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Climbing fiber (CF) afferents modulate the frequency and patterns of cerebellar
Purkinje cell (PC) simple spike (SS) activity, but its mechanism is unclear. In the
present study, we investigated the mechanisms of spontaneous CF discharge-evoked
pauses and the output modulation of cerebellar PCs in urethane-anesthetized mice
using in vivo whole-cell recording techniques and pharmacological methods. Under
voltage-clamp recording conditions, spontaneous CF discharge evoked strong inward
currents followed by small conductance calcium-activated potassium (SK) channels that
mediated outward currents. The application of a GABAA receptor antagonist did not
significantly alter the spontaneous SS firing rate, although an AMPA receptor blocker
abolished complex spike (CS) activity and induced significantly increased SS firing rates
and a decreased coefficient of variation (CV) SS value. Either removal of extracellular
calcium or chelated intracellular calcium induced a decrease in amplitude of CS-evoked
after-hyperpolarization (AHP) potential accompanied by an increase in SS firing rate.
In addition, blocking SK channels activity with a selective antagonist, dequalinium
decreased the amplitude of AHP and increased SS firing rate. Moreover, we found
repeated CF stimulation at 1 Hz induced a significant decrease in the spontaneous firing
rate of SS, and accompanied with an increase in CV of SS in cerebellar slices, which
was also abolished by dequalinium. These results indicated that the spontaneous CF
discharge contributed to decreasing SS firing rate via activation of SK channels in the
cerebellar PCs in vivo in mice.

Keywords: cerebellar Purkinje cell, whole-cell patch-clamp recording, complex spike (CS), after-hyperpolarization
(AHP), simple-spike (SS), small conductance calcium-activated potassium channel (SK)

INTRODUCTION

Cerebellar Purkinje cells (PCs) exhibit spontaneous simple spike (SS) firing that is accompanied
by irregular complex spike (CS) discharges in vivo (Ito, 1984). The bursting of SS firing
is thought to be controlled by T-type calcium channels, as well as small conductance (SK)
and large conductance (BK) calcium-activated potassium currents (Swensen and Bean, 2003).
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Under physiological conditions, the activation of BK channels
requires both membrane depolarization and an increase in
intracellular Ca2+, although activation of SK channels is not
dependent on membrane voltage and can respond to Ca2+

entry only (Köhler et al., 1996; Vergara et al., 1998). Notably,
SK channels contribute to an after-hyperpolarization (AHP)
potential following bursts of action potentials and are involved in
the regulation of spike firing frequency in some neurons (Stocker
et al., 1999; Pedarzani et al., 2001). Additionally, dendritic ionic
channels contribute to spontaneous SS activity in cerebellar slices
(Womack and Khodakhah, 2002). For instance, dendritic Ca2+

influx via voltage-gated calcium channels (VGCC; Llinás and
Sugimori, 1980; Usowicz et al., 1992) and P/Q-type calcium
channels (Womack and Khodakhah, 2004) also contribute to SS
burst firing in PCs in vitro.

Climbing fiber (CF) activation evokes distinctive
high-frequency CSs followed by a pause of SS (Eccles et al.,
1966), which suggests that CS activity is an important signal for
the cerebellar cortex, conveying timing information from the
outside to the cerebellar cortex (Welsh and Llinás, 1997) and
triggering parallel fiber-PC synaptic plasticity (Hansel et al., 2001;
Ito, 2001). The inhibition of CF discharges by inactivating or
removing the inferior olive induces an increase in spontaneous
SS frequency of PCs, revealing that CF input influences SS
discharge in PCs in vivo (Colin et al., 1980; Montarolo et al.,
1982; Cerminara and Rawson, 2004). Additionally, repetitive
stimulus of CFs induces a progressive reduction and ultimately
the total cessation of spontaneous SS activity (Colin et al., 1980;
Demer et al., 1985). Under in vitro conditions, CF-induced
changes in the PC SS firing rate could occur independently
of network activation, although it is dependent on the level of
intracellular Ca2+ (McKay et al., 2007). Repetitive CF discharges
induce an increase in intracellular Ca2+ levels and enhance
activation of Ca2+-dependent potassium channels, resulting in
a change in SS firing properties (Hounsgaard and Midtgaard,
1989; Miyakawa et al., 1992; Maeda et al., 1999; McKay et al.,
2007).

CF discharge evokes pause and AHP potential, which is
assumed to be the result of recruited inhibitory interneurons by
their CF inputs (Mathews et al., 2012), as well from activation
of calcium-dependent SK-type K+ channels (Kakizawa et al.,
2007). During downregulation of the unique isoform of SK
channels, SK2 induces increased SS activity in PC intrinsic
plasticity (Belmeguenai et al., 2010). Additionally, the inhibition
or reduction of SK2 channels abolishes spike pause plasticity,
which suggests that SK2 channels may be crucial to cerebellar
information storage by altering PC output (Grasselli et al., 2016).
Conversely, cerebellar cortical molecular layer interneurons
(MLIs) activated by parallel fibers are involved in controlling
PC output via powerful feed-forward inhibition (FFI) in vitro
(Häusser and Clark, 1997; Mittmann et al., 2005). The inhibition
of GABAA receptor-mediated FFI decreases the PF stimulation-
evoked number of SS firing in mouse cerebellar PCs (Wulff
et al., 2009). However, single unit recordings from cerebellar PCs
reveals and average SS firing frequency that is similar between
GABAA receptor γ2 subunit deleted (PC-∆γ2) and normal mice
(Wulff et al., 2009).

Although the effects of CF activity on SS firing characteristics
have been well established in vitro and in vivo by extracellular
recording technique, the mechanisms of spontaneous CF
discharge-evoked pauses and the modulation of cerebellar PCs
in living animals remain unclear. In this study, we analyzed
the mechanisms of spontaneous CS discharge modulation of SS
activity in cerebellar PCs in urethane-anesthetized mice using
in vivo whole-cell recording techniques and pharmacological
methods. Results showed that either removal of extracellular
calcium or chelated intracellular calcium induced a decrease
in amplitude of CS-evoked AHP accompanied by an increase
in SS firing rate. Inhibition of SK channels activity decreased
AHP amplitude and increased the SS firing rate. These
results indicated that spontaneous CF discharge contributed to
decreasing the SS firing rate via activation of SK channels in
cerebellar PCs in mice.

MATERIALS AND METHODS

Anesthesia and Surgical Procedures
The anesthesia and surgical procedures have been previously
described (Chu et al., 2011). In brief, the experimental procedures
were approved by the Animal Care and Use Committee of
Jilin University and were in accordance with the animal welfare
guidelines of the U.S. National Institutes of Health. The permit
number is SYXK (Ji) 2007-0011. Animals were housed under a
12-h light:12-h dark cycle with free access to food and water.
Either male (n = 30) or female (n = 30) adult (6 to 8-week-
old) HA/ICR mice were anesthetized with urethane (1.3 g/kg
body weight i.p.). A watertight chamber was created and a
1–1.5-mm craniotomy was drilled to expose the cerebellar
surface corresponding to vermis VI–VII. The brain surface was
constantly superfused with oxygenated artificial cerebrospinal
fluid (ACSF: 125 mM NaCl, 3 mM KCl, 1 mM MgSO4,
2 mM CaCl2, 1 mM NaH2PO4, 25 mM NaHCO3 and 10 mM
D-glucose) using a peristaltic pump (GilsonMinipulse 3; Villiers,
Le Bel, France) at 0.4 ml/min. Rectal temperature was monitored
and maintained at 37.0 ± 0.2◦C using body temperature
equipment.

Electrophysiological Recording in
Urethane-Anesthetized Mice
In vivo whole-cell patch-clamp recordings from PC somas
(n = 42 cells) were performed using an Axopatch-200B amplifier
(Molecular Devices, Foster City, CA, USA) in the cerebellar
cortical lobule vermis VIb from 42/60 mice. We failed to
obtain whole-cell recordings from PC somas in a total of
18 mice, although one PC was recorded in 42 mice for further
experiments. Signals of whole-cell recordings from PCs were
acquired using a Digidata 1440 series analog-to-digital interface
on a personal computer with Clampex 10.3 software. Patch-
pipettes were made with a puller (PB-10; Narishige, Tokyo,
Japan) from thick-wall borosilicate glass (GD-1.5; Narishige).
Patch electrodes (4–6 MΩ) contained a solution of the following
(in mM): potassium gluconate 120, HEPES 10, EGTA 1, KCl 5,
MgCl2 3.5, NaCl 4, biocytin 8, Na2ATP 4 and Na2GTP 0.2
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(pH 7.3 with KOH, osmolarity adjusted to 300 mOsm). For
BAPTA experiments, EGTA was replaced with 10 mM BAPTA.
The whole-cell recordings from PC somas were performed at
depths of 250–300 µm under the pia mater membrane, and
identified by regular spontaneous SS accompanied with irregular
CS (Chu et al., 2011). The series resistances were in a range
of 10–40 MΩ and compensated by 80%. Membrane voltage
and current were filtered at 2 kHz and digitized at 20 kHz.
Membrane resistance (Rm) was determined by applying−100 pA
square pulses (600 ms) from a mean membrane potential of 60
(±0.14 mV; n = 42) under current-clamp recording conditions
(Figure 1A). The Rm was calculated from steady-state membrane
potential of five responses. Spontaneous activity was calculated
from a train of interspike intervals recorded for 100 s. In
addition, the whole-cell recordings from PC dendrites were
identified by the attenuated backpropagating of Na+ action
potentials (Chu et al., 2011), which were excluded from this
study.

Electrophysiological Recording in
Cerebellar Slices
Cerebellar slices preparation has been previously described (Qiu
and Knöpfel, 2007). Adult mice were deeply anesthetized with
halothane and decapitated quickly. The cerebellum was dissected
and placed in ice-cold ACSF bubbled with 95% O2/5% CO2. The
sagittal slices of cerebellar cortex (250 µm thick) were prepared
using a Vibratome (VT 1200s, Leica, Nussloch, Germany). The
slices were incubated for≥1 h in a chamber filled with 95%O2/5%
CO2 equilibrated ACSF at room temperature (24–25◦C) prior to
recording.

FIGURE 1 | Whole-cell recordings showed the property of cerebellar Purkinje
cell (PC) spontaneous activity in living mice. (A) Whole-cell patch-clamp
recording from a soma of a PC in response to hyperpolarizing (–100 µA) and
depolarizing (+100 µA) current pulses. (B) Under current-clamp,
representative traces showing the spontaneous complex spike (CS; arrows)
and simple spike (SS) activities when the membrane potential were clamped
at −53 mV (I = 0 pA; upper) and −72 mV (lower). (C) The photomicrographs
show the morphology of the cell, which is shown in (A). The left column shows
an overview of the location of the biocytin-labeled cell. The right column
shows the detail of the biocytin-labeled cell.

Whole-cell patch-clamp recordings from PC somas in
cerebellar slices visualized using a 60× water-immersion lens
through a Nikon microscopy (Eclipse FN1, Nikon Corp.,
Tokyo, Japan). Patch pipette resistances were 5–7 M� in
the bath, with series resistances in the range of 10–20 M�.
Membrane potentials and/or currents were monitored with
an Axopatch 700B amplifier (Molecular Devices, Foster City,
CA, USA), filtered at 5 kHz, and acquired through a Digidata
1440 series analog-to-digital interface on a personal computer
using Clampex 10.4 software (Molecular devices, Foster City,
CA, USA). For CF electrical stimulation, current pulses (0.2 ms,
100 µA) at 1 Hz were delivered through a glass electrode. The
stimulating electrode containing ACSF (0.1–0.5 MΩ) was placed
in the granule cell (GC) layer of the cerebellar cortex for CF
stimulation.

Drug Application
The reagents, which included BAPTA, 1,2-bis(2-
aminophenoxy)ethane-N,N,N′,N′- tetraacetic acid, gabazine
(SR95531), hydrobromide (6-imino-3-(4-methoxyphenyl)-
1(6H)- pyridazinebutanoic acid hydrobromide), NBQX,
(2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo [f]quinoxaline-7-
sulfonamide) and dequalinium, were purchased from Sigma-
Aldrich (Shanghai, China). The drugs were dissolved in ACSF,
and directly applied to the cerebellar surface using a peristaltic
pump (0.5 ml/min) for 10 min.

Data Analysis
The electrophysiological data were analyzed using Clampfit
10.3 software. Values are expressed as mean ± SEM. One-way
ANOVA and Mann-Whitney-Wilcoxon test (SPSS software;
Chicago, IL, USA) was used to determine the level of statistical
significance between groups of data. P-values < 0.05 were
considered to indicate a statistically significant difference
between experimental groups.

RESULTS

Properties of Spontaneous CS Activity of
Cerebellar PCs In Vivo in Mice
In this study, a total 42 cerebellar PCs were recorded in the
cerebellar cortex vermis VIb using in vivo whole-cell patch-
clamp recording technique in urethane-anesthetized mice (Chu
et al., 2011, 2012). According to previous studies (Ito, 1984;
Chu et al., 2011; Liu et al., 2016), the PCs were identified by
regular SS firing accompanied by irregular CS activity. Under
current-clamp conditions (I = 0), the mean membrane potential
was −52.6 ± 0.37 mV (n = 42 cells), and the mean frequency
of SS firing was 37.5 ± 2.8 Hz (n = 42 cells). The PCs also
exhibited an irregular CS firing at a range of 0.01–1.72 Hz
(n = 42 cells), accompanied by a SS pause with a mean value
of 88.7 ± 7.6 ms (n = 42 cells). We also estimated membrane
resistance (Rm) of the PCs by injecting square pulses (−100 pA,
600 ms) under current clamp recording conditions (Figure 1A).
The mean Rm value of PCs was 150.3 ± 21.7 MΩ (n = 42 cells).
Injection of bias currents maintained at PCs at −70 mV
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by inhibiting spontaneous SS activity, but did not prevent
spontaneous CS activity (Figure 1B). The photomicrographs
showed that the morphology of the recorded neuron was a PC
(Figure 1C).

Furthermore, we analyzed the relationship between CS
and SS frequencies, AHP amplitude, and time of pause. As
shown in Figure 2, the spontaneous CS firing rate negatively
correlated with SS frequency (Figure 2A; R = 0.75, P < 0.001),
whereas time of pause positively correlated with AHP amplitude
(Figure 2B; R = 0.69, P< 0.001) under current-clamp conditions.
Notably, the high CS discharge rate (≥0.2 Hz) significantly
correlated with frequency of SS activity (Figure 2C; R = 0.41,
P = 0.003; n = 30 cells), although the low CS firing rate
(<0.2 Hz) did not significantly correlate with frequency of
SS firing (Figure 2D; R = −0.003, P = 0.35; n = 12 cells).
These results indicated that an increase in CS firing rate
accompanied a decrease in SS firing frequency in cerebellar PCs
in mice.

Effect of Spontaneous CS Activity on SS
Firing Rate in Cerebellar PCs
Because CS discharge may affect PC SS activity through MLIs
networks (Barmack and Yakhnitsa, 2003), we employed the
GABAA receptor antagonist gabazine (SR95531, 20 µM) to
block MLI-mediated GABAergic inputs. In the presence of
gabazine, the mean frequency of SS firing was 102.6 ± 10.1%
of baseline (ACSF: 99.9 ± 9.5%; F = 0.09, P = 0.92; ANOVA;
n = 6 cells; Figures 3A,B), and the coefficient of variation (CV)
values of SS was 35.6 ± 2.7, which was similar to baseline
(ACSF: 37.9 ± 2.9; P = 0.38; Mann-Whitney-Wilcoxon test;

FIGURE 2 | Scatter graphs show the relationship between CS and SS
frequencies, amplitude of after-hyperpolarization (AHP) and time of pause.
(A) Relationship between frequency of CS and SS rate. (B) Relationship
between pause and AHP amplitude. (C) Relationship between high CS
discharge rate (≥0.2 Hz; n = 30 cells) and SS rate. (D) Relationship between
low CS discharge rate (<0.2 Hz; n = 12 cells) and SS rate. Note that the
spontaneous CS firing rate negatively correlated with SS frequency, especially
in PCs expressed the high CS discharge rate.

n = 6 cells; Figures 3A,C). However, additional application
of the AMPA receptor antagonist NBQX (50 µM) induced a
significant increase in SS firing rate and a decrease in CV value.
In the presence of the mixture of gabazine and NBQX, the mean
frequency of SS firing was 145.6 ± 8.4% of baseline (ACSF:
99.9 ± 9.5%; F = 8.3, P = 0.016; n = 6 cells; Figures 3A,B),
and the CV values of SS was 4.6 ± 0.3, which was significantly
less than baseline (ACSF: 37.9 ± 2.9; P < 0.0001; Mann-
Whitney-Wilcoxon test; n = 6 cells; Figures 3A,C). In the
presence of gabazine, the mean pause was 86.4 ± 9.5 ms,
which was similar to control conditions (ACSF: 197.6 ± 8.9 ms;
F = 0.07, P = 0.79; Mann-Whitney-Wilcoxon test; n = 6 cells;
Figures 3A,C), and the normalized frequency of CS was

FIGURE 3 | Effect of spontaneous CS activity on SS firing rate in cerebellar
PCs. (A) Representative traces (left) and instant frequency (right) showing the
spontaneous activity from of a PC in treatments: artificial cerebrospinal fluid
(ACSF), gabazine (50 µM), gabazine + NBQX (250 µM) and recovery
(washout; Arrows indicated CSs). (B) Summary of data showing the
normalized SS firing rate of each treatment. (C) Pooled data showing the
coefficient of variation (CV) values of SS in each treatment. (D) Bar graph
showing the normalized pause of SS in each treatment. (E) Summary of data
showing the normalized CS firing rate in each treatment. Note that application
of AMPA receptor antagonist, NBQX completely blocked the CS activity
accompanied with a significant increase in the spontaneous firing rate of SS.
∗P < 0.05; n = 6 cells.
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97.3 ± 6.6% of baseline (ACSF: 100.0 ± 6.2%; F = 0.074,
P = 0.73; ANOVA; n = 6 cells; Figures 3A,D). Application
of the mixture of gabazine and NBQX abolished CS discharge
(Figures 3A,E), and no pause was observed (Figures 3A,D).
These results indicated that the MLI networks contributed
less to spontaneous SS firing activity, and CS discharge
contributed to a decreased SS firing rate of cerebellar PCs
in vivo.

Furthermore we examined the effect of CS discharge on SS
firing rate by electrical stimulation of CF input in cerebellar
slices. As shown in Figure 4, repeated CF stimulation at 1 Hz
induced a significant decrease in the spontaneous firing rate
of SS, the mean frequency of SS firing was 72.7 ± 2.6% of
baseline (ACSF: 99.9 ± 1.7%; F = 259, P < 0.0001; ANOVA;
n = 10 cells; Figures 4A,B). In addition, the mean CV value of SS
was increased to 125.1 ± 4.4% of baseline (ACSF: 100.0 ± 3.2%;
F = 70.2, P = 0.006; ANOVA; n = 10 cells; Figures 4A,C) during
the repeated CF stimulation. These results indicated that CS
discharge induced a significant decrease in the spontaneous firing
rate of SS, and accompanied with an increase in CV of SS in
cerebellar slices.

FIGURE 4 | Stimulation of climbing fiber (CF) evoked CS activity induced a
decrease in SS firing rate in cerebellar slices. (A) Left panel, representative
traces showing the spontaneous activity of a PC under control conditions
(control), during the CF stimulus (CF stimulation; 0.2 ms, 100 pA; 1 Hz,
5-pulse) and recovery. Arrows indicated the evoked-CSs. Right panel shows
the instant frequencies of SS firing shown in the left panel. (B) Summary of
data showing the normalized SS firing rate under control conditions (control),
during the CF stimulus and recovery. (C) Bar graph showing the normalized
CV of SS firing under control conditions (control), during the CF stimulus and
recovery. Note that repeated CF stimulation at 1 Hz induced a significant
decrease in the spontaneous firing rate of SS, and accompanied with an
increase in CV of SS. ∗P < 0.05 vs. control; n = 10 cells.

Ionic Mechanism of Spontaneous CS
Activity Depressed SS Firing Rate in
Cerebellar PCs
To understand the ionic mechanisms of how CF discharge
modulates the SS firing rate, we examined whether the CS
activity-induced decrease in SS firing rate was dependent
on extracellular and intracellular calcium concentrations. We
prepared a calcium-free extracellular solution by replacing
calcium with an equal concentration of magnesium. Perfusion
of calcium-free ACSF induced an increase in the SS firing rate
(Figure 5A) accompanied by a decrease in AHP amplitude
(Figure 5B). The application of a calcium-free solution resulted
in an SS frequency of 168.3 ± 9.6% of baseline (ACSF:
100.0 ± 5.2%; F = 26, P = 0.0007; ANOVA; n = 6 cells;
Figures 5A,C) and a pause mean time of 24.5 ± 4.5 ms,
which was significantly shorter than control conditions (ACSF:
61.3 ± 9.1 ms; P < 0.001; Mann-Whitney-Wilcoxon test;
Figures 5A,D). Additionally, the application of calcium-free

FIGURE 5 | CS activity decreased SS firing rate was dependent on the
extracellular calcium concentration. (A) Representative traces (left) and instant
frequency (right) showing the spontaneous activity from of a PC in treatments
of ACSF, calcium free and recovery (washout; arrows indicated CSs).
(B) Enlarged CS traces shown in (A). (C) Summary of data showing the
normalized SS firing rate in treatments of ACSF, calcium free and recovery
(washout). (D) Bar graph showing the normalized pause of SS in each
treatment. (E) Summary of data showing the normalized amplitude of AHP in
each treatment. Note that removing extracellular calcium induced a significant
increase in the spontaneous firing rate of SS, and accompanied with
decreases in pause of SS and AHP amplitude. ∗P < 0.05; n = 6 cells.
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ACSF decreased the AHP amplitude to 5.2 ± 6.4% of baseline
(ACSF: 100.0 ± 7.7%; F = 316.5, P < 0.0001; ANOVA;
n = 6; Figures 5A,E). These results showed that the removal of
extracellular calcium decreased the CS-evoked AHP amplitude
and increased the SS firing rate, suggesting that the CS activity-
decreased SS firing rate was dependent on the extracellular
calcium influx into cerebellar PCs.

Furthermore, we examined whether intracellular calcium was
required for CS activity-induced inhibition of the SS firing
rate. We used a high concentration of fast-mobile Ca2+ buffer
BAPTA (10 mM) in the pipette solution and observed a change
in spontaneous activity as BAPTA diffused throughout the
cytoplasm (Naraghi and Neher, 1997). The BAPTA-included
internal solution significantly increased the SS spike firing rate
after the whole-cell configuration (Figure 6A). After 10 min
of whole-cell configuration, the normalized SS firing rate was
178.6 ± 12.3% of baseline (ACSF: 100.0 ± 7.6%; F = 215.7,

FIGURE 6 | Effect of CS activity on SS firing rate required the intracellular
calcium level. (A) Under current-clamp, representative traces showing the
spontaneous CS and SS activities of a PC recorded with a BAPTA-including
internal solution at 10 s and 10 min after the whole-cell configuration.
(B) Enlarged traces of the CS waveforms shown in (A). (C–E) Summary of
data showing the normalized SS firing rate (C), pause of SS (D), amplitude of
AHP (E) at 10 s and 10 min after the whole-cell configuration. Note that
chelating intracellular calcium induced a significant increase in the
spontaneous firing rate of SS, and accompanied with decreases in pause of
SS and amplitude of AHP. ∗P < 0.05; n = 6 cells.

P < 0.0001; ANOVA; n = 6 cells; Figures 6A,C). In addition,
the application of intracellular BAPTA decreased the pause of
SS (Figure 6A) and the amplitude of AHP (Figure 6B). After
10 min of whole-cell configuration, the mean time of pause
was 16.2 ± 5.9 ms, which was significantly shorter than control
conditions (ACSF: 93.6 ± 11.2 ms; P < 0.001; Mann-Whitney-
Wilcoxon test; n = 6 cells; Figures 6A,D), and the AHP amplitude
decreased to 7.9 ± 6.2% of baseline (ACSF: 100.0 ± 8.2%;
F = 275.2, P < 0.0001; ANOVA; n = 6 cells, Figures 6B,E).
Moreover, the normalized frequency of CS was 98.7 ± 3.5% of
baseline (ACSF: 100.0 ± 6.4%; F = 0.065, P = 0.76; ANOVA;
n = 6 cells; not shown). These results showed that chelating
intracellular calcium failed to affect the spontaneous CS firing
rate, but induced a significant increase in the spontaneous firing
rate of SS, which was accompanied by a decreased pause of SS
and AHP amplitude.

We then tested whether SK channel activity was involved
in the CS-induced decrease in SS firing rate. Similar to the
perfusion of calcium-free solution, blocking SK channel activity
with the selective antagonist dequalinium (10 µM; Dunn, 1994),
induced an increase in SS firing rate (Figure 7A) accompanied
by a decreased AHP amplitude (Figure 7B). In the presence of
dequalinium, the SS frequency was 176.3 ± 8.5% of baseline
(ACSF: 100.0 ± 6.7%; F = 28, P = 0.0008; ANOVA; n = 6 cells;
Figures 7A,C), and the mean pause was 14.7 ± 6.2 ms,
which was significantly shorter that control conditions (ACSF:
94.5 ± 10.6 ms; P < 0.001; Mann-Whitney-Wilcoxon test;
n = 6 cells; Figures 7A,D). Application of dequalinium decreased
the AHP amplitude to 13.5 ± 6.9% of baseline (ACSF:
100.0 ± 7.7%; F = 217, P < 0.0001; ANOVA; n = 6 cells;
Figures 7A,E). These results indicated that inhibition of SK
channels induced a significant increase in the spontaneous firing
rate of SS, whichwas accompanied by a decreased pause andAHP
amplitude.

In addition, we examined the effect of repeated CF stimulation
at 1 Hz on SS activity in the presence of dequalinium (10 µM).
Application of dequalinium induced an increase in SS firing rate
(Figure 8A), the mean frequency of SS firing was 146.3 ± 4.8%
of baseline (ACSF: 99.9 ± 4.2%; F = 204, P < 0.001; ANOVA;
n = 7 cells; Figures 8A,B), but without effect the mean value of
CV (Figure 8C). Importantly, in the presence of dequalinium,
CS activity at 1 Hz failed to induce a decrease in SS firing
rate, the mean frequency of SS firing was 143.7 ± 6.6% of
baseline (ACSF: 99.9 ± 4.2%; F = 204, P < 0.001; ANOVA;
n = 7 cells; Figures 8A,B), which was similar with dequalinium
alone (146.3 ± 4.8% of baseline; P = 0.75; ANOVA; n = 7 cells;
Figures 8A,B). These results indicated that SK channel blocker
abolished the CF stimulation-induced effect on the spontaneous
firing activity in cerebellar slices.

DISCUSSION

Results from the present study demonstrated that spontaneous
CS discharge was responsible for an evoked AHP potential
and contributed to decreasing SS firing rate in cerebellar PCs
in vivo. In the presence of NBQX, blocking CF input, and
in the presence a selective SK channel antagonist the SS
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FIGURE 7 | SK channels activity was involved in CS induced the decrease in
SS firing rate. (A) Representative traces (left) and instant frequency (right)
showing the spontaneous activity from of a PC in treatments of ACSF,
dequalinium (10 µM) and washout (Arrows indicated CSs). (B) Enlarged CS
traces shown in (A). (C) Summary of data showing the normalized SS firing
rate in treatments of ACSF, dequalinium and washout. (D) Bar graph showing
the normalized pause of SS in each treatment. (E) Summary of data showing
the normalized amplitude of AHP in each treatment. Note that blockade of SK
channels induced a significant increase in the spontaneous firing rate of SS,
and accompanied with decreases in pause of SS and AHP amplitude.
∗P < 0.05; n = 6 cells.

firing rate of PCs increased. These results suggested that the
spontaneous CS discharge contributed to decreasing the SS
firing activity via activation of SK channels in cerebellar PCs
in mice.

Cerebellar PCs Exhibited Regular
Spontaneous SS Firing Activity
The PC is the focus of computation in the cerebellar cortex,
providing the sole output from the cerebellar cortex to the deep
cerebellar nuclei (Ito, 1984). The tonic SS activity of cerebellar
PCs has been suggested to be generated by intrinsic conductance,
but that was modulated by parallel fiber and CF excitatory
inputs (Häusser and Clark, 1997). Under in vivo conditions,
cerebellar PCs exhibited SS firing at rates of 10–150 Hz,
which was modulated by sensory stimuli such as tactile or
retinal slip stimulation (Armstrong and Rawson, 1979; Ito, 1984;

FIGURE 8 | Stimulation of CF evoked CS activity failed to decrease SS firing
rate of PCs in the presence of SK channel blocker. (A) Left panel,
representative traces showing the spontaneous activity of a PC under control
conditions (control), in the presence of SK channel blocker (dequalinium
10 µM), dequalinium + CF stimulus (Dequalinium + CF stimulation; 0.2 ms,
100 pA;1 Hz, 5-pulse) and recovery. Arrows indicated the evoked-CSs. Right
panel shows the instant frequencies of SS firing shown in the left panel.
(B) Summary of data showing the normalized SS firing rate under control
conditions (control), dequalinium, dequalinium + CF stimulation and recovery.
(C) Bar graph showing the normalized CV of SS firing under control conditions
(control), dequalinium, dequalinium + CF stimulation and recovery. Note that
SK channel blocker abolished the CF stimulation-induced effect on the
spontaneous firing activity. ∗P < 0.05 vs. control; n = 7 cells.

Ojakangas and Ebner, 1992; Ebner, 1998). The cerebellar PCs
exhibit bistability of membrane potential and spike output,
which could be induced by sensory stimulation or injuction
of hyperpolarizing currents, and sometimes shown the switch
between a depolarized and hyperpolarized state (Loewenstein
et al., 2005; Schonewille et al., 2006; Witter and De Zeeuw,
2015). Additionally, MLIs play a critical role in modulating PC
output. Stellate-type MLIs create synapses with PC dendrites,
which block parallel fiber excitatory inputs onto PCs, although
basket-type molecular interneurons project to the initial axonal
segment and initial perisomatic inhibition of PCs. It was recently
demonstrated that blocking FFI results in a significant increase
in SS firing rates of cerebellar PCs in awake mice, suggesting that
FFI contributes to shaping PCs output (Jelitai et al., 2016). Our
present results were consistent with previous results (Santamaria
et al., 2007; Chu et al., 2011), showing that the pharmacological
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blockade of GABAergic inhibition failed to increase the SS firing
rate of cerebellar PCs under anesthetized conditions. We believe
that these contradictory results are due to the type of anesthesia
that was used. Urethane depresses neuronal excitability by
activating barium-sensitive potassium leak conductance without
affecting glutamate-mediated excitatory synaptic transmission or
GABAA/B-mediated inhibitory synaptic transmission (Sceniak
and Maciver, 2006). Under urethane-anesthetized conditions,
the MLIs exhibited a spontaneous spike firing at a range of
0.08–4.26 Hz (Chu et al., 2012), and PCs fired at a mean
frequency of 37.5 Hz (Chu et al., 2011; Liu et al., 2016; present
data). Conversely, cerebellar PCs fired at a mean frequency
of 61.9 Hz, and MLIs fired at 10–30 Hz in the absence of
movement in awake mice (Chen et al., 2016; Jelitai et al., 2016).
Therefore, urethane anesthesia likely depresses the activity of PC
andMLI, as well reduces the synaptic input to PCs than the awake
situation.

The ionic mechanisms of SS firing activity have been well
demonstrated in cerebellar PCs in vitro. The intrinsic SS firing
activity of PCs is primarily driven by resurgent Na+ channels,
which contribute to repetitive firing by briefly reopening during
the latter phase of action potential repolarization (Raman and
Bean, 1997). However, the previous study illustrated that the
removal of Ca2+ from extracellular solution resulted in more
irregular firing behavior and a higher SS firing rate in PCs than
under control conditions (Llinás and Sugimori, 1980). Therefore,
the Ca2+ influx in cerebellar PCs via various Ca2+ channels
near the membrane potential, at rest or hyperpolarization, is
presumed to play a critical role during intrinsic SS firing activity
(Llinás et al., 1989). Ca2+ influx modulates the intrinsic SS
firing, which is presumed to take place following activation
of Ca2+-activated K+ channels, such as SK and BK channels
(Crepel and Penit-Soria, 1986; Raman and Bean, 1999; Swensen
and Bean, 2003). However, the SK and BK channels play a
unique role in shaping the electrical properties of the PC;
SK channels influence the baseline firing frequency and BK
channels influence the regulation of action potential shape
and modulation of the CF response (Edgerton and Reinhart,
2003). Under physiological conditions, SK channels contribute
to an AHP potential following bursts of action potentials, and
are involved in the regulation of spike firing frequency in
cerebellar PCs (Pedarzani et al., 2001). Following the inhibition
of SK channels, PCs are unable to maintain a stable, tonic,
firing pattern and instead oscillate between high frequency
bursts and periods of quiescence (Edgerton and Reinhart, 2003).
Additionally, PC dendrites express a high density of VGCCs
and generate prominent dendritic calcium spikes (Llinás and
Sugimori, 1980; Usowicz et al., 1992). Therefore, dendritic
VDCCs significantly contribute to spontaneous SS firing activity
(Womack and Khodakhah, 2004). The inhibition of P/Q-type
calcium channels abolishes dendritic calcium spikes and induces
a switch from regular bursting to tonic firing or irregular
bursting of SS spike firing (Womack and Khodakhah, 2004).
In the present study, we applied dequalinium, a SK channel
blocker, which induced a significant increase in the spontaneous
firing rate of SS that was accompanied by a decreased pause
of SS and AHP amplitude. Consistent with previous studies

(Dunn, 1994; Stocker et al., 1999; Pedarzani et al., 2001;
Edgerton and Reinhart, 2003; Womack and Khodakhah, 2004),
our results suggested that activation of SK channels was
involved in initiation of SS firing discharge in cerebellar PCs
in vivo.

CF Discharge Contributes to Spontaneous
SS Firing Activity Under In Vivo Conditions
In the cerebellar cortex, adult PCs receive excitatory input
from a single CF, which is derived from inferior olive cells
(Eccles et al., 1966). CF discharge expresses high-frequency
bursts, typically consisting of several spikelets (Armstrong and
Rawson, 1979; Maruta et al., 2007; Mathy et al., 2009). CF
activation evokes CS activity, which plays a critical role in
cerebellar cortex behaviors by generating powerful EPSPs onto
PCs (Simpson et al., 1996). The CS activity is presumed to
represent an important signal for cerebellar cortex functions,
conveying timing information from the outside to the cerebellar
cortex (Welsh and Llinás, 1997) and triggering parallel fiber-PC
synaptic plasticity (Hansel et al., 2001; Ito, 2001). Previous studies
demonstrated that the inactivation or removal of the inferior
olive induces an increase in spontaneous SS frequency of PCs,
whereas reinstating CF input restores tonic levels of SS activity in
living animals (Colin et al., 1980; Montarolo et al., 1982; Savio
and Tempia, 1985; Cerminara and Rawson, 2004). Consistent
with these (Savio and Tempia, 1985; Cerminara and Rawson,
2004), our present results showed that pharmacological blockade
of CS activity with an AMPA receptor antagonist significantly
increased the frequency of SS firing. Our results indicated that
CS activity contributed to inhibiting the spontaneous SS firing
rate, suggesting that the information conveyed by CF involved
in the modulation of PC output in vivo (Cerminara and Rawson,
2004).

In cerebellar slices, the ionicmechanisms of CF activity reduce
the frequency of SS discharge (Hounsgaard and Midtgaard,
1989; Miyakawa et al., 1992; Maeda et al., 1999; McKay et al.,
2007). CS activity inhibits the SS firing rate, which has been
observed in the absence of synaptic inputs, indicating that
CF-induced changes in PC output can occur independent
of network activation, but dependent on intracellular Ca2+

concentrations (McKay et al., 2007). Indeed, the present results
showed that either removal of extracellular Ca2+ or the chelation
of intracellular Ca2+ increased the SS firing rate, suggesting
that a decreased SS firing rate was dependent on extracellular
and intracellular calcium levels of cerebellar PCs in vivo.
Under in vitro conditions, repetitive stimulation of CF has
been shown to increase intracellular Ca2+ levels and enhance
activation of SK channels, resulting in changes in SS firing
properties (Hounsgaard and Midtgaard, 1989; Miyakawa et al.,
1992; Maeda et al., 1999; McKay et al., 2007). In this study,
the PCs were somatic clamping at −70 mV, however, the
membrane potential of the dendrites are poorly controlled under
in vivo conditions (Chu et al., 2011). Thus, CF activation
induces membrane depolarization, opening of VDCCs and the
subsequent elevation in intracellular calcium triggers SK channel
activation. Moreover, the CF-induced strong depolarization
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could evoke Ca2+ influx from CF-PC synaptic NMDARs, which
contributes to elevation in intracellular calcium and activating
SK channel (Miyakawa et al., 1992; Maeda et al., 1999; Liu
et al., 2016). Therefore, the CS activity-induced elevations in
intracellular Ca2+ are thought to enhance activation of SK
channels, thereby increasing AHP generation and setting a
lower firing rate of SS (Hounsgaard and Midtgaard, 1989).
Results from the present study showed that inhibition of SK
channels induced a significant increase in spontaneous SS
frequency accompanied by a decreased CS-evoked pause and
AHP amplitude. In addition, our results showed that repeated
CF stimulation at 1 Hz induced a significant decrease in the
spontaneous firing rate of SS, and accompanied with an increase
in CV of SS in cerebellar slices, which was also abolished
by dequalinium. These results were consistent with previous
studies (Hounsgaard and Midtgaard, 1989; McKay et al., 2007),
suggesting that activation of SK channels was involved in the
CS activity-induced decrease in SS firing rate in cerebellar PCs
in vivo.

Our results also showed that blockade of GABAergic
inhibitory inputs did not significantly affect PC frequency,
although blockade of excitatory inputs induced an increase
in SS firing rate. This suggested that inhibition of CF inputs
contributes to an increased SS firing rate. GCs are relay cells
with very low spontaneous activity in the absence of sensory
inputs in living animals (Bower andWoolston, 1983; Chadderton
et al., 2004; van Beugen et al., 2013). Therefore, mossy fiber-
GC-PF excitatory inputs contribute less to SS firing in PCs
under anesthetized conditions. Importantly, mossy fiber-GC-PF
excitatory inputs are thought to increase the SS firing rate in PCs,
and inhibition of these inputs should decrease the SS rate in PCs.
Thus, the increased SS firing rate following NBQX treatment was
not due to the inhibition of PF excitatory inputs.

Physiological Significance of CF Discharge
Modulates SS Firing Activity
CF activity is assumed to carry information that induces PCs
to generate optimal PF input patterns (Ito, 1984). The present
results showed that CF input to PCs regulates the SS firing
behavior, suggesting that a loss of CF input could result in a
fundamental change in spontaneous SS output, as well as deficits
in motor coordination (McKay et al., 2007). Indeed, human
cerebellar impairments and ataxias in some types of motor
learning have been associated withmarked atrophy of the inferior
olive (Llinás et al., 1975; Martin et al., 1996; Manto, 2005). CF
activity also provides widespread Ca2+ transients, which are
required for PF-LTD induction, and this is assumed to mediate
forms of cerebellar motor learning (Ito et al., 1982; Sakurai,
1990; Konnerth et al., 1992; Miyakawa et al., 1992; Ito, 2002).
Collectively, spontaneous CS discharge was shown to modulate
SS firing activity via activation of SK channels in cerebellar PCs,
which further influences cerebellar functions and motor learning
in living animals.
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