‘.\' frontiers

in Cellular Neuroscience

ORIGINAL RESEARCH
published: 28 February 2017
doi: 10.3389/fncel.2017.00043

OPEN ACCESS

Edited by:

Philippe Isope,

Centre National pour la Recherche
Scientifique (CNRS), France

Reviewed by:

Richard Apps,
University of Bristol, UK
John Thomas Weber,
Memorial University of
Newfoundland, Canada

*Correspondence:
Song-Biao Cui
sbecui@ybu.edu.cn
De-Lai Qiu
dlgiu@ybu.edu.cn

T These authors have contributed
equally to this work.

Received: 30 November 2016
Accepted: 09 February 2017
Published: 28 February 2017

Citation:

Zhang G-J, Wu M-C, Shi J-D,

Xu Y-H, Chu C-R, Cui S-B and

Qiu D-L (2017) Ethanol Modulates
the Spontaneous Complex Spike
Waveform of Cerebellar Purkinje Cells
Recorded in vivo in Mice.

Front. Cell. Neurosci. 11:43.

doi: 10.3389/fncel.2017.00043

Check for
updates

Ethanol Modulates the Spontaneous
Complex Spike Waveform of
Cerebellar Purkinje Cells Recorded
in vivo in Mice

Guang-Jian Zhang ’*, Mao-Cheng Wu '3, Jin-Di Shi'#, Yin-Hua Xu "3, Chun-Ping Chu’,
Song-Biao Cui®* and De-Lai Qiu™**

"Key Laboratory of Cellular Function and Pharmacology of Jilin Province, YanBian University, Yanji City, China, ?Department
of Pain, Affiliated Hospital of Yanbian University, Yanji City, China, *Department of Osteology, Affiliated Hospital of Yanbian
University, Yanji City, China, *Department of Physiology and Pathophysiology, College of Medicine, Yanbian University,
Yanji City, China, *Department of Neurology, Affiliated Hospital of Yanbian University, Yanji City, China

Cerebellar Purkinje cells (PCs) are sensitive to ethanol, but the effect of ethanol on
spontaneous complex spike (CS) activity in these cells in vivo is currently unknown.
Here, we investigated the effect of ethanol on spontaneous CS activity in PCs in
urethane-anesthetized mice using in vivo patch-clamp recordings and pharmacological
manipulation. Ethanol (300 mM) induced a decrease in the CS-evoked pause in simple
spike (SS) firing and in the amplitude of the afterhyperpolarization (AHP) under current
clamp conditions. Under voltage-clamp conditions, ethanol significantly decreased the
area under the curve (AUC) and the number of CS spikelets, without changing the
spontaneous frequency of the CSs or the instantaneous frequency of the CS spikelets.
Ethanol-induced a decrease in the AUC of spontaneous CSs was concentration
dependent. The ECsp of ethanol for decreasing the AUC of spontaneous CSs was
168.5 mM. Blocking N-methyl-D-aspartate receptors (NMDARSs) failed to prevent the
ethanol-induced decreases in the CS waveform parameters. However, blockade of
cannabinoid receptor 1 (CB1) significantly suppressed the ethanol-induced effects on
the CS-evoked pause in SS firing, amplitude of the AHP, spikelet number and the AUC
of CSs. Moreover, a CB1 receptor agonist not only reduced the number of spikelets and
the AUC of CSs, but also prevented the ethanol-induced inhibition of CS activity. Our
results indicate that ethanol inhibits CS activity via activation of the CB1 receptor in vivo
in mice, suggesting that excessive ethanol intake inhibits climbing fiber (CF)-PC synaptic
transmission by modulating CB1 receptors in the cerebellar cortex.

Keywords: ethanol, cerebellar Purkinje cell, in vivo whole-cell patch-clamp recording, complex spike (CS), after-
hyperpolarization (AHP), cannabinoids receptor 1 (CB1)

INTRODUCTION

The cerebellum integrates sensory and motor information and generates motor-related outputs
that are involved in motor coordination, motor learning and the fine adjustment of voluntary
movement. Cerebellar Purkinje cells (PCs) receive sensory and motor information through the
mossy fiber—parallel fiber (MF-PF) and the climbing fiber (CF) pathways (Ito, 1984).
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Each cerebellar PC receives a single CF input that originates
from the inferior olive of the medulla (Ito, 1984). The CFs
make synapses with PC dendrites that excite PCs by generating
powerful excitatory postsynaptic potentials (EPSPs), called
complex spikes (CSs; Simpson et al., 1996; Strata and Rossi,
1998). Because the CF-PC synapses consist of a large number
of synaptic contact sites, and the release of glutamate at each
CF terminal has high probability, CF-PC synaptic transmission
is powerful and reliable (Dittman and Regehr, 1998; Hashimoto
and Kano, 1998). Activation of the CF evokes a strong and
irregular all-or-none CS that consists of a fast sodium spike
and several spikelets (Ito, 1984). In vivo, CSs normally occur
at low frequencies of about 1 Hz, but can increase to 11 Hz
during nociceptive stimulation (Ekerot et al, 1987), and the
instantaneous frequency of CS spikelets can reach up to 500 Hz
(Maruta et al.,, 2007). CSs are thought to encode important
information for cerebellar cortical functions, such as timing
information, and the triggering of synaptic plasticity (Hansel
et al, 2001; Ito, 2001). In vivo, CF discharges modulate the
frequency and pattern of PC simple spike (SS) output by
punctuating tonic activity with variable-duration pauses (Ebner
et al, 1983; Barmack and Yakhnitsa, 2003; Cerminara and
Rawson, 2004).

It was suggested that N-methyl-D-aspartate receptors
(NMDARs) do not contribute to CF activation-mediated inward
currents (Otis et al., 1997; Auger and Attwell, 2000). However,
NMDARs are postsynaptically expressed at CF-PC synapses in
adult mice and participate in the synaptic currents mediated by
CF activity in PCs (Piochon et al., 2007). We recently found that
extracellular application of NMDA enhances the waveform of
spontaneous CS-evoked inward currents, suggesting that CF-PC
synaptic transmission is enhanced by activation of NMDARs at
CF-PC synapses (Liu et al., 2016). It is clear that CF activation
evokes calcium spikes in primary dendrites and their branches
(Llinas and Sugimori, 1980; Ross and Werman, 1987; Miyakawa
et al, 1992). Therefore, CF-PC synaptic NMDARs might
induce a phasic influx of Ca** with a spatiotemporal profile
potentially different from that of Ca?* elevation associated with
CF-evoked CSs (Hartmann and Konnerth, 2005). In addition,
CF-evoked dendritic Ca®* spikes are related to calcium influx,
which is partially mediated by P/Q-type voltage-dependent
calcium channels in mammalian cerebellar PCs (Usowicz et al.,
1992). Importantly, CF activity is required for the induction of
long-term depression (LTD) and long-term potentiation (LTP)
at PF-PC synapses, suggesting that CF signaling is involved in
motor learning (Ito, 1984; Hansel and Linden, 2000; Coesmans
et al., 2004).

The cerebellum is a target of the acute action of ethanol.
Ethanol intoxication impairs cerebellar functions, including
motor coordination, balance, behavior, speech and certain
cognitive processes (Schmahman and Sherman, 1997; Botta et al.,
2007). Ethanol-induced cerebellar dysfunction is considered
to be mediated, at least in part, by the impairment of
cerebellar neuronal function (Mameli et al., 2008). In vitro, low
concentrations of ethanol increase the current injection-evoked
SS firing rate, while high concentrations elicit a reduction in SS
firing rates (Freund et al., 1993). Ethanol increases GABAergic

transmission onto cerebellar PCs by enhancing calcium release
from presynaptic internal stores and by increasing the intrinsic
firing rate of molecular layer interneurons (MLIs) in rat
cerebellar slices (Mameli et al., 2008). Furthermore, ethanol
increases GABA release from MLIs onto PCs, resulting in
an increase in the frequencies of spontaneous and miniature
inhibitory postsynaptic currents, and a decrease in the amplitude
of excitatory postsynaptic currents in cerebellar PCs (Mameli
et al, 2008; Hirono et al., 2009; Wadleigh and Valenzuela,
2012).

We previously reported that high concentrations of ethanol
significantly inhibit sensory stimulation-evoked responses in
the cerebellar molecular (Cui et al, 2014) and granule cell
(Wuetal, 2014) layers via activation of GABA, receptors in
urethane anesthetized mice, suggesting that high concentrations
of ethanol impair sensory information processing in the
cerebellar cortex. More recently, we found that ethanol
dose-dependently inhibits facial stimulation-evoked outward
currents by activating presynaptic cannabinoid receptor 1 (CB1)
receptors via the PKA signaling pathway. These observations
suggest that ethanol overdose impairs sensory information
processing, at least in part, by inhibiting GABA release from
MLIs onto PCs (Wu et al., 2016).

In this study, we investigated the effect of ethanol on
spontaneous CS activity in PCs in urethane-anesthetized mice,
using in vivo patch-clamp recording and pharmacological
treatment. We found that ethanol induces a CB1 receptor-
dependent inhibition of CS activity in cerebellar PCs, suggesting
that excessive ethanol intake inhibits the transmission of
peripheral afferent information to cerebellar PCs via activation
of the CB1 receptor at CF-PC synapses.

MATERIALS AND METHODS

Anesthesia and Surgical Procedures

The anesthesia and surgical procedures have been described
previously (Chu et al, 2011b). 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.
Either male (n = 31) or female (n = 30) adult (6-8-
week-old) HA/ICR mice were anesthetized with urethane
(1.3 g/kg body weight ip.). Mice were tracheotomized to
avoid respiratory obstruction. On a custom-made stereotaxic
frame, a watertight chamber was created and a 1-1.5 mm
aperture was drilled on the skull to expose the cerebellar
surface corresponding to Vermis VI-VIIL. The dura was carefully
removed, and the brain surface was constantly superfused
with oxygenated artificial cerebrospinal fluid (ACSF: 125 mM
NaCl, 3 mM KCI, 1 mM MgSO4, 2 mM CaCl,, 1 mM
NaH,POy4, 25 mM NaHCOj;, and 10 mM D-glucose) with
a peristaltic pump (Gilson Minipulse 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.
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Electrophysiological Recording and

Histochemistry

In vivo whole-cell recordings from PCs (n = 46 cells) were
performed with an Axopatch-200B amplifier (Molecular
Devices, Foster City, CA, USA) in cerebellar cortical lobule
Vermis VIb from 46/61 mice. Fifteen mice were failed to
be obtained whole-cell recordings from PCs, and each of
46 mice was recorded one PC for further experiment. The
signals of PC whole-cell recordings were acquired through a
Digidata 1440 series analog-to-digital interface on a personal
computer using 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 M) contained a solution of the following
composition (in mM): potassium gluconate 120, HEPES 10,
EGTA 1, KCI 5, MgCl, 3.5, NaCl 4, biocytin 8, Na,ATP 4,
and Na,GTP 0.2 (pH 7.3 with KOH, osmolarity adjusted to
300 mOsm). The PCs whole-cell recordings from PCs were
performed at depths 150-200 wm under pia mater membrane,
and identified by regular spontaneous SS accompanied with
irregular CS (Chuetal,2011b), and confirmed by biocytin
histochemistry (Chu etal., 2011a). The series resistances were
in a range of 10-40 M2, compensated by 80%. Membrane
potential and current were filtered at 2 kHz, digitized at 20 kHz.
Spontaneous activity was calculated from a train of interspike
intervals recorded for 100 s.

After the experiments, the whole brain was removed and
fixed in 4% paraformaldehyde in 0.1 PBS (pH 7.4) at 4°C
for 24 h. Slices were cut in the sagittal plane at 200 pm
using a vibratome (NVSLMI1, Campden Instruments LTD,
Loughborough, England), and washed with PBS. The tissue was
reacted overnight with an avidin-biotin complex (ABC Elite
kit; Vector Laboratories, Burlingame, CA, USA) at 4°C. Finally,
biocytin binding was visualized by 3,3'-diaminobenzidine
tetrahydrochloride histochemistry.

Chemicals and Drug Application

The reagents included N-(piperidin-1-yl)-5-(4-iodophenyl)-
1-(2,4-di-chlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide
(AM251), blockade of endocannabinoid CBI receptors; (R)-(+)-
[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo[1,2,3-
de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone  mesylate
(WIN55212-2), CB1 receptors agonist; and D-(-)-2-Amino-
5-phosphonopentanoic Acid (D-APV). All chemicals were
purchased from Sigma-Aldrich (Shanghai, China). AM251 and
WIN552121 were dissolved in ethanol (20 mM) for stock
solution. All drugs were finally dissolved in ACSF, and applied
directly onto the cerebellar surface by a peristaltic pump
(0.5 ml/min) for 10 min. Consider of the effects of blood flow
and cerebrospinal fluid, the chemicals were usually used in vivo
at 5-10 times higher than that in brain slices. Therefore, we
applied ethanol up to 300 mM, and D-APV up to 250 wM on the
cerebellar surface.

Data Analysis
The electrophysiological data were analyzed using Clampfit
10.3 software. Values are expressed as the mean + SEM.

One-way and repeated measures ANOVA followed by Tukey’s
post hoc test (SPSS software; Chicago, IL, USA) were used to
determine the level of statistical significance between groups
of data. P-values below 0.05 were considered to indicate
a statistically significant difference between experimental
groups.

RESULTS

Ethanol Inhibits Spontaneous CS Activity

in Cerebellar PCs

Under current-clamp conditions (I = 0), cerebellar PCs exhibited
regular SS firing at a mean frequency of 29.6 + 0.4 Hz
(n = 46 cells), and irregular CS firing at a mean rate of
1.1 & 0.13 Hz (n = 46 cells), recorded in the cerebellar
cortical vermis VIb. The number of spikelets was 2-5, and
their mean frequency was 392.7 £ 5.1 Hz (n = 46 cells). In
addition, CS evoked an afterhyperpolarization (AHP) potential
with a mean amplitude of 163 = 1.7 mV (n = 46 cells),
accompanied with a pause in SS firing at 78.5 £ 2.1 ms
(n = 46 cells). Application of ethanol (300 mM) did not
significantly change the instantaneous frequency (Figure 1A)
or the mean frequency of spontaneous SSs (Figure 1B).
The normalized SS frequency was 105.2 £ 3.7% of baseline
(99.2 £ 4.8%, n = 8 cells, P = 0.37; Figure 1B). However,
the normalized pause in SS firing was 72.3 & 5.0% of baseline
(99.2 + 4.8%, n = 8 cells, P = 0.0003; Figures 1A,C), and
the amplitude of the CS-induced AHP was 78.2 £ 3.3%
of baseline (ACSF: 979 £ 52%, n = 8 cells, P = 0.021;
Figures 1A,D). Biocytin staining indicated that the recorded
cell was a cerebellar PC (Figure 1E; Chu et al., 2011a). Under
voltage-clamp conditions (Vig = —70 mV), the spontaneous
CS displayed strong inward currents with high frequency
spikelets, followed by outward currents (Figure 2A). Ethanol
(300 mM) did not change the frequency of spontaneous CS
activity (Figures 2A,B) or the instantaneous frequency of CS
spikelets (Figures 2A,D), but it decreased the number of spikelets
and the area under the curve (AUC) of CS-evoked inward
currents to 73.4 £ 6.8% of baseline (ACSF: 100.1 £ 4.9%,
n = 8 cells, P = 0.016; Figures 2A,C) and 69.1 & 7.5% of baseline
(ACSF: 100.0 & 5.1%, n = 8 cells, P = 0.008; Figures 2A,E),
respectively. In addition, the ethanol-induced decrease in the
AUC of CSs was dose-dependent (Figure 3). The AUC of CSs
was significantly decreased by 50 mM ethanol (5.9 £+ 3.6%
decrease, n = 8 cells), with an ICsy of 168.5 wM. These
results indicate that cerebellar surface application of ethanol
produces a dose-dependent decrease in the SS pause and the
amplitude of the AHP, without affecting SS firing rate in vivo in
mice.

Blockade of NMDARSs does not Prevent the
Ethanol-Induced Inhibition of CS Activity

NMDARSs are activated by CF stimulation and contribute to
the CS waveform (Piochon et al., 2007; Renzi et al., 2007), and
ethanol has been shown to reduce the CS afterdepolarization
by modulating the NMDAR in cerebellar slices (He et al., 2013).
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FIGURE 1 | Effects of ethanol on the spontaneous activity of Purkinje cells (PCs). (A) Left, representative traces showing the spontaneous activities of a PC
in the presence of artificial cerebrospinal fluid (ACSF), ethanol (300 mM) and washout. Right, histograms show the instantaneous frequency of simple spikes (SS).
(B,C) Bar graphs show the effect of ethanol on the frequency (B) and the pause (C) of SSs. (D) Summary of data showing the normalized amplitude of the
afterhyperpolarization (AHP) in the presence of ACSF, ethanol (300 mM) and washout. (E) 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. Note that ethanol
significantly decreases both the amplitude of the AHP and the pause in SS firing. n = 8 cells per group. *P < 0.05, vs. ACSF.
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FIGURE 2 | Under voltage-clamp recording conditions, ethanol inhibits
the spontaneous complex spike (CS)-evoked inward currents.
(A) Representative traces showing the properties of the CS-evoked inward
currents in a PC in the presence of ACSF, ethanol (300 mM) and washout.
(B) Bar graph shows the effect of ethanol on the frequency of CSs. (C) Pooled
data showing the effect of ethanol on the number of CS spikelets. (D) Bar
graph shows the effects of ethanol on the instantaneous frequency of
spikelets. (E) Summary of data showing the normalized area under the curve
(AUC) of CSs in ACSF, ethanol (300 mM) and washout. n = 8 cells per group.
*P < 0.05, vs. ACSF.

Therefore, we examined whether ethanol inhibits the CS
waveform by affecting NMDAR activity. After application of an
NMDAR antagonist, D-APV (250 M), the number of spikelets
was reduced to 87.3 & 6.5% of baseline (ACSF: 100.0 £ 4.9%,

= 8 cells, P = 0.028; Figures 4A,B) and the AUC of CSs
was reduced to 87.6 & 6.7% of baseline (ACSF: 100.1 % 6.6%,
n = 8 cells, P = 0.031; Figures 4A,C). However, D-APV failed
to prevent the ethanol-induced inhibition of CS activity. After
application of a mixture of D-APV and ethanol (300 mM),
the normalized spikelet number was 62.5 £ 7.6% of baseline
(ACSF: 100.0 £ 4.9%, n = 8 cells, P = 0.002 vs. D-APV group;
Figure 4B) and the AUC of the CS was 64.2 £ 7.4% of baseline
(ACSF: 100.1 & 6.6%, n = 8 cells, P = 0.002 vs. D-APV group;
Figure 4C). These results indicate that the ethanol-induced
suppression of the spontaneous CS waveform is not mediated by
the NMDAR.
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FIGURE 3 | Concentration-response curve showing the
ethanol-induced decrease in the AUC of CS-induced inward currents
in cerebellar PCs. The ICs value obtained from the curve is 168.5 mM. The
number of recorded PCs tested for each concentration is indicated near the
bars. Error bars indicate S.E.M.
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FIGURE 4 | The ethanol-induced inhibition of CS activity is persistent
in the presence of an N-methyl-D-aspartate receptors (NMDAR)
blocker. (A) Representative traces showing the properties of the CS-evoked
inward currents in the presence of ACSF,
D-(-)-2-Amino-5-phosphonopentanoic Acid (D-APV; 250 M) or a mixture of
D-APV + ethanol (300 mM), and recovery. (B,C) Bar graphs showing the effect
of ethanol on the spikelet number of CSs (B) and the AUC of CSs in the
presence of ACSF, D-APV (250 M) or a mixture of D-APV (50 wM) + ethanal,
and recovery. n = 6 cells per group. *P < 0.05, vs. ACSF.

The Ethanol-Induced Inhibition of CS
Activity Is Abolished by CB1 Receptor
Antagonism

Next, we used a CBI receptor antagonist, AM251, to evaluate
the role of the CB1 receptor in the ethanol-induced inhibition
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of spontaneous CS activity in cerebellar PCs. Under current-
clamp conditions (I = 0), ethanol produced a significant
reduction in the pause in SS firing and in the amplitude of
the AHP (Figure 5). Co-application of AM251 prevented this
ethanol-induced inhibition of CS activity. In the presence of
a mixture of ethanol and AM251, the normalized pause in
SS firing was 98.7 & 7.4% of baseline (ACSF: 100.0 & 5.0%,
n = 6 cells, P = 0.017 vs. ethanol alone: 754 + 6.7% of
baseline; Figures 5A,B) and the normalized amplitude of the
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FIGURE 5 | Blockade of the cannabinoid receptor 1 (CB1) abolishes
ethanol-induced inhibition of spontaneous CS activity.

(A) Representative traces showing the spontaneous activities of a PC in
treatments of ACSF, ethanol (300 mM) and ethanol + AM251 (5 wM). Arrows
denote CSs. (B) Pooled data showing the pause in SSs in treatments of
ACSF, ethanol and ethanol + AM251. (C) Summary of data showing the
normalized amplitude of the AHP in treatments of ACSF, ethanol and ethanol +
AM251. (D,E) Bar graphs showing the effect of ethanol on the normalized
spikelet number (D) and AUC (E) of CSs in treatments of ACSF, ethanol and
ethanol + AM251. Arrows indicate spontaneous CSs. n = 6 cells per group.
*P < 0.05, vs. ACSF; *P < 0.05, vs. ethanol.

AHP was 964 £ 8.1% of baseline (ACSF: 100.0 + 3.7%,
n =6 cells, P = 0.021 vs. ethanol alone: 76.3 &= 3.8% of baseline;
Figures 5A,C). In addition, application of AM251 abrogated the
change in CS spikelets and the AUC of CSs to 93.2 & 7.4% of
baseline (100.0 & 4.3%, n = 6 cells, P = 0.02 vs. ethanol alone:
76.2 £ 6.3% of baseline; Figures 5A,D) and 93.4 £ 7.6% of
baseline (ACSF: 99.9 + 6.0%, n = 6 cells, P = 0.016 vs. ethanol
alone: 69.4 =+ 5.6% of baseline; Figures 5A,E), respectively.

Subsequently, we examined the effect of a CBI agonist,
WINS55212-2, on the ethanol-induced inhibition of CS activity.
In the presence of WIN55212-2 (5 wM), the number of spikelets,
the AUC of CSs, the pause in SS firing and the amplitude of
the AHP were 68.7 &= 6.5% of baseline (ACSF: 100.0 £ 5.6%,
n = 6 cells, P = 0.0003; Figures 6A,B), 64.5 + 8.2% of baseline
(ACSF: 100.0 £ 5.8%, n = 6 cells, P < 0.001; Figures 6A,C),
80.2 & 6.2% of baseline (ACSF: 100.0 = 6.8%, n = 6 cells,
P = 0.0007; Figures 6A,D) and 78.4 £ 6.7% of baseline (ACSF:
100.0 & 5.6%, n = 6 cells, P < 0.001; Figures 6A,E), respectively.
These results indicate that activation of CBI1 receptors inhibits
spontaneous CS activity.

Interestingly, the pharmacological activation of the
CBI1 receptor prevented the ethanol (300 mM)-induced
inhibition of CS activity. In the presence of a combination
of WIN55212-2 and ethanol, the normalized number of
spikelets was 69.1 & 6.2% of baseline (n = 6 cells, P = 0.76 vs.
WINS55212-2 alone; Figures 6A,B) and the normalized AUC was
65.3 £ 6.9% of baseline (n = 6 cells, P = 0.81 vs. WIN55212-2
alone; Figures 6A,C). In addition, the pause in SS firing was
81.4 + 6.6% of baseline (n = 6 cells, P = 0.82 vs. WIN55212-2
alone; Figures 6A,E) and the normalized amplitude of the
AHP was 80.6 &+ 6.6% of baseline (n = 6 cells, P = 0.76 vs.
WIN55212-2 alone; Figures 6A,D). These results indicate
that pharmacological activation of CB1 receptors significantly
depresses the spontaneous activity of CSs and prevents the
ethanol-induced inhibition of the activity of spontaneous CSs.

DISCUSSION

In the present study, we demonstrated that ethanol
dose-dependently depresses spontaneous CS activity in PCs—the
alcohol decreased the AUC, the number of spikelets and the
amplitude of the AHP. This ethanol-induced suppression of
spontaneous CSs was abolished by a CB1 antagonist, but not by
an NMDAR blocker. These findings suggest that ethanol inhibits
spontaneous CS activity in PCs via activation of CB1 receptors
in vivo in mice.

Ethanol Modulates Spontaneous CS

Activity in Cerebellar PCs

In the cerebellar cortex, AMPA receptors mediate the CS firing
evoked by CF activity (Konnerth et al., 1990), while NMDARs
contribute to CS firing by enhancing CS-evoked calcium
transients (Piochon et al., 2007; Renzi et al., 2007; Liu et al.,
2016). In addition, the NMDAR is a major target of ethanol in the
brain, and has been implicated in ethanol-associated tolerance,
dependance, withdrawal and relapse (Pignataro et al., 2009;
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FIGURE 6 | Ethanol fails to inhibit the CS-evoked change in the
membrane potential of PCs in the presence of a CB1 receptor agonist,
WIN55212-2. (A) Representative traces showing the spontaneous
CS-evoked membrane potential in treatments of ACSF, WIN55212-2 (5 M)
and ethanol + WIN55212-2. (B,C) Bar graphs showing the normalized spikelet
number (B) and AUC (C) of the CS-evoked potential in treatments of ACSF,
WIN55212-2 and ethanol + WIN55212-2. (D) Pooled data showing the
normalized pause in SSs in treatments of ACSF, WIN55212-2 and ethanol +
WIN55212-2. (E) Bar graph showing the normalized amplitude of the AHP in
treatments of ACSF WIN.55212-2 and ethanol + WIN55212-2. n = 6 cells per
group. *P < 0.05, vs. ACSF.

Chandrasekar, 2013). It has been demonstrated that ethanol
inhibits NMDAR-mediated excitatory postsynaptic responses in
the hippocampus (Kolb et al., 2005) and dorsal striatum (Yin
et al., 2007) in vitro. Recently, it was reported that ethanol
decreases the amplitude of the afterdepolarization via activation
of NMDARs in cerebellar slices (He et al., 2013). Indeed, our
present results show that blocking the activity of NMDARs
significantly decreases the number of spikelets and the AUC
of CSs, suggesting that NMDARs contribute to spontaneous
CSs. However, NMDAR blockade failed to prevent the ethanol-
induced inhibition of CS activity, suggesting that the NMDAR
is not involved in the ethanol-induced inhibition of spontaneous
CS activity.

CF discharge is assumed to control the frequency and
pattern of PC SS output by modulating tonic activity with
variable-duration pauses. High frequency CS firing decreases the
frequency of SS discharge (Ebner et al., 1983; Simpson et al,
1996; Cerminara and Rawson, 2004). In this study, we found that
cerebellar surface application of ethanol induced a significant
decrease in the pause and AHP amplitude, without changing the
frequency of spontaneous SSs. This suggests that while ethanol
modulates CS activity, manifested as decreases in the pause and
amplitude of the AHP, it is incapable of significantly changing the
SS firing rate in PCs. Our results are in general agreement with
both in vivo and in vitro studies (Ming et al., 2006; Mameli et al.,
2008), which suggest that ethanol does not substantially affect the
spontaneous SS firing rate in PCs.

Activation of CB1 Receptors Inhibits

Synaptic Transmission at CF-PC Synapses
Endocannabinoids (eCBs) are released from PCs and MLIs
upon activation of PF and/or CF inputs in vitro (Beierlein and
Regehr, 2006; Soler-Llavina and Sabatini, 2006) and in vivo
(Safo et al, 2006). It has been reported that activation of
the CB1 receptor reduces neurotransmitter release from CFs
onto PCs, suggesting that the eCB system is involved in
the modulation of CF-PC synaptic transmission (Maejima
et al., 2001). Kawamura et al. (2006) demonstrated that the
CB1 receptor is the major cannabinoid receptor at presynaptic
sites of CF-PC synapses, and that pharmacological activation
of the CB1 receptor inhibits excitatory glutamate release from
CF-PC synapses, resulting in a depression of EPSCs evoked by
CS activity under in vitro conditions (Kawamura et al., 2006).
We recently found that repeated facial stimulation evokes eCB
release from MLIs via activation of NMDARSs, which is involved
in MLI-PC GABAergic synaptic LTD (Bing et al., 2015). In the
present study, application of a CB1 receptor agonist induced a
significant inhibition of CF-PC synaptic transmission, evidenced
by decreases in the number of spikelets and the AUC of CSs. This
finding is also consistent with previous studies (Maejima et al,,
2001; Kawamura et al., 2006), which indicate that activation of
the CB1 receptor inhibits excitatory transmitter release at CF-PC
synapses.

Ethanol Modulates the Spontaneous CS
Activity of PCs via Activation of
CB1 Receptors

In the current study, ethanol-induced inhibition of CS activity
was prevented by extracellular application of a CB1 receptor
antagonist, AM-251. This suggests that ethanol suppresses
spontaneous CS activity in vivo by activating the CB1 receptor.
This observation is in line with previous studies (Basavarajappa
et al., 2008; Perra et al., 2008) showing that ethanol inhibits CS
activity via activation of presynaptic CB1 receptors at CF-PC
synapses.

Ethanol enhances eCB levels through calcium pathways
and depresses miniature postsynaptic current frequencies via
activation of CBI receptors in cultured hippocampal neurons,
suggesting that eCBs function as retrograde messengers in the
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ethanol-induced depression of synaptic activities (Basavarajappa
et al., 2008). Furthermore, ethanol inhibits the spontaneous
activity of pyramidal neurons in the basolateral nucleus of
the amygdala by activating the eCB system in vivo in rats
(Perra et al., 2008). Moreover, pharmacological activation of
CB1 blocks the ethanol-induced increase in the frequency of
spontaneous inhibitory postsynaptic currents in cerebellar PCs
(Kelm et al., 2008), and is sufficient to prevent the ethanol-
induced presynaptic facilitation of GABAergic signaling onto
pyramidal neurons in the central amygdala (Roberto et al., 2010).
Our present findings also show that CB1 receptor agonism
not only significantly inhibits CS activity, it also prevents the
ethanol-induced depression of CSs, suggesting that ethanol
depresses CSs by activating the CB1 receptor. In addition, it
has been demonstrated that ethanol prevents the eCB-mediated
long-lasting disinhibition of striatal output induced by electrical
stimulation, but not by CB1 receptor agonism, suggesting that
ethanol affects CB1 receptor-mediated signaling in a synapse-
specific manner (Clarke and Adermark, 2010).

CS activity is thought to help trigger synaptic plasticity in
the cerebellar cortex, thereby contributing to motor learning.
The induction of PF-PC synaptic LTD requires co-activation
of the PF and CF inputs, suggesting that CS activity may
play a critical role in motor learning (Hansel et al., 2001; Ito,
2001). Our results show that ethanol significantly depresses
CS activity in PCs by modulating the CB1 receptor, suggesting
that it might also affect the induction of cerebellar PF-PC LTD.
Indeed, it was demonstrated that ethanol impairs the PF LTD
induced by co-activation of PFs and CFs, without impairing
LTD induced by PF stimulation in cerebellar slices (He et al.,
2013). Moreover, ethanol inhibits NMDAR-dependent LTP
at glutamatergic synapses onto medium spiny dorsal striatal

REFERENCES

Auger, C., and Attwell, D. (2000). Fast removal of synaptic glutamate
by postsynaptic transporters. Neuron 28, 547-558. doi: 10.1016/s0896-
6273(00)00132-x

Barmack, N. H., and Yakhnitsa, V. (2003). Cerebellar climbing fibers modulate
simple spikes in Purkinje cells. J. Neurosci. 23, 7904-7916.

Basavarajappa, B. S., Ninan, I, and Arancio, O. (2008). Acute ethanol suppresses
glutamatergic neurotransmission through endocannabinoids in hippocampal
neurons. J. Neurochem. 107, 1001-1013. doi: 10.1111/j.1471-4159.2008.
05685.x

Beierlein, M., and Regehr, W. G. (2006). Local interneurons regulate synaptic
strength by retrograde release of endocannabinoids. J. Neurosci. 26,9935-9943.
doi: 10.1523/JNEUROSCI.0958-06.2006

Bing, Y. H., Wu, M. C,, Chu, C. P., and Qiu, D. L. (2015). Facial stimulation induces
long-term depression at cerebellar molecular layer interneuron-Purkinje cell
synapses in vivo in mice. Front. Cell. Neurosci. 9:214. doi: 10.3389/fncel.2015.
00214

Botta, P., Radcliffe, R. A., Carta, M., Mameli, M., Daly, E., Floyd, K. L., et al. (2007).
Modulation of GABA, receptors in cerebellar granule neurons by ethanol:
a review of genetic and electrophysiological studies. Alcohol 41, 187-199.
doi: 10.1016/j.alcohol.2007.04.004

Cerminara, N. L., and Rawson, J. A. (2004). Evidence that climbing fibers
control an intrinsic spike generator in cerebellar Purkinje cells. J. Neurosci. 24,
4510-4517. doi: 10.1523/JTNEUROSCI.4530-03.2004

Chandrasekar, R. (2013). Alcohol and NMDA receptor: current research and
future direction. Front. Mol. Neurosci. 6:14. doi: 10.3389/fnmol.2013.00014

neurons via the CB1 receptor in the hippocampus (Yin et al,
2007). The effect of ethanol on outward currents might be
influenced by urethane anesthesia. However, urethane depresses
neuronal excitability through activation of barium-sensitive
potassium leak conductance, without affecting glutamate-
mediated excitatory synaptic transmission or GABA,/B-
mediated inhibitory synaptic transmission (Sceniak and
Maciver, 2006).

In conclusion, our findings show that ethanol
dose-dependently inhibits spontaneous CS activity by activating
CB1 receptors in vivo. This suggests that excessive ethanol intake
might affect PF-PC synaptic plasticity and motor learning by
inhibiting CS activity via CB1 receptors at CF-PC synapses.

AUTHOR CONTRIBUTIONS

C-PC, S-BC and D-LQ conceived and designed the experiments;
G-JZ, M-CW and J-DS performed the experiments;
C-PC and D-LQ analyzed the data; Y-HX contributed
reagents/materials/analysis tools; C-PC and D-LQ wrote
the manuscript. All authors listed, have made substantial, direct
and intellectual contribution to the work and approved it for
publication.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundations of China (81160142, 31460261; 31260245,
81260208), the international S&T cooperation program of
China (2016YFE0128600), and the science and technology
research project of the department of education, Jilin Province,
China (2016D264).

Chu, C. P, Bing, Y. H,, Liu, Q. R,, and Qiu, D. L. (2011a). Synaptic responses
evoked by tactile stimuli in Purkinje cells in mouse cerebellar cortex crus II
in vivo. PLoS One 6:22752. doi: 10.1371/journal.pone.0022752

Chu, C. P, Bing, Y. H,, and Qiu, D. L. (2011b). Sensory stimulation evokes
inhibition rather than excitation in cerebellar PCs in vivo in mice. Neurosci.
Lett. 487, 182-186. doi: 10.1016/j.neulet.2010.10.018

Clarke, R. B., and Adermark, L. (2010). Acute ethanol treatment prevents
endocannabinoid-mediated long-lasting disinhibition of striatal output.
Neuropharmacology 58, 799-805. doi: 10.1016/j.neuropharm.2009.12.006

Coesmans, M., Weber, J. T., De Zeeuw, C. L., and Hansel, C. (2004). Bidirectional
parallel fiber plasticity in the cerebellum under climbing fiber control. Neuron
44, 691-700. doi: 10.1016/j.neuron.2004.10.031

Cui, S. B, Cui, B. R,, Liu, H., Wu, M. C,, Xu, Y. H,, Bian, J. H,, et al. (2014). Effects
of ethanol on sensory stimulus-evoked responses in the cerebellar molecular
layer in vivo in mice. Neurosci. Lett. 577, 112-116. doi: 10.1016/j.neulet.2014.
05.037

Dittman, J. S., and Regehr, W. G. (1998). Calcium dependence and recovery
kinetics of presynaptic depression at the climbing fiber to Purkinje cell synapse.
J. Neurosci. 18, 6147-6162.

Ebner, T. J., Yu, Q. X., and Bloedel, J. R. (1983). Increase in Purkinje cell gain
associated with naturally activated climbing fiber input. J. Neurophysiol. 50,
205-219.

Ekerot, C. F., Oscarsson, O., and Schouenborg, J. (1987). Stimulation of cat
cutaneous nociceptive C fibres causing tonic and synchronous activity in
climbing fibres. J. Physiol. 386, 539-546. doi: 10.1113/jphysiol.1987.sp016550

Freund, R. K., Wang, Y., and Palmer, M. R. (1993). Differential effects of
ethanol on the firing rates of Golgi-like neurons and Purkinje neurons in

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2017 | Volume 11 | Article 43


https://doi.org/10.1016/s0896-6273(00)00132-x
https://doi.org/10.1016/s0896-6273(00)00132-x
https://doi.org/10.1111/j.1471-4159.2008.05685.x
https://doi.org/10.1111/j.1471-4159.2008.05685.x
https://doi.org/10.1523/JNEUROSCI.0958-06.2006
https://doi.org/10.3389/fncel.2015.00214
https://doi.org/10.3389/fncel.2015.00214
https://doi.org/10.1016/j.alcohol.2007.04.004
https://doi.org/10.1523/JNEUROSCI.4530-03.2004
https://doi.org/10.3389/fnmol.2013.00014
https://doi.org/10.1371/journal.pone.0022752
https://doi.org/10.1016/j.neulet.2010.10.018
https://doi.org/10.1016/j.neuropharm.2009.12.006
https://doi.org/10.1016/j.neuron.2004.10.031
https://doi.org/10.1016/j.neulet.2014.05.037
https://doi.org/10.1016/j.neulet.2014.05.037
https://doi.org/10.1113/jphysiol.1987.sp016550
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Zhang et al.

Ethanol Modulates Complex Spike Waveform

cerebellar slices in vitro. Neurosci. Lett. 164, 9-12. doi: 10.1016/0304-3940(93)
90844-b

Hansel, C., and Linden, D. J. (2000). Long-term depression of the
cerebellar climbing fiber-Purkinje neuron synapse. Neuron 26, 473-482.
doi: 10.1016/50896-6273(00)81179-4

Hansel, C., Linden, D. J., and D’Angelo, E. (2001). Beyond parallel fiber LTD:
the diversity of synaptic and non-synaptic plasticity in the cerebellum. Nat.
Neurosci. 4, 467-475. doi: 10.1038/87419

Hartmann, J., and Konnerth, A. (2005). Determinants of postsynaptic Cat
signaling in Purkinje neurons. Cell Calcium 37, 459-466. doi: 10.1016/j.ceca.
2005.01.014

Hashimoto, K., and Kano, M. (1998). Presynaptic origin of paired-pulse
depression at climbing fibre-Purkinje cell synapses in the rat cerebellum.
J. Physiol. 506, 391-405. doi: 10.1111/§.1469-7793.1998.391bw.x

He, Q., Titley, H., Grasselli, G., Piochon, C., and Hansel, C. (2013). Ethanol affects
NMDA receptor signaling at climbing fiber-Purkinje cell synapses in mice and
impairs cerebellar LTD. J. Neurophysiol. 109, 1333-1342. doi: 10.1152/jn.00350.
2012

Hirono, M., Yamada, M., and Obata, K. (2009). Ethanol enhances both
action potential-dependent and action potential-independent GABAergic
transmission onto cerebellar Purkinje cells. Neuropharmacology 57, 109-120.
doi: 10.1016/j.neuropharm.2009.04.012

Ito, M. (1984). The Cerebellum and Neural Control. New York, NY: Raven.

Ito, M. (2001). Cerebellar long-term depression: characterization, signal
transduction, and functional roles. Physiol. Rev. 81, 1143-1195.

Kawamura, Y., Fukaya, M., Maejima, T., Yoshida, T., Miura, E., Watanabe, M.,
et al. (2006). The CB1 cannabinoid receptor is the major cannabinoid receptor
at excitatory presynaptic sites in the hippocampus and cerebellum. J. Neurosci.
26, 2991-3001. doi: 10.1523/JNEUROSCI.4872-05.2006

Kelm, M. K., Criswell, H. E., and Breese, G. R. (2008). The role of protein kinase A
in the ethanol- induced increase in spontaneous GABA release onto cerebellar
Purkinje neurons. J. Neurophysiol. 100, 3417-3428. doi: 10.1152/jn.90970.
2008

Kolb, J. E., Trettel, J., and Levine, E. S. (2005). BDNF enhancement of postsynaptic
NMDA receptors is blocked by ethanol. Synapse 55, 52-57. doi: 10.1002/syn.
20090

Konnerth, A., Llano, I, and Armstrong, C. M. (1990). Synaptic currents in
cerebellar Purkinje cells. Proc. Natl. Acad. Sci. U S A 87, 2662-2665.
doi: 10.1073/pnas.87.7.2662

Liu, H., Lan, Y., Bing, Y. H., Chu, C. P,, and Qiu, D. L. (2016). N-methyl-D-
aspartate receptors contribute to complex spike signaling in cerebellar Purkinje
cells: an in vivo study in mice. Front. Cell. Neurosci. 10:172. doi: 10.3389/fncel.
2016.00172

Llinas, R., and Sugimori, M. (1980). Electrophysiological properties of in vitro
Purkinje cell dendrites in mammalian cerebellar slices. J. Physiol. 305, 197-213.
doi: 10.1113/jphysiol.1980.sp013358

Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A., and Kano, M. (2001).
Presynaptic inhibition caused by retrograde signal from metabotropic
glutamate to cannabinoid receptors. Neuron 31, 463-475. doi: 10.1016/s0896-
6273(01)00375-0

Mameli, M., Botta, P., Zamudio, P. A., Zucca, S., and Valenzuela, C. F. (2008).
Ethanol decreases Purkinje neuron excitability by increasing GABA release in
rat cerebellar slices. J. Pharmacol. Exp. Ther. 327, 910-917. doi: 10.1124/jpet.
108.144865

Maruta, J., Hensbroek, R. A., and Simpson, J. I. (2007). Intraburst and
interburst signaling by climbing fibers. J. Neurosci. 27, 11263-11270.
doi: 10.1523/JNEUROSCI.2559-07.2007

Ming, Z., Criswell, H. E, Yu, G., and Breese, G. R. (2006). Competing
presynaptic and postsynaptic effects of ethanol on cerebellar Purkinje
neurons. Alcohol. Clin. Exp. Res. 30, 1400-1407. doi: 10.1111/j.1530-0277.2006.
00167.x

Miyakawa, H., Lev-Ram, V., Lasser-Ross, N., and Ross, W. N. (1992). Calcium
transients evoked by climbing fiber and parallel fiber synaptic inputs in guinea
pig cerebellar Purkinje neurons. J. Neurophysiol. 68, 1178-1189.

Otis, T. S., Kavanaugh, M. P., and Jahr, C. E. (1997). Postsynaptic glutamate
transport at the climbing fiber-Purkinje cell synapse. Science 277, 1515-1518.
doi: 10.1126/science.277.5331.1515

Perra, S., Pillolla, G., Luchicchi, A., and Pistis, M. (2008). Alcohol inhibits
spontaneous activity of basolateral amygdala projection neurons in the rat:
involvement of the endocannabinoid system. Alcohol. Clin. Exp. Res. 32,
443-449. doi: 10.1111/j.1530-0277.2007.00588.x

Pignataro, L., Varodayan, F. P., Tannenholz, L. E., and Harrison, N. L. (2009).
The regulation of neuronal gene expression by alcohol. Pharmacol. Ther. 124,
324-335. doi: 10.1016/j.pharmthera.2009.09.002

Piochon, C., Irinopoulou, T., Brusciano, D., Bailly, Y., Mariani, J., and Levenes, C.
(2007). NMDA receptor contribution to the climbing fiber response in the adult
mouse Purkinje cell. J. Neurosci. 27, 10797-10809. doi: 10.1523/JNEUROSCI.
2422-07.2007

Renzi, M., Farrant, M., and Cull-Candy, S. G. (2007). Climbing-fibre activation
of NMDA receptors in Purkinje cells of adult mice. J. Physiol. 585, 91-101.
doi: 10.1113/jphysiol.2007.141531

Roberto, M., Cruz, M., Bajo, M., Siggins, G. R, Parsons, L. H., and
Schweitzer, P. (2010). The endocannabinoid system tonically regulates
inhibitory transmission and depresses the effect of ethanol in central amygdala.
Neuropsychopharmacology 35, 1962-1972. doi: 10.1038/npp.2010.70

Ross, W. N., and Werman, R. (1987). Mapping calcium transients in the dendrites
of Purkinje cells from the guinea-pig cerebellum in vitro. J. Physiol. 389,
319-336. doi: 10.1113/jphysiol.1987.5p016659

Safo, P. K., Cravatt, B. F, and Regehr, W. G. (2006). Retrograde
endocannabinoid signaling in the cerebellar cortex. Cerebellum 5, 134-145.
doi: 10.1080/14734220600791477

Sceniak, M. P., and Maciver, M. B. (2006). Cellular actions of urethane on rat visual
cortical neurons in vitro. J. Neurophysiol. 95, 3865-3874. doi: 10.1152/jn.01196.
2005

Schmahman, J. D. and Sherman, J. C. (1997). Cerebellar cognitive
affective syndrome. Int. Rev. Neurobiol. 41, 433-440. doi: 10.1016/s0074-
7742(08)60363-3

Simpson, J. I, Wylie, D. R., and De Zeeuw, C. I. (1996). More on climbing
fiber signals and their consequence (s). Behav. Brain Sci. 19, 384-398.
doi: 10.1017/s0140525x00081486

Soler-Llavina, G. J., and Sabatini, B. L. (2006). Synapse-specific plasticity and
compartment- alized signaling in cerebellar stellate cells. Nat. Neurosci. 9,
798-806. doi: 10.1038/nn1698

Strata, P., and Rossi, F. (1998). Plasticity of the olivocerebellar pathway. Trends
Neurosci. 21, 407-413. doi: 10.1016/s0166-2236(98)01305-8

Usowicz, M. M., Sugimori, M., Cherksey, B., and Llinds, R. (1992). P-type calcium
channels in the somata and dendrites of adult cerebellar Purkinje cells. Neuron
9, 1185-1199. doi: 10.1016/0896-6273(92)90076-p

Wadleigh, A., and Valenzuela, C. F. (2012). Ethanol increases GABA
ergic transmission and excitability in cerebellar molecular layer
interneurons from GAD67-GFP knock-in mice. Alcohol Alcohol. 47, 1-8.
doi: 10.1093/alcalc/agr147

Wu, M.-C,, Bing, Y.-H., Chu, C.-P., and Qiu, D.-L. (2016). Ethanol modulates
facial stimulation-evoked outward currents in cerebellar Purkinje cells in vivo
in mice. Sci. Rep. 6:30857. doi: 10.1038/srep30857

Wu, G., Liu, H,, Jin, J., Hong, L., Lan, Y., Chu, C. P., et al. (2014). Ethanol
attenuates sensory stimulus-evoked responses in cerebellar granule cells via
activation of GABA receptors in vivo in mice. Neurosci. Lett. 561, 107-111.
doi: 10.1016/j.neulet.2013.12.049

Yin, H. H,, Park, S. B., Adermark, L., and Lovinger, D. M. (2007). Ethanol reverses
the direction of long-term synaptic plasticity in the dorso-medial striatum. Eur.
J. Neurosci. 25, 3226-3232. doi: 10.1111/j.1460-9568.2007.05606.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Zhang, Wu, Shi, Xu, Chu, Cui and Qiu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution and reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2017 | Volume 11 | Article 43


https://doi.org/10.1016/0304-3940(93)90844-b
https://doi.org/10.1016/0304-3940(93)90844-b
https://doi.org/10.1016/s0896-6273(00)81179-4
https://doi.org/10.1038/87419
https://doi.org/10.1016/j.ceca.2005.01.014
https://doi.org/10.1016/j.ceca.2005.01.014
https://doi.org/10.1111/j.1469-7793.1998.391bw.x
https://doi.org/10.1152/jn.00350.2012
https://doi.org/10.1152/jn.00350.2012
https://doi.org/10.1016/j.neuropharm.2009.04.012
https://doi.org/10.1523/JNEUROSCI.4872-05.2006
https://doi.org/10.1152/jn.90970.2008
https://doi.org/10.1152/jn.90970.2008
https://doi.org/10.1002/syn.20090
https://doi.org/10.1002/syn.20090
https://doi.org/10.1073/pnas.87.7.2662
https://doi.org/10.3389/fncel.2016.00172
https://doi.org/10.3389/fncel.2016.00172
https://doi.org/10.1113/jphysiol.1980.sp013358
https://doi.org/10.1016/s0896-6273(01)00375-0
https://doi.org/10.1016/s0896-6273(01)00375-0
https://doi.org/10.1124/jpet.108.144865
https://doi.org/10.1124/jpet.108.144865
https://doi.org/10.1523/JNEUROSCI.2559-07.2007
https://doi.org/10.1111/j.1530-0277.2006.00167.x
https://doi.org/10.1111/j.1530-0277.2006.00167.x
https://doi.org/10.1126/science.277.5331.1515
https://doi.org/10.1111/j.1530-0277.2007.00588.x
https://doi.org/10.1016/j.pharmthera.2009.09.002
https://doi.org/10.1523/JNEUROSCI.2422-07.2007
https://doi.org/10.1523/JNEUROSCI.2422-07.2007
https://doi.org/10.1113/jphysiol.2007.141531
https://doi.org/10.1038/npp.2010.70
https://doi.org/10.1113/jphysiol.1987.sp016659
https://doi.org/10.1080/14734220600791477
https://doi.org/10.1152/jn.01196.2005
https://doi.org/10.1152/jn.01196.2005
https://doi.org/10.1016/s0074-7742(08)60363-3
https://doi.org/10.1016/s0074-7742(08)60363-3
https://doi.org/10.1017/s0140525x00081486
https://doi.org/10.1038/nn1698
https://doi.org/10.1016/s0166-2236(98)01305-8
https://doi.org/10.1016/0896-6273(92)90076-p
https://doi.org/10.1093/alcalc/agr147
https://doi.org/10.1038/srep30857
https://doi.org/10.1016/j.neulet.2013.12.049
https://doi.org/10.1111/j.1460-9568.2007.05606.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Ethanol Modulates the Spontaneous Complex Spike Waveform of Cerebellar Purkinje Cells Recorded in vivo in Mice
	INTRODUCTION
	MATERIALS AND METHODS
	Anesthesia and Surgical Procedures
	Electrophysiological Recording and Histochemistry
	Chemicals and Drug Application
	Data Analysis

	RESULTS
	Ethanol Inhibits Spontaneous CS Activity in Cerebellar PCs
	Blockade of NMDARs does not Prevent the Ethanol-Induced Inhibition of CS Activity
	The Ethanol-Induced Inhibition of CS Activity Is Abolished by CB1 Receptor Antagonism

	DISCUSSION
	Ethanol Modulates Spontaneous CS Activity in Cerebellar PCs
	Activation of CB1 Receptors Inhibits Synaptic Transmission at CF–PC Synapses
	Ethanol Modulates the Spontaneous CS Activity of PCs via Activation of CB1 Receptors

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


