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Abstract
Background—Ethanol has actions on cerebellar Purkinje neurons that can result either in a net
excitation or in inhibition of neuronal activity. The present study examines the interplay of
presynaptic and postsynaptic mechanisms to determine the net effect of ethanol on the neuronal firing
rate of cerebellar Purkinje neurons.

Methods—Whole-cell voltage-clamp recording of miniature inhibitory postsynaptic currents
(mIPSCs) from Purkinje neurons in cerebellar slices was used to examine the effect of ethanol on
presynapticsynaptic release of γ-aminobutyric acid (GABA) and glutamate. Extracellular recording
was used to examine the net action of both presynaptic and postsynaptic effects of ethanol on the
firing rate of Purkinje neurons.

Results—Under whole-cell voltage clamp, the frequency of bicuculline-sensitive miniature post-
synaptic currents (mIPSCs) was increased dose-dependently by 25, 50, and 100 mM ethanol without
any change in amplitude or decay time. Despite this evidence of increased release of GABA by
ethanol, application of 50 mM ethanol caused an increase in firing in some neurons and a decrease
in firing in others with a nonrandom distribution. When both glutamatergic and GABAergic
influences were removed by simultaneous application of 6-cyano-7-nitroquinoxaline-2,3-dione and
picrotoxin, respectively, ethanol caused only an increase in firing rate.

Conclusions—These data are consistent with a dual action of ethanol on cerebellar Purkinje neuron
activity. Specifically, ethanol acts presynaptically to increase inhibition by release of GABA, while
simultaneously acting postsynaptically to increase intrinsic excitatory drive.
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IN VIVO STUDIES in urethane-anesthetized rats have generally shown an inhibition of neural
activity by either systemic (Givens and Breese, 1990a) or locally applied ethanol (Freund et
al., 1993). However, when other anesthetics or no anesthetic were used, systemic
administration of ethanol produced a mixed action on cerebellar Purkinje neurons, with an
increased rate occurring in some neurons and a decreased rate occurring in others (Rogers et
al., 1980). Similarly, both increases and decreases in rate have been observed in recordings
from Purkinje neurons in culture (Franklin and Gruol, 1987; Urrutia and Gruol, 1992) and in
the cerebellar slice (Bloom and Siggins, 1987; Siggins et al., 1987). These changes in rate are
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often accompanied by a change in the pattern of firing of the Purkinje neurons (Bloom and
Siggins, 1987; Franklin and Gruol, 1987; Siggins et al., 1987).

Ethanol acts on a number of neurotransmitter-gated and G-protein-coupled ion channels
(Crews et al., 1996). Additionally, ethanol can either increase (Ariwodola and Weiner, 2004;
Crowder et al., 2002; Roberto et al., 2003; Ziskind-Conhaim et al., 2003) or decrease (Ziskind-
Conhaim et al., 2003) neurotransmitter release. Purkinje neurons receive both excitatory and
inhibitory synaptic inputs (Satake et al., 2004) and have an intrinsic pacemaker activity
(Edgerton and Reinhart, 2003). Therefore, the differing effects of ethanol on these factors may
be responsible for the mixed action of ethanol on Purkinje neuronal firing.

Because the basis of such integration for the varied effects of ethanol on cerebellar Purkinje
neuronal activity has not yet been investigated, the present study used both whole-cell voltage-
clamp and extracellular recording to examine the potential basis of the variable actions of
ethanol on cerebellar Purkinje neuronal activity in a slice preparation. This work included
assessment of ethanol action on γ-aminobutyric acid (GABA) release, on the involvement of
glutamate input, and on the intrinsic firing of cerebellar Purkinje neurons.

METHODS AND MATERIALS
Preparation of Cerebellar Slices

Sprague-Dawley rats, 13 to 18 days old, were anesthetized with an intraperitoneal (i.p.)
injection of 1.5 to 2 g/kg urethane and decapitated. The brains were rapidly removed and placed
in ice-cold artificial cerebrospinal fluid (ACSF) of the following composition (in mM): NaCl
124, KCl 3.25, KH2PO4 1.25, CaCl2 2, NaHCO3 20, MgSO4 2, and glucose 10. The cerebella
were isolated and parasagittal slices, 250 μm thick, were cut with a vibrating tissue slicer
(Vibratome, series 1000). The slices were stored in a beaker containing ACSF gassed with
95% O2/5% CO2. The slices were equilibrated at least 1 hour at room temperature before
starting experiments.

Recording from Purkinje Cells in Cerebellar Slices
In both extracellular and patch-clamp recordings, a slice was placed at the bottom of a chamber
attached to the stage of a microscope (BX51Wl, Olympus, Tokyo, Japan). The slice was
superfused with ACSF gassed with 95% O2/5% CO2 at a flow rate of 1.5 mL/min at room
temperature (21–24 °C). The cells were visualized using infrared illumination under
differential interference contrast optics with a water-immersion lens (×40) and displayed on a
monitor via a video camera. Purkinje neurons were easily identified by their large size (20–25
μm) and location at the border between the granule cells and molecular layers. Recording
electrodes were pulled from borosilicate glass (Drummond Scientific Company, Broomall,
PA) and had a resistance of 2.5 to 3 MΩ. In whole-cell patch-clamp recordings, recording
electrodes were filled with internal solution of the following composition (in mM): KCl 150,
HEPES 15, K-ATP 2, EGTA 5, phosphocreatine 15, and creatine phosphokinase 50 U/mL (pH
7.4, adjusted with KOH). In some sets of experiments, GABAA and glutamate receptor blockers
were included in the perfusion solution, as indicated in the text. Control (ACSF) and ethanol-
containing ASCF solutions in sealed syringes were delivered through Teflon tubing connected
to a multibarrel perfusion pencil (250 μm in diameter), which was positioned 150 to 250 μm
from the cells tested. The switch of perfusion solutions was achieved by opening or closing
the valves electronically. This system (ValveLink 8, AutoMate Scientific, San Francisco, CA)
allowed rapid application and washout of the drugs. Action potentials or currents were recorded
using an Axopatch-1D patch-clamp amplifier, and 80% series resistance compensation was
achieved when miniature inhibitory postsynaptic currents (mIPSCs) were recorded. Data were
collected with pClamp 9.0 (Axon Instruments, Union City, CA).
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mIPSC Recording—Whole-cell voltage-clamp recording was used to determine the effect
of ethanol on mIPSCs of Purkinje cells. Ten micromolar 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, Sigma, St. Louis, MO) and 50 μM D-2-amino-5-phosphonopentanoic acid (AP-5,
Sigma) were included in the perfusion solution to block iono-tropic glutamate receptors.
Purkinje cells near the surface of the slice were chosen because these cells were rapidly exposed
to the ethanol. The holding potential was −70 mV. After the membrane of the cell was broken,
a control solution containing 1 μM tetrodotoxin (TTX, Sigma), 10 μM CNQX, and 50 μM
AP-5 was applied to the cell. Approximately 4 minutes after sodium currents (evoked by
depolarizing pulses) disappeared, mIPSCs became stable. Then, varying concentrations of
ethanol (0, 12.5, 25, 50, or 100 mM) were applied, followed by control solution (washout).
Only1 ethanol concentration was applied to each cell. When drugs were changed, a minimum
of 3 minutes was allowed for equilibration. The mIPSCs were then recorded for 50 seconds
during precontrol and postcontrol perfusions and ethanol application. Percent changes in
frequency, amplitude, and decay time of mIPSCs during the application of ethanol were
calculated by comparing those with the mean values of precontrol and postcontrol.

Extracellular Recording—For extracellular recordings, electrodes were filled with an
Na1-based perfusion solution (ACSF). Cells near the surface of the slice were chosen to
facilitate the drugs reaching those cells. The recording pipette tip was positioned just above,
or slightly touching, the cell body. Following acquisition of stable spontaneous action
potentials, the control solution was perfused onto the cell tested with the perfusion pencil. After
waiting approximately 5 minutes for stabilization of the firing rate, 50 mM ethanol was applied,
followed by control solution. Beginning at least 3 minutes after changing the perfused drugs,
action potentials were recorded for 50 to 60 seconds Burst duration, burst rate, and within-
burst interspike interval were defined as illustrated in Fig. 4C. Burst duration and burst rate
were measured using Clamp Fit (Axon Instruments) by setting the cursor at the beginning and
end of a burst. Interspike interval within bursts was determined automatically by the
minianalysis program from Synaptosoft (version 5.6.4; Decatur, GA). Within-burst interspike
interval was determined for each burst and averaged across bursts for each condition within a
single neuron. Each data point is a mean of 50 to 60 seconds. Percent changes in firing rates,
within-burst interspike intervals, burst rates, and burst durations of spontaneous action
potentials during the application of ethanol were calculated by comparing each with the mean
values of precontrol and postcontrol. Frequency is defined as the number of action potentials/
s averaged across an entire 50 to 60 seconds sample.

Analysis
The data recorded with extracellular and patch-clamp recordings were analyzed with either
Clampfit or miniAnalysis (Synaptosoft). Numerical data are given as mean ± SE, and n
represents the number of cells tested. Whenever appropriate, Student's t-test, analysis of
variance (ANOVA), Shapiro–Wilk's distribution test, and correlation were performed as
indicated. Calculated p values of less than 0.05 were accepted as evidence of a significant
difference.

RESULTS
Effects of Ethanol on GABAergic mIPSCs from Purkinje Cells

Action potential–independent mIPSCs were recorded after application of 1 μm TTX, which
abolished action potential–dependent currents. GABAergic mIPSCs were isolated by including
the glutamate receptor blockers CNQX and AP-5 in the perfusion solution. The GABAA
receptor blocker bicuculline (10 μM) completely blocked the mIPSCs, indicating that they
were GABA-mediated (data not shown, n = 4).
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The frequency, amplitude, and decay times of mIPSCs recorded from Purkinje cells before the
application of ethanol were 1.25 ± 0.15 Hz, 245 ± 10 pA, and 24.5 ± 0.8 ms, respectively (n =
42). Percent potentiation of the frequency of mIPSCs by various concentrations of ethanol (0,
12.5, 25, 50, and 100 mM) relative to control frequency is plotted in Fig. 1A. Ethanol increased
the frequency of the currents (1-way ANOVA, p<0.0001, n = 9–12 for individual
concentrations) in a concentration-dependent manner. Post hoc tests demonstrated that the
percent change in frequency in the presence of 25, 50, and 100 mM ethanol was significantly
different from controls (Tukey's HSD test, p<0.05). Representative traces of mIPSCs from a
Purkinje neuron recorded in the presence and absence of 50 mM ethanol shows that ethanol
increased the spontaneous activity of the cell (Fig. 1B).

As shown in Table 1, neither the amplitude nor the decay time of the mIPSCs was affected by
the varying concentrations of ethanol.

Effect of Ethanol on Spontaneous Glutamatergic Currents in Purkinje Cells
It has been reported that there are spontaneous glutamatergic synaptic currents in Purkinje cells
(Kawa, 2002). To determine the possible role played by these currents in the response of
Purkinje cells to ethanol, the effect of ethanol on bicuculline insensitive spontaneous currents
was observed.

Spontaneous currents (in the absence of TTX) in Purkinje cells were recorded under whole-
cell voltage clamp. Because of the symmetric chloride concentration, both Cl− inhibitory and
cation excitatory currents appear as inward currents. Application of 50 μM bicuculline for 4
minutes reduced the frequency of spontaneous currents by 99.6 ± 0.3% from a control value
of 6.06 ± 0.78 to 0.02 ± 0.01 Hz (paired t-test p<0.01, n = 18). Bicuculline completely
eliminated spontaneous inward currents in 16 of 18 cells (Fig. 2A) and reduced the frequency
of spontaneous currents by 99 and 94% in the 2 remaining cells (Fig. 2B). The residual currents
were blocked by application of CNQX and AP-5, suggesting that they were glutamatergic (Fig.
2C). Thus, the glutamatergic input to the Purkinje neurons under these recording conditions
was negligible.

Effect of Ethanol and GABA on Spontaneous Action Potentials
The lack of effect of ethanol on mIPSC decay time may have been due to the experimental
conditions used in the patch-clamp recording. To examine this possibility, we applied GABA
directly to cerebellar Purkinje neurons in the presence and absence of ethanol and measured
the effect on firing rate using extracellular recording. While GABA (30 μM) reduced the action
potential rate by approximately 20% (see Fig. 3A), ethanol alone did not alter the overall firing
rate and the effect of GABA was similar in the presence and absence of ethanol (Fig. 3A).
However, there was a significant correlation between the effect of ethanol and GABA on rate
such that neurons sensitive to the rate reducing action of GABA were also slowed by ethanol
while neurons less sensitive to GABA were unaffected or accelerated by ethanol as shown in
Fig. 3B.

Effects of Ethanol on Spontaneous Action Potentials of Cerebellar Purkinje Neurons
The increase in inhibitory GABA release by ethanol and the lack of excitatory glutamatergic
input would predict a general decrease in Purkinje neuron activity following ethanol
administration. To test this hypothesis, spontaneous action potentials were recorded from
cerebellar Purkinje neurons in the presence and absence of ethanol in a cerebellar slice.
Application of 50 mM ethanol (the concentration causing the greatest increase in GABAergic
mIPSCs) altered the firing rate of most neurons examined. Percent changes in firing rates were
not normally distributed (Shapiro–Wilk's W-test, p<0.05, n = 19), indicating that the data were
not from 1 entity. Thus, the data were divided into 2 groups according to either an increase or
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a decrease in firing rates in the presence of ethanol compared with control values. Examples
of both increases (A) and decreases (B) in rate following ethanol administration are shown in
Fig. 4.

For the group in which ethanol significantly increased firing rates from a control value of 9.7
± 1.0 to 11.7 ± 0.9 Hz (n = 11) during ethanol administration, the percent enhancement of firing
was 25.2 ± 7.9% (Fig. 4D). Firing rates during the application of ethanol in the second group
of neurons were significantly decreased from a control value of 13.0 ± 1.6 to 11.1 ± 1.4 Hz
(n = 7) during ethanol administration. As shown in Figure 4D, the percent inhibition of firing
rate by ethanol in this group was 14.6 ± 3.4%.

Effect of Ethanol on Action Potential Pattern
Application of 50 mM ethanol to cerebellar Purkinje neurons produced a change in the pattern
and rate of activity that began within seconds of the initial ethanol application and washed out
within a few seconds of ethanol removal (see Figs. 4A and 4B). Fifty millimolar ethanol either
reduced burst rate and prolonged burst duration or increased burst rate and shortened burst
duration Fig. 5. The correlation of percent change in burst rates and percent change in firing
rates in the presence of ethanol was significant (r = −0.76, p<0.05, n = 14; Fig. 5A). Similarly,
the correlation of percent change in burst duration and percent change in firing rate was also
significant (r = 0.87, p<0.05, n = 14; Fig. 5B). These correlations indicate that the enhancement
of firing rate by ethanol is associated with an increase in burst duration and a decrease in burst
rate.

Within-burst interspike intervals were not significantly affected by 50 mM ethanol. The
interspike interval was 58.9 ± 5.7 milliseconds for control neurons and 54.4 ± 6.2 milliseconds
in the presence of ethanol (paired t-test, p>0.05, n = 19). Additionally, there was no correlation
between percent change for within-burst interspike interval and percent change in firing rate
(r = 0.07, p>0.05, n = 18). Thus, these data indicate that the change in firing pattern by ethanol,
but not a change in within-burst interspike interval, was associated with the change in overall
firing rate of Purkinje neurons when ethanol was applied.

Effect of Ethanol on Spontaneous Action Potentials in Purkinje Cells During the Blockade of
Synaptic Transmission

The mixed effects of ethanol on action potential rate were not consistent with the increased
inhibition predicted from the increased mIPSC frequency observed after ethanol
administration. To determine the effect of ethanol on cerebellar Purkinje neurons in the absence
of inhibitory and excitatory synaptic input, 100 μM picrotoxin, 10 μM CNQX, and 50 μM
AP-5 were included in the perfusion to block both GABAA receptors and glutamate receptors,
respectively.

Under these conditions, the firing rate of Purkinje cells in the presence of 50 mM ethanol (10.48
± 1.47 Hz) was significantly higher than under control conditions (8.81 ± 1.38 Hz; paired t-
test, p<0.01, n = 12), resulting in an increase in firing rate by 23.6 ± 4.3%. This increased rate
of Purkinje cell firing by ethanol under these conditions is represented in Fig. 6A. As was the
case in the presence of external inputs to the Purkinje neuron, the correlation between percent
change in firing rates and percent change in burst durations was significant (Fig. 6B; r = 0.70,
p<0.05, n = 10), indicating that the potentiation of firing rates by ethanol was associated with
prolongation of burst duration. Likewise, the negative correlation between percent change in
firing rate and percent change in burst rate was significant (Fig. 6C; r = −0.76, p<0.05, n = 10),
indicating that the enhanced firing rate by ethanol is associated with a decreased burst rate.
There was no correlation between percent change in within-burst interspike interval and percent
change in firing rate (r = −0.25, p>0.05, n = 12).
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DISCUSSION
There is an inhibitory GABAergic input to cerebellar Purkinje neurons (Satake et al., 2004)
and previous work has demonstrated that ethanol can enhance the release of GABA from
presynaptic terminals (Ariwodola and Weiner, 2004; Crowder et al., 2002; Roberto et al.,
2003; Ziskind-Conhaim et al., 2003). Because GABA release could be contributing to the
inhibitory action of ethanol on firing rate for some, but not all, neurons (Freund et al., 1993;
Yang et al., 2000), we examined the action of ethanol on GABA release on this cell type.
Ethanol produced a concentration-dependent increase in the frequency of bicuculline-sensitive
mIPSCs. These data indicate that the ethanol was increasing the presynaptic release of GABA.
Ethanol had no effect on the amplitude or decay time of the mIPSCs, indicating that the
sensitivity of the postsynaptic receptor to GABA was not changed. This is consistent with the
majority of recent reports (see reviews by Breese et al., 2006; Criswell and Breese, 2005; and
Siggins et al., 2005). However, Sanna et al. (2004) reported increased decay time as well as
amplitude of mIPSCs from hippocampal neurons following ethanol. Altered intracellular Cl−
levels or other variables altered following dialysis of intracellular contents by the recording
pipettes could have interfered with the effect of ethanol on postsynaptic GABAA receptors.
For example, the Cl− transporters are likely overwhelmed. However, when these interfering
variables were removed by the use of extracellular recording, there was still no consistent
enhancement of the effect of GABA on rate by ethanol. While the present study did not find a
direct action of ethanol on the postsynaptic GABAA receptor, other studies have suggested that
ethanol might act at a specific site on the GABAA receptor to enhance the effectiveness of
GABA (Ueno et al., 2000), but these actions may require higher concentrations of ethanol. For
example Peoples and Weight (1999) indicated an EC50 concentration of 1.2 M for a direct
action of ethanol on GABAA receptors—a concentration well above the lethal dose and above
the concentrations used in the present study. In previous work, we have been unable to see a
direct effect of pharmacologically relevant concentrations of ethanol on GABA-gated currents
from enzymatically isolated Purkinje neurons (Criswell et al., 2003). Other studies have
indicated that indirect actions on the postsynaptic GABAA receptor, including phosphorylation
of the receptor (Freund and Palmer, 1997; Harris et al., 1995; Weiner et al., 1997) and release
of neuroactive steroids (Sanna et al., 2004) by ethanol could, increase the receptor sensitivity
to GABA. The relatively brief application of ethanol in the present study might not have
allowed sufficient time for occurrence of these processes. Under these recording conditions,
glutamatergic input was completely absent in the vast majority of cells (16 of 18) and minimal
in the remaining 2. Based upon these observations, an increased release of GABA with no
change in glutamate release would predict an overall decrease in the firing rate of Purkinje
neurons following ethanol.

To test the hypothesis that the increased GABA release would evoke a decrease in the firing
rate of Purkinje neurons, the effect of the most effective concentration of ethanol to enhance
GABA release was examined using extracellular recording. In agreement with results from
earlier work (Bloom and Siggins, 1987; Franklin and Gruol, 1987; Rogers et al., 1980; Siggins
et al., 1987), intoxicating concentrations of ethanol did not produce a net decrease in the firing
rate of cerebellar Purkinje neurons. However, rather than forming a normal distribution around
zero, ethanol caused an increase in firing rate for some neurons but a decrease in rate for others.
These results suggest that ethanol has multiple actions on Purkinje neurons to produce this
variable pattern of firing. For this reason, the effect of ethanol on the intrinsic pacemaker
activity of Purkinje neurons was investigated to account for the variable effects of ethanol.

Previous work has indicated that the bursting pattern of cerebellar Purkinje neuron activity
results from an intrinsic pacemaker activity (Edgerton and Reinhart, 2003). Because cerebellar
Purkinje neurons are spontaneously active in the absence of synaptic inputs, we were able to
examine the effect of ethanol on this intrinsic pacemaker function when the excitatory input
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was removed by the glutamate antagonists CNQX and AP-5 and the inhibitory input from
GABA and glycine were eliminated by picrotoxin. Under these conditions, ethanol reliably
increased the firing rate of the Purkinje neurons. When synaptic inputs are removed, cerebellar
Purkinje neurons continue to fire in a bursting pattern. There was a strong correlation between
overall change in rate and change in firing pattern following ethanol application such that
increases in firing rate were associated with an increase in burst duration and a decrease in
burst rate. There was no correlation between the within-burst interspike interval and change in
rate. These data are consistent with an effect of ethanol that alters rate by a mechanism that
controls the pattern of Purkinje neuronal activity but does not affect within-burst interspike
interval. The present correlation between rate and firing pattern by ethanol further suggests
that ethanol is having a direct action to alter intrinsic properties of the Purkinje neuron. The
bursting pattern of activity in Purkinje neurons can be initiated by climbing fiber stimulation
(Eccles et al., 1966) but occurs even in the absence of input from other neurons (Swensen and
Bean, 2003, 2005; Womack and Khodakhah, 2004). The onset and offset of a burst is under
the coordinated control of a number of voltage- and ligand-dependent Na+, Ca2+, and K+

channels (Swensen and Bean, 2005). While bursting occurs in acutely dissociated Purkinje
neurons that lack their dendritic tree (Swensen and Bean, 2005), the mechanism may be
somewhat different than bursting in a slice preparation, where termination of a burst appears
to depend on dendritic calcium spikes (Womack and Khodakhah, 2004). The effects of ethanol
on any one of these ion channels could alter burst characteristics.

The correlation between the sensitivity of cerebellar Purkinje neurons to GABA inhibition of
rate and the effect of ethanol on rate would be consistent with varying strengths of the intrinsic
drive between neurons such that it is more difficult to perturb the rate and pattern of activity
of some neurons than of others by either GABA or ethanol. However, there are other possible
mechanisms for the correlation between the effects of ethanol and GABA on rate. For example,
neurons less sensitive to the inhibitory action of GABA would be less sensitive to the effect
of increased GABA release by ethanol. The present methods do not allow a test of these
alternatives.

An important question raised by these data is how an interaction of 2 variables with a normal
distribution of either excitatory or inhibitory effects can result in an effect on neuronal activity
that is not normally distributed. The most parsimonious explanation is that the excitatory effect
of ethanol on the intrinsic pacemaker activity of the Purkinje neuron and the inhibitory effect
of increased GABA release by ethanol are moderated by a homeostatic mechanism. Only a net
excitation or a net inhibition sufficient to overcome homeostatic control will produce a change
in activity of the Purkinje neuron. A second mechanism to produce a change in rate that is not
normally distributed is a nonlinear interaction between the excitatory and inhibitory
mechanisms. Either of these possibilities could explain the present results but they do not
represent the only possible mechanisms.

Taken together, these data are consistent with 2 conflicting actions of ethanol on the cerebellar
Purkinje neuron. An increase in inhibition due to a presynaptic action of ethanol to increase
GABA release and a postsynaptic action of ethanol to increase the intrinsic excitatory drive of
the Purkinje neuron. Interplay of these 2 actions may underlie a part of the complex effect of
ethanol on the rate of firing of cerebellar Purkinje neurons.
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Fig. 1.
Bath administration of ethanol increased the frequency of miniature inhibitory postsynaptic
currents (mIPSCs) in a concentration-related fashion. Each bar represents the mean of from 9
to 12 neurons (A). A representative recording of mIPSCs in the presence (ethanol) and absence
(control and washout) of 50 mM ethanol is shown in (B).
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Fig. 2.
Bicuculline (50 μM) completely abolished spontaneous currents in 16 of 18 cells as shown by
a representative example from a neuron (A). In 2 cells, a few spontaneous currents remained
after bicuculline administration as shown in (B). Blockade of the remaining currents from the
same neuron presented in (B) after coapplication of bicuculline; 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) and AP-5 are shown in (C).
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Fig. 3.
Mean percent change in rate during an extracellular recording from cerebellar Purkinje neurons
following direct application of 50 mM ethanol (ETOH), 30 μM γ-aminobutyric acid (GABA),
or the combination of 50 mM ethanol and 30 μM GABA (ETOH+GABA) is shown in (A).
Ethanol had no net effect alone and did not alter the inhibitory effect of the GABA when
coapplied. However, when ethanol and GABA were applied separately to the same neuron,
there was a significant correlation such that increased inhibition by ethanol was associated with
an increase in inhibition by GABA (B). The solid line represents the regression line, while the
dashed lines represent the 95% confidence intervals for the regression.
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Fig. 4.
Representative extracellular recordings showing increases (A) and decreases (B) in firing rate
following ethanol administration. Ethanol (50 mM) was applied at the arrow. Note the
prolonged burst duration associated with increased rate (A) and the decreased burst duration
associated with decreased rate (B). The changes in firing pattern and rate occurred within a
few seconds of the ethanol application (ethanol) and returned to baseline levels within a few
seconds of return to the control solution (wash). An example of the patterned activity from a
cerebellar Purkinje neuron is shown in (C) to illustrate definitions of the recorded parameters.
Burst duration is the time represented by the bar labeled (a). Interburst interval is the time
represented by the bar labeled (b). Burst rate is 1/ interburst interval (b). Interspike interval
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within bursts is represented by the bar labeled (c). Mean (±SEM) changes in firing rate recorded
for 1 minute, beginning from 3 to 5 minutes after solution change, are shown in (D) for cells
where firing rate increased or decreased.
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Fig. 5.
There was a negative correlation between percent change in firing rate and burst rate, such that
burst rate decreased as overall firing rate increased (A). There was a positive correlation
between percent change in firing rate and burst duration such that burst duration increased as
overall firing rate increased (B). The solid line represents the regression line, while the dashed
lines represent the 95% confidence intervals for the regression.
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Fig. 6.
A representative example of extracellular recording from a neuron showing increased firing
rate following 50 mM ethanol application is shown in (A). Note the prolonged burst duration
in this example. The correlation between overall change in firing rate and change in burst
duration (B) and burst rate (C) is similar to that of neurons with intact excitatory and inhibitory
inputs (Fig. 5). The solid line represents the regression line, while the dashed lines represent
the 95% confidence intervals for the regression.
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