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Abstract

Alcohol-induced alterations of cerebellar function cause motor coordination impairments that are
responsible for millions of injuries and deaths worldwide. Cognitive deficits associated with
alcoholism are also a consequence of cerebellar dysfunction. The mechanisms responsible for
these effects of ethanol are poorly understood. Recent studies have identified neurons in the input
layer of the cerebellar cortex as important ethanol targets. In this layer, granule cells receive the
majority of sensory inputs to the cerebellum via the mossy fibers. Information flow at these
neurons is gated by a specialized pacemaker interneuron known as the Golgi cell, which provides
divergent GABAergic input to thousands of granule cells. In vivo electrophysiological
experiments have previously demonstrated that acute ethanol exposure abolishes granule cell
responsiveness to sensory inputs carried by mossy fibers. Slice electrophysiological studies
suggest that ethanol causes this effect by potentiating GABAergic transmission at Golgi cell-to-
granule cell synapses via an increase in Golgi cell excitability. Using patch-clamp
electrophysiological techniques in cerebellar slices and computer modeling, we demonstrate here
that ethanol excites Golgi cells by inhibiting the Na*/K* ATPase. Voltage-clamp recordings of
Na*/K* ATPase currents indicated that ethanol partially inhibits this pump and this effect could be
mimicked by low concentrations of ouabain. Partial inhibition of Na*/K* ATPase function in a
computer model of the Golgi cell reproduced these experimental findings. These results establish a
novel mechanism of action of ethanol on neuronal excitability, which likely plays a role in
ethanol-induced cerebellar dysfunction and may also contribute to neuronal functional alterations
in other brain regions.
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The cerebellum controls motor coordination and also plays a role in higher-order cognitive
and emotional functions (Ito, 2006; Schmahmann, 2004; Tesche and Karhu, 2000).
Cerebellar abnormalities contribute to the pathophysiology of several neuropsychiatric
disorders including schizophrenia, depression, autism, and alcoholism (Cheron et al, 2008;
Fitzpatrick et al, 2008; Gowen and Miall, 2007). Frontocerebellar circuitry alterations
contribute to executive function abnormalities in alcoholics (Sullivan et al, 2003). Short and
long-term exposure to ethanol causes cerebellar dysfunction and this is responsible for a
large number of accidental injuries and deaths worldwide. Fetal alcohol spectrum disorder is
characterized by cerebellar neuronal loss and synaptic transmission/plasticity alterations
(Servais et al, 2007). Despite the importance of the cerebellum as a target of ethanol, little is
known about its mechanism of action in this brain region.

The innermost layer of the cerebellar cortex is the granule cell (GrC) layer, which is the
gateway of mossy fiber input from the corticopontine system, the brain stem and the spinal
cord to the cerebellar cortex. This layer contains the glutamatergic GrCs and the GABAergic
Golgi cells (GoCs). GoCs provide strong GABAergic input to GrCs, making them a high
signal-to-noise filtering unit. GrCs receive tonic GABAergic input via high-affinity,
extrasynaptic type-A y-aminobutyric acid receptors (GABARS) that are activated both by
spillover of GABA released from GoCs and ambient GABA levels (Rossi et al, 2003). In
vivo electrophysiological studies showed that ethanol acutely inhibits GrC responses to
mossy fiber input triggered by sensory stimulation (Huang and Huang, 1992; Huang and
Huang, 2007). This effect of ethanol could be a consequence of increased tonic GABAergic
currents in GrCs (Carta et al, 2004; Hanchar et al, 2005). Studies suggest that the ethanol-
induced increase in tonic GABAergic currents is, in part, mediated by enhanced GABA
spillover from GoCs (Botta et al, 2007a; Botta et al, 2007b; Carta et al, 2004). The
enhancement of GABA spillover is likely a consequence of an ethanol-induced increase of
spontaneous action potential firing in GoCs (Carta et al, 2004; Freund et al, 1993). The
mechanism by which ethanol excites GoCs is currently unknown.

GoCs are essential for normal motor control as demonstrated by a study in which these
neurons were selectively ablated in mice (Watanabe et al, 1998). GoC apical dendrites
extend into the molecular layer, where they receive GABAergic input from molecular layer
interneurons and glutamatergic input from parallel fibers (Dieudonne, 1998; Vos et al,
1999). GoC basal dendrites receive mossy fiber input (Ito, 2006; Kanichay and Silver, 2008;
Vos et al, 1999). Climbing fibers may also provide excitatory input to GoCs (Xu and
Edgley, 2008). GoCs are pacemaker neurons that tonically fire action potentials and multiple
intrinsic ionic mechanisms are thought to contribute to their autorhythmicity (Forti et al,
2006). Dopaminergic neurons in the ventral tegmental area also spontaneously fire action
potentials and acute exposure to ethanol has been shown to excite these neurons
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independently of input from neighboring neurons (Brodie et al, 1999). Based on these
findings with dopaminergic neurons, we hypothesized that ethanol increases GoC firing
directly by modulating the intrinsic ionic mechanisms that control pacemaker activity of
these neurons. We tested this hypothesis using slice electrophysiological techniques and
computer modeling.

Materials and Methods

For all the experiments, we used ethanol (95%, spectrophotometric grade) from Sigma
Chemical Co. (St. Louis, MO). D,L-APV, gabazine hydrobromide, CGP54626, and
LY341495 were from Tocris-Cookson (Ellisville, MO). Tetrodotoxin (TTX) was from
Calbiochem (San Diego, CA). CdCl, was from Alfa Aesar (Ward Hill, MA). All other
chemicals were from Sigma.

Brain Slice Preparation

All animal procedures were approved by the UNM-Health Sciences Center Institutional
Animal Care and Use Committee and conformed to National Institutes of Health Guidelines.
Experiments were performed in parasagittal vermis cerebellar slices that were prepared from
23-26 day-old male Sprague-Dawley rats (Harlan, Indianapolis, IN). Animals were
euthanized by rapid decapitation under deep anesthesia with ketamine (250 mg/kg I.P.) and
200 um-thick slices were prepared with a vibratome (Leica Microsystems, Bannockburn,
IL). Slices were cut in cold solution containing (in mM) 220 sucrose, 26 NaHCOg3, 10
glucose, 12 MgSQOy, 2 KCI, 1.25 NaH,POy4, 0.2 CaCl, and 0.43 ketamine; this solution was
pre-equilibrated with 95% O, plus 5% CO,. Immediately after this procedure, slices were
transferred to a chamber containing artificial cerebrospinal fluid (ACSF) and allowed to
recover at 35-36°C for 35 min, followed by storage at room temperature for up to 9 hrs. The
ACSF contained (in mM): 126 NaCl, 2 KCI, 1.25 NaH,PO4, 1 MgSOy4, 26 NaHCO3, 2
CacCly, and 10 glucose equilibrated with 95% O plus 5% CO,. Recordings were performed
in a chamber perfused with ACSF at a rate of 2—-3 ml/min and maintained at 32-33°C.

Loose-patch Cell-attached and Perforated-patch Electrophysiological Recordings of GoC

Firing

Neurons were visualized using infrared-differential interference contrast microscopy and
recordings performed with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale,
CA). GoCs were primarily identified on the basis of their location in the GrC layer, larger
size when compared to GrCs, and the presence of spontaneous action potential firing. In all
cases, each slice was exposed once to a single ethanol concentration and the duration of
ethanol exposure was limited to 5 min to avoid the development of rapid tolerance.

The loose-patch cell-attached configuration (seal resistance = 8-30 M€) was used to record
action currents. The patch pipettes were filled with regular ACSF (tip resistance = 2-5 MQ)
and the holding potential was 0 mV; it should be noted that the holding potential in loose-
patch cell-attached experiments is unlikely to significantly affect the GoC resting membrane
potential because most of the current generated by the amplifier will leak across the loose
seal rather than passing through the patch (Perkins, 2006). Action currents were detected by
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the presence of a downward and upward deflection in the current trace, as previously
described (Forti et al, 2006; Kanichay et al, 2008). Recordings were discarded if the action
current baseline frequency changed more than 20% or did not return to at least 50% of
baseline during ethanol washout.

The effect of ethanol on GoC firing was further characterized using the perforated-patch
configuration. An amphotericin-B stock solution was made fresh daily (1 mg/ml in
dimethylsulfoxide). The stock solution was sonicated for ~15 min, then continuously
vortexed at a low speed for the duration of the recording session. The tips of the
microelectrodes were prefilled with an internal solution containing (in mM): 135 K-
gluconate, 5 KCI, 10 HEPES, 0.2 EGTA, 4.6 MgCly, 0.1 CaCl,, 4 Na,-ATP and 0.4 Na-
GTP (pH 7.35 adjusted with KOH) and then backfilled with the same internal solution
containing 5 pg/ml of amphotericin-B; fresh amphothericin-B was mixed with an aliquot of
internal solution every hour. Following formation of a 1-10 G2 seal, the access resistance
was used to monitor the progression of perforation, which was considered complete when it
was between 40-80 M (typically reached 10-40 min after GS2 seal formation). Recordings
were performed in the current-clamp mode (lnoiging = 0). Recordings were discarded if the
membrane potential was less negative than =55 mV, the action potential baseline frequency
or membrane potential changed more than 20% from baseline, or any of these parameters
did not return to at least 50% of baseline during ethanol washout.

Na*/K* ATPase Current Recordings

The Na*/K* ATPase current was recorded as previously described (Hamada et al, 2003).
Recordings were performed in the whole-cell patch-clamp configuration at a holding
potential of —25.1 mV using ACSF containing the following neurotransmitter receptor
blockers: kynurenic acid (1 mM), D,L-APV (50 uM), gabazine (10 pM), strychnine (1 uM),
10 uM CGP 54626 (10 uM), and LY 341495 (1 uM). In addition, the ACSF was Ca?* free
and it contained: 2 mM BaCl,, 1 mM CsCl, 0.2 mM CdCl,, 2 mM NiCl,, 20 uM nifedipine
and 0.5 pM TTX. The internal solution contained (in mM): 100 NaOH, 20
tetramethylammonium hydroxide, 100 aspartic acid, 20 tetraethylammonium chloride, 2
MgCl,, 5 EGTA, 5 Tris-ATP, 2.5 Trisy-creatine phosphate, 5 glucose and 10 HEPES (pH
adjusted to 7.2 with tetramethylammonium hydroxide). Under these conditions, membrane
currents mediated by neurotransmitter receptors, voltage-gated Ca?* channels, TTX-
sensitive voltage-gated Na* channels, several K* channels subtypes, and the Na*/Ca2*
exchanger are minimized or abolished (Hamada et al, 2003).

Electrophysiological Data Analyses

Data were filtered at 2 kHz and digitized at 5-50 kHz with digidatal322A and pClamp-9
(Molecular Devices, Sunnyvale, CA) and analyzed with Clampfit-9 (Molecular Devices)
and MiniAnalysis-6.0.3. (Synaptosoft, Decatur, GA). The coefficient of variation of the
inter-spike interval (CV/g,) was calculated as the ratio of the standard deviation to the mean
interspike interval multiplied by 100 and was expressed as percent values. The action
potential threshold value (spike threshold) was calculated with MiniAnalysis using the third
differential function. The after-hyperpolarization (AHP) amplitude and time-to-peak were
calculated with respect to the spike threshold value. Measurements of membrane potentials
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were corrected for liquid junction potentials. In all cases, effects of ethanol were calculated
with respect to the average of control and washout responses. Data were statistically
analyzed with Prizm 4 (GraphPad, San Diego, CA) and are presented as mean + S.E.M. The
Na*/K* ATPase currents were analyzed by fitting a Gaussian distribution to all-point
histograms.

Computer Modeling

Results

These studies were based on a previously published GoC model (Solinas et al, 2007). This
model consists of five compartments including a soma (32 pF), 3 dendrites (23 pF each), and
an axon (90 pF). The soma has twelve voltage-dependent ionic channels reproducing GoC
intrinsic firing and responsiveness to somatic current injection. Currents used within the
model were based upon published experimental observations (D’Angelo et al, 2001;
Dieudonne, 1998; Forti et al, 2006). We adopted a resting membrane potential of -60 mV,
and a passive leakage current with reversal potential at —44.5 mV. All simulations were
performed in the NEURON simulator-version 5.9 (Hines and Carnevale, 2001) using a time
step of 25 us. A Nat/K* ATPase was incorporated into the soma of the model; the equations
that simulated the Na*/K* ATPase were described in Table S10 of Takeuchi et al (2006).
The updated GoC model NEURON code with the Na*/K* ATPase component can be found
at http://senselab.med.yale.edu/ModelDb/. The intracellular concentration of ATP was set at
5 mM. The ionic concentrations were set as follows: [Na*]; =5 mM, [Na*],= 145 mM, [K*];
=140 mM, [K*], = 5 mM, [Ca2*];=50 nM, [Ca2*],=2 mM, and synaptic inputs were absent.
The density of the Na*/K* ATPase was calibrated to obtain an ethanol-induced 1 mV
change in resting membrane potential. Supplementary Fig 1A shows a simulation of the
Na*/K* ATPase current density as a function of membrane potential in the GoC model; note
that a current density of ~1.75 pA/pF is predicted at a resting membrane potential of —60
mV, in general agreement with current density values observed in dorsal root ganglion
neurons (Hamada et al, 2003). The effect of TTX was modeled by turning off the voltage-
gated Na* channel conductance. The effect of ouabain was simulated by systematically
reducing the Na*/K* ATPase component assuming a ouabain 1Csq of 0.6 uM.

Ethanol increases the firing frequency and regularity of spontaneous action potential

firing

Spontaneous GoC firing was initially assessed in the loose-patch cell-attached configuration
using standard ACSF, where these neurons fired spontaneous action currents with a
frequency (f) of 4.6 £ 0.9 Hz (n = 11). Ethanol (40 mM) reversibly increased firing fby 1 +
0.3 Hz (p < 0.05 by one-sample t-test vs. zero, n = 11, Fig. 1A-B). In presence of ethanol,
the CV\g) was decreased by 0.3 £ 0.08-fold (Fig 1C-D, p < 0.01 by sample t-test vs. zero, n
= 14). Fig 1E suggests that this effect was a consequence to the increase in firing f, as the
CV|g was inversely related to basal firing f both in the absence and presence of ethanol.
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Ethanol increases firing frequency and regularity of spontaneous firing in presence of
neurotransmitter receptor antagonists

The role of ionotropic and metabotropic neurotransmitter receptors in the ethanol-induced
increase of GoC firing was characterized in the loose-patch cell-attached configuration.
These experiments tested the possibility that ethanol increases GoC firing f indirectly via
modulation of excitatory and/or inhibitory inputs mediated by these neurotransmitter
receptors. The following receptor antagonists were added to the ACSF: 10 uM gabazine
(GABA receptors), 1 mM kynurenic acid (ionotropic glutamate receptors), 50 uM D, L-
APV (NMDA receptors), 1 uM strychnine (glycine receptors), 10 uM CGP 54626 (GABAg
receptors) and 1 uM LY 341495 (type-2 metabotropic glutamate receptors). In presence of
these agents, the basal firing f was 3 + 0.4 Hz (n = 13; not significantly different from firing
f in the absence of blockers by unpaired t-test) and ethanol (40 mM) significantly increased
itby 1 + 0.2 Hz (Fig 2A-B; p < 0.01 by one-sample t-test vs. zero). We tested if a change in
osmolarity could account for the ethanol-induced increase in firing f. Urea is the agent of
choice for this type of control experiment because it has similar membrane permeability as
ethanol (Widmer et al, 1998). In presence of the neurotransmitter receptor antagonist
cocktail, urea (40 mM) did not significantly increase the firing f with respect to the average
of control and washout (Fig. 2B; Af = 0.17 £ 0.09 Hz; p > 0.05 by one-sample t-test vs. zero;
n=13).

The effect of ethanol on GoC pacemaker activity was further characterized in presence of
the above-described neurotransmitter receptor antagonists. In presence of these agents, the
ethanol-induced firing f increase was not significantly correlated with the basal f (Fig 2C; p
> 0.05 by Spearman’s correlation). Fig 2D shows that the effect of ethanol on GoC firing f is
dose-dependent.

Ethanol increased spontaneous firing frequency and depolarized the membrane potential
in the perforated-patch configuration

The effect of ethanol on spontaneous firing of GoCs was assessed in the perforated patch-
clamp technique in presence of all the neurotransmitter receptor antagonists mentioned
above. Table 1 summarizes the electrophysiological properties of GoCs under these
conditions. Values are comparable to those previously reported, with small differences that
could be a consequence of the presence of the neurotransmitter receptor antagonist cocktail,
and the fact that our experiments were performed at 32—-33°C using perforated-patch
configuration rather than room temperature (20-24°C) using whole-cell patch-clamp
configuration (Forti et al, 2006). Fig 3A, B and Table 1 show that ethanol (40 mM)
significantly increased the firing f and decreased the CV,g, (Table 1; n = 8). The effect of
ethanol on firing f using the perforated-patch configuration (Table 1) was not statistically
different from the loose-patch cell-attached data shown in Fig 2B (p > 0.05 by unpaired t-
test). Fig 3A, B and Table 1 show that ethanol (40 mM) slightly but significantly decreased
the AHP amplitude. Action potential peak, half-width, threshold and rise time were not
significantly affected by this concentration of ethanol (Table 1). Fig 3B shows that the
timecourse of the effect of ethanol on firing f and AHP are similar.
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Since ethanol could increase the firing f and decrease the amplitude of the AHP, in part, by
depolarizing the membrane potential, we assessed its effect on the membrane potential in
presence of 0.5 pM TTX and the neurotransmitter receptor blocking cocktail. In presence of
TTX, neither action potentials nor any subthreshold membrane potential oscillations were
observed (Fig 4A). Figs 4B—C and Table 1 show that ethanol (40 mM) reversibly
depolarized the membrane potential, with a similar timecourse of that of the ethanol-induced
Af. The effect of ethanol on the membrane potential was significantly correlated with the
basal membrane potential (p < 0.05 by linear regression; Fig. 4D).

Ethanol does not significantly affect the firing frequency or membrane potential response
to current injection

Stimulation of excitatory afferent inputs can transiently depolarize the membrane potential
and increase GoC firing (Kanichay et al, 2008; Watanabe and Nakanishi, 2003). To mimic
the effect of these inputs, depolarizing current steps were injected to the GoC via the patch
electrode; these experiments were performed in the perforated-patch configuration in
presence of the neurotransmitter receptor antagonist cocktail. Firing f increased linearly as
the amount of current injection increased and this relationship was not significantly affected
by exposure to ethanol (Fig 5A-B; slopes were not significantly different by paired t-test; n
= 7). In these experiments, ethanol increased the basal f by 0.7 £ 0.2 Hz (p < 0.05 by one-
sample t-test vs. zero, n = 7) in agreement with the data shown in Fig 3 and Table 1.

The membrane potential response to current injection in presence of 0.5 uM TTX was also
investigated. Ethanol depolarized the membrane potential by 1.3 £ 0.4 mV (p < 0.05 by one-
sample t-test vs. zero, n = 5) in agreement with the data shown in Fig 4 and Table 1. The
membrane potential changed linearly as the amount of depolarizing current injection
increased and ethanol (40 mM) did not significantly change this relationship (Figs 5C-D;
slopes were not significantly different by paired t-test; n = 5). Moreover, ethanol (40 mM)
did not affect the Rj,, calculated from the voltage response to a single 350 ms current step of
-10 pA (Table 1).

Effect of ethanol on the Na*/K* ATPase current

The transport of 3 Na* ions out of the cell and 2 K* ions into the cell by the Na*/K* ATPase
generates a net outward current that contributes to the maintenance of the resting membrane
potential in neurons (for instance, see Genet and Kado, 1997) and acute exposure to ethanol
has been shown to modulate the Na*/K* ATPase in preparations from rodent brains (Foley
and Rhoads, 1994; Ledig et al, 1985; Syapin et al, 1985). We therefore assessed whether
ethanol could affect GoC firing via modulation of the Na*/K* ATPase. We measured Na*/
K* ATPase current using whole-cell voltage-clamp techniques under conditions where
currents mediated by Ca2*, Na* and K* channels, as well as the Na*/Ca2* exchanger, were
minimized or abolished (Hamada et al, 2003). The Na*/K* ATPase currents were activated
by a high pipette Na* concentration. Figure 6A shows an example Na*/K* ATPase current
recording at —25.1 mV; in this particular experiment, the holding current was 76.65 pA and
ethanol decreased it to 69.86 pA. On average, ethanol produced a reversible decrease of 5.1
+1 pA (percent change = 3.24 + 0.72%, p < 0.01 by one-sample t-test vs. zero; n = 6) on the
holding current (Figs 6C, D; p < 0.01 by one-sample t-test vs. zero). The amplitude of the
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Na*/K* ATPase current was calculated by subtracting the holding current in the absence and
presence of ouabain. This yielded a value of 167 + 36 pA, which was decreased by 3.28 +
0.72 % by ethanol (p < 0.01 by one-sample t-test vs. zero; n = 6). In presence of ouabain,
ethanol did not significantly change the holding current, which is expected to be mainly
mediated by leak conductances (Fig 6B, E).

We next tested whether slight inhibition of the Na*/K* ATPase with a low concentration of
ouabain could mimic the effect of ethanol on GoC firing. In the whole-cell configuration,
using the high Na* internal solution described above, 5 min bath application of 0.1 uM
ouabain produced a similar inward shift in the holding current to that produced by 40 mM
ethanol (8 £ 2 pA, p < 0.01 by sample t-test vs. zero, n = 12), with the exception that the
ouabain effect was not reversible upon washout (Fig 7A, C). We then assessed the impact of
0.1 uM ouabain on GoC firing in the loose-patch cell-attached configuration and found that
it increased the firing f by 0.9 £ 0.13 Hz (Fig 7B, D; p < 0.001 by one-sample t-test vs. zero;
n =8). The 0.1 uM ouabain- and ethanol-induced changes in holding current and firing f
were similar (Fig 7C-D). It should be noted that we attempted to determine whether a
saturating concentration of ouabain (1 mM) occluded the effect of ethanol on GoC firing;
however, we found that it induced a significant depolarization of the membrane potential
(AMP =71 + 32 mV; n = 3), leading to the inactivation of voltage-gated Na* channels and
cessation of GoC firing.

We also studied the effect of Na*/K* ATPase inhibition using the perforated-patch
configuration. Fig 7E and F show that ouabain (0.1 uM) decreased the AHP by 0.73 £ 0.26
mV (p < 0.05 by one-sample t-test vs. 0; n = 6) and increased the firing f by 0.87 + 0.32 Hz
(p < 0.05 by one-sample t-test vs. 0; data not shown; n = 6). The other action potential
waveform parameters were not significantly altered by 5 minutes of ouabain application. In
Fig 7F, data from Fig 3B is shown again for comparison. Note the similar onset timecourse
for the effect of ouabain and ethanol on firing f and AHP amplitude.

Inhibition of the Na*/K* ATPase by ouabain was tested in the GoC computer model.
Modeling of the effects of increasing concentrations of ouabain on Na*/K* ATPase is shown
in Supplementary Fig 1B where ouabain had an ICsq of ~0.6 uM and a concentration of 0.1
UM inhibited Na*/K* ATPase function by ~15%. Fig 7G shows that a 15 % reduction in
Na*/K* ATPase function in the model increases the GoC spontaneous firing rate (~1 Hz)
and decreases the AHP (~1 mV; represented by the difference between the two dashed lines)
to a similar extent as in the slice experiments with 0.1 uM ouabain and 40 mM ethanol (see
also Supplementary Fig 1C). The simulated effect of higher concentrations of ouabain on the
firing f is summarized Fig 7H and Supplementary Fig 1C.

In presence of 0.5 UM TTX, ouabain (0.1 pM) depolarized the membrane potential by 1.7 +
0.4 mV at t = 5 min after the start of ouabain application (p < 0.01 by one-sample t-test vs.
zero; n = 8) without significantly changing Rj, calculated from the voltage response to a
single 350 ms current step of =10 pA (101.5 = 2.2 % of control, p > 0.05 by one-sample t-
test vs. 100; n = 8) (Fig 8A-B). In Fig 8B, the effect of ethanol on the membrane potential
from Fig 4C is shown again for comparison. Note the similar onset timecourse for the effect
of ouabain and ethanol on the membrane potential.
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The effect of ouabain in the absence of Na* channel currents—to mimic experiments done
in TTX—uwas also studied in the computer model. Simulation of the effect of 0.1 uM
ouabain depolarized the membrane potential by ~1 mV and it only slightly affected Rj,
(control = 159 M2 and ouabain = 156 M(2; calculated from the the voltage response to a
single 350 ms current step of =10 pA) (Fig 8C). The effect of higher concentrations of
ouabain on the membrane potential is shown in Fig 8D and Supplementary Fig 1D.
Supplementary Fig 2 shows that simulation of the effect of 0.1 uM ouabain did not affect the
firing frequency or membrane potential response to current injection in the GoC model;
these findings are in agreement with those shown in Fig 5.

Discussion

The purpose of this study was to characterize the mechanism by which ethanol excites
cerebellar GoCs. Our findings can be summarized as follows: 1) Ethanol increased
spontaneous GoC firing f and decreased the CVg, independently of extrinsic inputs
mediated by several ionotropic and metabotropic neurotransmitter receptors; 2) The effect of
ethanol was independent of the basal firing f and was dose-dependent; 3) Ethanol decreased
the AHP amplitude and caused membrane potential depolarization; and 4) Ethanol did not
significantly affect the GoC R;, calculated from the voltage response to a single
hyperpolarizing pulse and neither affected the firing frequency nor the membrane potential
response to current injection, further confirming that it lacks a significant effect on Rjp,.
These findings support the hypothesis that ethanol increases GoC firing directly by
modulating an intrinsic non-ion channel target that controls pacemaker activity of these
neurons.

The Na*/K* ATPase was considered as a potential non-ion channel ethanol target because
its electrogenic properties have been shown to play a role in controlling spontaneous firing,
membrane potential, and membrane potential hyperpolarization in neurons (Genet et al,
1997; Kim et al, 2007; Munakata et al, 1998; Pulver and Griffith, 2010; Thompson and
Prince, 1986; Wang and Huang, 2006). In addition, studies from several laboratories have
demonstrated inhibition of the Na*/K* ATPase by acute ethanol exposure using brain
homogenates, synaptosomes, microsomes or cultured neurons (Foster et al, 1989; Israel et
al, 1965; Ledig et al, 1985; Rangaraj and Kalant, 1982; Swann, 1983; Syapin and Alkana,
1986; but see Foley et al, 1994). The precise mechanism responsible for this inhibitory
effect of ethanol is currently unknown but may be, in part, a consequence of stabilization of
the ATP-bound state and impairment in the formation of the K*-sensitive conformational
state of the enzyme (Swann, 1983). In general agreement with these studies, we found that
Na*/K* ATPase currents were slightly but significantly inhibited by ethanol in a ouabain-
sensitive manner. A submaximal concentration of ouabain, that produced equivalent
inhibition of the Na*/K* ATPase current as ethanol, increased spontaneous action potential
firing, depolarized the membrane potential and decreased the AHP in GoCs. Unlike ethanol,
the effect of ouabain on these parameters was irreversible, which is in agreement with the
literature and is expected because of the high affinity of this agent for the Na*/K* ATPase
(Genet et al, 1997; Kim et al, 2007). The onset of the effect of ethanol on Na*/K* ATPase
current, membrane potential and AHP matched closely that of ouabain. The onset of the
effect of ethanol on GoC firing frequency measured in the loose-patch cell-attached
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configuration was slightly faster than that of ouabain (Fig 7D), suggesting that another target
could be involved in the initial phase of this effect of ethanol. However, the timecourse of
the effects of ouabain and ethanol were very similar in the perforated-patch configuration
(Fig 7F) indicating that inhibition of the Na*/K* ATPase plays a central role in the
mechanism of action of ethanol.

The hypothesis that ethanol increases GoC excitability via inhibition of the Na*/K* ATPase
was quantitatively tested using computer modeling. These studies were carried out using a
GoC model that faithfully reproduces the electrophysiological characteristics of GoCs.
Incorporation of the Na*/K* ATPase into the model did not change GoC responsiveness or
tonic firing. Simulation of the effect of Na*/K* ATPase block with ouabain produced the
expected dose-dependent changes in GoC function: 1) increase in spike rate, 2) decrease in
AHP, and 3) depolarization of the membrane potential. The effect of 0.1 uM ouabain on
these parameters was strikingly similar to that observed in the slice experiments and, in
agreement with the slice data, this concentration of ouabain minimally changed the R;j,.
Taken together with the experimental results, these computer modeling findings indicate that
the Na*/K* ATPase controls GoC excitability and that inhibition of this electrogenic pump
can explain the mechanism of action of ethanol on GoCs. Because of the success of the
minimal model we describe here, no further elaborations were attempted, like including
additional pumps or the Na*/Ca%* exchanger.

Acute exposure to either 40 mM ethanol or 0.1 pM ouabain significantly decreased the
amplitude of the AHP and depolarized the membrane potential, and these effects could be in
part responsible for the ethanol-induced increase in spontaneous action potential firing of
GoCs (Cloues and Sather, 2003). These effects are similar to those previously reported by
Brodie and Appel (1998) in VTA dopaminergic neurons where 80 mM ethanol produced ~1
mV decrease in the AHP peak amplitude and also a ~1 mV membrane potential
depolarization. Decreases in AHP amplitude have also been observed in dentate granule and
CA3 pyramidal neurons (Niesen et al, 1988; Siggins et al, 1987). Recently, ethanol (30 and
50 mM) was found to decrease the slow AHP decay time constant and this effect was more
pronounced in neurons from peri-adolescent (P30-40) than adult (P70-80) Sprague-Dawley
rats (Yan et al, 2009). Future studies should assess whether ethanol-induced inhibition of the
Na*/K* ATPase could contribute to the effects of ethanol on the AHP and membrane
potential in neurons other than GoCs. Ethanol may not consistently inhibit the ATPase
leading to depolarization of the membrane potential in all neuronal populations. This could
be a consequence of differences in expression of Na*/K* ATPase isoforms or distinct
regulation of pump activity by intracellular signaling pathways (Richards et al, 2007).

The finding that the spontaneous firing of GoCs is increased by ethanol places these
interneurons among other pacemaker neurons that are excited by this substance of abuse.
Ethanol has been shown to increase spontaneous firing of substantia nigra, CA3 pyramidal
and inferior olivary neurons by unknown mechanisms (Bloom and Siggins, 1987; Galindo et
al, 2005; Mereu et al, 1984; Rogers et al, 1986). Ethanol produces a similar effect on VTA
dopaminergic neurons and this is, at least in part, mediated by inhibition of a quinidine-
sensitive K* current and/or potentiation of 1, (Appel et al, 2003; Okamoto et al, 2006).
Ethanol also excites stratum radiatum-lacunosum moleculare hippocampal interneurons and
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molecular layer interneurons in the cerebellum by potentiating I, (Hirono et al, 2009; Yan et
al, 2009). Importantly, we investigated the role of Iy, several K* channel-mediated currents
(1a, I, delayed rectifier- and SK channel-mediated currents), and persistent sodium channel
currents in the mechanism of action of ethanol at GoCs; we found no evidence indicating
that these currents mediate the ethanol-induced increase of GoC firing (Botta, Sangrey, De
Schutter and Valenzuela, unpublished observations). Taken together with our results, these
findings indicate that ethanol can increase firing of several neuronal populations across the
brain via a variety of mechanisms. However, the potential contribution of Na*/K* ATPase
inhibition in the actions of ethanol at the above-mentioned pacemaker neurons should be
investigated.

The increase in spontaneous GoC firing caused by Na*/K* ATPase inhibition is likely
responsible, at least in part, for the increase in spontaneous action potential-dependent
GABA release at GoC-GrC synapses and the increase in tonic GABAergic currents in GrCs
(Carta et al, 2004; Hanchar et al, 2005). These findings are in general agreement with those
of Richards et al (2007), who reported that Na*/K* ATPase inhibition in interneurons
increases sIPSC frequency in pyramidal neurons of the subiculum. The ultimate
consequences of the EtOH-induced increase of GABA release from GoCs are decreased
GrC excitability and de-afferentiation of the cerebellar cortex from mossy fiber inputs
(Huang et al, 1992; Huang et al, 2007). Inhibition of glutamatergic transmission at mossy
fiber-GrC synapses is unlikely to contribute to the mechanism of action of ethanol, as
AMPA and NMDA receptor-mediated currents appear to be minimally affected by sub-
anesthetic concentrations of ethanol in GrCs (Carta et al, 2004; Offenhauser et al, 2006).

Computer modeling studies predicted that the GoC-GrC feedback loop causes oscillations in
the GrC layer with a characteristic frequency restricted to the 10-40 Hz range (B
oscillations), which may be involved in cerebro-cerebellar communication during sensory
processing and movements (Maex and De Schutter, 2005; Soteropoulos and Baker, 2006). A
recent study demonstrated that GoCs are extensively connected via gap junctions, which
drive low frequency oscillatory synchronization and rhythmic inhibition of GrCs;
importantly, in vivo electrophysiological studies demonstrated synchronization between
GoC firing and low-frequency local field potential oscillations in the cerebellar cortex
during quiet wakefulness (Dugue et al, 2009). Therefore, ethanol-induced increases in
spontaneous action potential firing of GoCs may impair oscillatory activity, leading to
alterations, not only in motor coordination, but also in several cognitive processes. Future
studies should examine the long-term effects of ethanol on the function of the GrC layer
neuronal network and their potential contribution to the pathophysiology of alcoholism.
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Fig 1. Ethanol increases frequency and regularity of spontaneous GoC firing
A, Sample traces illustrating the effect of ethanol (40 mM) on GoC firing recorded in the

loose-patch cell-attached configuration. B, time course of the ethanol-induced firing
frequency change (Af) normalized to the zero time point. Ethanol perfusion is represented by
the gray bar (bin size, 10 s, n = 11). C, histogram of spike counts versus the inter-spike
interval (1SI) for the baseline and ethanol conditions (bin size, 20 ms). D, scatter plot
showing the CVg, under baseline (b), ethanol (e) and washout (w/0) conditions. E, plot of
CV,g versus basal firing f for baseline (open circles) and 40 mM ethanol (closed circles).
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Fig 2. Ethanoal increases frequency of spontaneous GoC firing in presence of neurotransmitter
receptor antagonists
A, sample traces illustrating the effect of ethanol on firing. B, timecourse of the 40 mM

ethanol-induced Af (gray circles); the effect of urea (40 mM; white circles) on Af in presence
is also shown, which was tested to determine whether ethanol acted via an osmotic
mechanism (n = 13 in all cases). C, plot of the 40 mM ethanol-induced Af versus basal f. D,
dose-response curve for the ethanol-induced Af (20 mM, n = 10; 40 mM, n = 13; and 80
mM, n = 13; **p < 0.01, ****p < 0.0001 by one-sample t-test vs. zero; ***p < 0.001 by
one-way ANOVA followed Bonferroni posthoc test). All results shown in this figure were
obtained in the loose-patch cell-attached configuration in presence of gabazine (10 uM),
kynurenate (1 mM), D,L-APV (50 uM), strychnine (1 uM), CGP 54626 (10 uM), and LY
341495 (1 uMm).
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Fig 3. Ethanol increases spontaneous firing and decreases AHP amplitude in the perforated-
patch configuration

A, representative trace illustrating that ethanol increases f and slightly decreases the AHP
(action potentials were truncated for clarity). B, time course of the ethanol-induced Af (gray
circles) and AAHP (AHP peak amplitude change; white circles) (n = 8). Recordings were
obtained in presence of gabazine (10 uM), kynurenate (1 mM), D,L-APV (50 uM),
strychnine (1 uM), CGP 54626 (10 uM), and LY 341495 (1 uM).
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Fig 4. Ethanol depolarizesthe membrane potential
A, Effect of TTX on spontaneous GoC firing (action potentials were truncated for clarity).

B. Representative traces illustrating the ethanol-induced membrane potential depolarization.
C, Timecourse of the ethanol-induced membrane potential (MP) change (black circle; bin
size, 1 min; n = 8). The timecourse of the ethanol-induced Af (gray circles) from Fig 3B is
shown again for comparison (bin size, 1 min; n = 8). D, plot of the ethanol-induced
membrane potential change versus basal membrane potential. All these recordings were
made in the perforated-patch current-clamp configuration (Inoiging = 0). Recordings were
obtained in presence of gabazine (10 uM), kynurenate (1 mM), D,L-APV (50 uM),
strychnine (1 uM), CGP 54626 (10 pM), LY 341495 (1 pM) and TTX (0.5 uM).
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Fig 5. Ethanol does not significant affect the firing frequency and the membrane potential
responseto current injection

A, representative traces illustrating the changes in GoC firing activity that were elicited by
steps of depolarizing current injection (2 and 10 pA, 500 ms square steps) in the absence
(control) and presence of ethanol. B, Average GoC current-frequency plots obtained under
control conditions and in presence of 40 mM ethanol (n = 7). C, representative traces
illustrating the changes in the membrane potential (MP) of GoCs that were elicited by steps
of depolarizing current injection (2 and 10 pA, 500 ms square steps) in the absence (control)
and presence of ethanol. D, Average GoC current-MP plots obtained under control
conditions and in presence of 40 mM ethanol (n = 5). All results shown in this figure were
obtained in the perforated-patch current-clamp configuration in presence of gabazine (10
uUM), kynurenate (1 mM), D,L-APV (50 uM), strychnine (1 uM), CGP 54626 (10 uM), LY
341495 (1 uM) and TTX (0.5 pM).
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Fig 6. Ethanal inhibitsthe Na*/K* ATPase current
A, Representative whole-cell voltage-clamp recording traces illustrating the effect of ethanol

on the Nat/K* ATPase current. B, Ethanol does not affect the leak current recorded in
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presence of ouabain. C, Timecourse graph illustrating the effect of ethanol (e) and ouabain
(0) on the holding current (n = 6). The gray bar represents the 5 min application of ouabain
or ethanol. D, Timecourse of the effect of ethanol on the Na*/K* ATPase current shown at
an expanded scale (*p < 0.05, **p < 0.01 by one-way repeated-measures ANOVA followed
by Bonferroni posthoc post-test). E, Timecourse of the effect of ethanol on leak currents
recorded in presence of 1 mM ouabain (black bar). Ethanol perfusion is represented by the
gray bar (bin size, 1 min). In all cases, bin size = 1 min.
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Fig 7. Ouabain mimicsthe effect of ethanol on firing
A, Representative whole-cell voltage-clamp recording traces illustrating that a low

concentration of ouabain produces similar inhibition of the Na*/K* ATPase current to that
produced by 40 mM ethanol. B, Representative loose-patch cell-attached recording traces
illustrating that 0.1 uM ouabain slightly increases spontaneous action potential firing of
GoCs. C, Timecourse graph illustrating the effect of 0.1 uM ouabain on the holding current
(black circles) in whole-cell voltage-clamp; the effect of 40 mM ethanol from Fig 6D is
shown again for comparison (white circles). D, Timecourse graph illustrating the change in
spontaneous firing f of GoCs induced by 0.1 uM ouabain (black circles) in the loose-patch
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cell-attached configuration; the effect of 40 mM ethanol from Fig 2B is shown again for
comparison (white circles). E, Representative traces recorded in the perforated-patch
configuration illustrating the increase in firing f and the decrease in AHP amplitude induced
by ouabain. F, Timecourse graph illustrating the change in firing f (black squares) and AHP
amplitude (black circles) of GoCs induced by 0.1 uM ouabain in the perforated-patch
configuration; the effect of 40 mM ethanol on firing f (white squares) and AHP (white
circles) from Fig 3B is shown again for comparison. G, Computer simulation of the effect of
0.1 uM ouabain on GoC firing. H, Computer simulation of the effect of increasing
concentrations of ouabain on spontaneous action potential firing in GoCs
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Fig 8. Ouabain mimicsthe effect of ethanol on the membrane potential
A, Representative traces recorded in perforated-patch configuration illustrating the ouabain-

induced depolarization of the membrane potential (MP); the R;,, was monitored with a 350
ms current step of =10 pA and it was not affected by ouabain. B, Timecourse graph
illustrating the change in membrane potential induced by 0.1 uM ouabain (black circles) in
the perforated-patch configuration; the effect of 40 mM ethanol on the membrane potential
from Fig 4C is shown again for comparison (white circles). The gray bar represents the 5
min application of ouabain or ethanol. In all cases, bin size = 1 min. C, Computer simulation
of the effect of 0.1 UM ouabain on the GoC membrane potential; ouabain minimally affected
the Rjn as monitored by a 350 ms current step of —10 pA. D, Computer simulation of the
effect of increasing concentrations of ouabain on the membrane potential in GoCs.
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Table 1

Modulation of electrophysiological properties of GoCs by ethanol (40 mM)

Parameters Baseline  Changeinduced by ethanol  pvalue
f (Hz) 41 0.77+0.2 0.008
CVis) (%) 415+127 -19.07 £3.2 0.0002
Spike Peak (mV) 16.6 + 1.6 -0.2+0.2 0.41
Spike Half-Width (ms) 0.56 + 0.03 0.04 +0.03 0.27
Spike Threshold (mV) -67.6+54 -0.01+0.3 0.97
Rise10-90 (ms) 0.26 + 0.05 -0.002 + 0.005 0.63
AHP Time-to-Peak (ms) 183%1.2 -0.03 £0.23 0.9
AHP Amplitude (mV) 222+11 -0.7+0.1 0.0002
Estimated resting membrane potential (mV)  -76 +3.4 1.3+0.2 0.0006
Rin (M) 3454+ 79 26+8.1 0.76
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In all cases n = 10, except for the membrane potential (n = 9) and the Rjp (n = 7) data. Data were obtained in the perforated-patch mode in presence
of ionotropic and metabotropic synaptic blockers. The p values were calculated using one-sample t-test vs. a theoretical mean of zero. Values are

mean + S.E.M. Significant p values are shown in bold.
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