sensitive detectors both for excitation carried
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by mossy and parallel fibres and for inhibition relayed
by various interneurons (including Lugaro and stellate
cells). The rhythmic activity of GoCs could contribute to
determining both cyclic and tonic inhibition of granule
cells. Tonic inhibition has a TTX-sensitive component
(Rossi et al. 2003), whose intensity is likely to be regulated
by the frequency of GoC activity through slow integration
of GABA spillover in the glomerulus. Cyclic inhibition
could contribute to explaining the population oscillations
observed in the cerebellar granular layer of awake resting
animals (Pellerin & Lamarre, 1997; Hartmann & Bower,
1998). These oscillations could also involve other network
properties. Indeed, the parallel fibre feedback through
GoCs has itself the ability to convert a steady mossy fibre
input into a cyclic Golgi and granule cell discharge (Maex
& De Schutter, 1998). Moreover, since granule cells are
resonant at 0-frequency (D’Angelo et al. 2001), the effects
of GoCs’ cyclic inhibition would be that of tuning granule
cells to a preferential input frequency band. Modulation
of the multiple currents sustaining autorhythmicity could
regulate the GoC functional state and consequently affect
the frequency and regularity of population oscillations.
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