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Trauma-induced damage to the orbitofrontal cortex (OFC) often results in behavioral inflexibility and impaired judgment. Human

alcoholics exhibit similar cognitive deficits suggesting that OFC neurons are susceptible to alcohol-induced dysfunction. A previous study

from this laboratory examined OFC mediated cognitive behaviors in mice and showed that behavioral flexibility during a reversal learning

discrimination task was reduced in alcohol-dependent mice. Despite these intriguing findings, the actions of alcohol on OFC neuron

function are unknown. To address this issue, slices containing the lateral OFC (lOFC) were prepared from adult C57BL/6J mice and

whole-cell patch clamp electrophysiology was used to characterize the effects of ethanol (EtOH) on neuronal function. EtOH (66 mM)

had no effect on AMPA-mediated EPSCs but decreased those mediated by NMDA receptors. EtOH (11–66 mM) also decreased

current-evoked spike firing and this was accompanied by a decrease in input resistance and a modest hyperpolarization. EtOH inhibition

of spike firing was prevented by the GABAA antagonist picrotoxin, but EtOH had no effect on evoked or spontaneous GABA IPSCs.

EtOH increased the holding current of voltage-clamped neurons and this action was blocked by picrotoxin but not the more selective

GABAA antagonist biccuculine. The glycine receptor antagonist strychnine also prevented EtOH’s effect on holding current and spike

firing, and western blotting revealed the presence of glycine receptors in lOFC. Overall, these results suggest that acutely, EtOH may

reduce lOFC function via a glycine receptor dependent process and this may trigger neuroadaptive mechanisms that contribute to the

impairment of OFC-dependent behaviors in alcohol-dependent subjects.
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INTRODUCTION

The orbitofrontal cortex (OFC), a region within the
prefrontal cortex (PFC), mediates several aspects of
learning, including choice behavior (Boettiger et al, 2007;
Bokura et al, 2001; Ramus and Eichenbaum, 2000; Roesch
et al, 2007a; Schoenbaum et al, 1998), reversal learning
(Dalley et al, 2004; McGaughy et al, 2008; Roesch et al,
2007b; Thorpe et al, 1983) and the development of
expectancies/predictions (Ito et al, 2001; Tremblay and
Schultz, 1999) about appetitive and aversive stimuli.
Current thinking suggests that the OFC, with its extensive
array of sensory and limbic derived inputs, mediates
learning processes and specifically choice behavior by
providing a place for incoming information to be integrated
and by attributing salience to relevant environmental cues.

Dysfunction of the OFC is associated with behavioral
inflexibility and an inability to anticipate consequences
often leading to poor judgment in humans (Bechara et al,
1998) and in OFC lesioned rodents (Dalley et al, 2004;
McGaughy et al, 2008). Specifically, damage to the
orbitofrontal-subcortical circuit disrupts behavioral inhibi-
tion (Cummings, 1995) and lesions to lateral and ventral
OFC, but not the mPFC, disrupt reversal learning
(Bissonette et al, 2008). Human alcoholics often display
symptoms similar to patients with OFC damage, including
deficits in behavioral inhibition (Verdejo-Garcia et al, 2006)
and measures of impulsivity/perseveration (Hill et al, 2009;
Tanabe et al, 2009). Chronic alcohol exposure has also been
shown to disrupt behavioral flexibility in experimental
models of alcohol dependence. In a previous study from this
lab, (Badanich et al, 2011), alcohol-dependent mice showed
impaired performance on a reversal learning task that
requires an intact OFC (Bissonette et al, 2008). Together
with reports from human alcoholics, these findings suggest
that OFC neurons may be particularly sensitive to alcohol.

To date, most studies of OFC function have used in vivo
recordings to monitor responses in alcohol naive behaving
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monkeys/rodents. OFC neurons encode physical properties
of visual and textual cues as well as motivational valence
(Tremblay and Schultz, 1999) and predictive nature of
reward contingencies (Ikeda et al, 1996; Ramus and
Eichenbaum, 2000; Schoenbaum et al, 1998; Schoenbaum
and Eichenbaum, 1995; Schultz et al, 2000) during decision-
making tasks. Furthermore, primates and rodents show
selective increases in firing of OFC neurons in response to a
go response and these same neurons return to a baseline
rate of firing following reversal learning (Roesch et al,
2007b; Thorpe et al, 1983). These data indicate that
neuronal activity in the OFC mediates higher order
cognitive function specifically related to reversal learning
and tasks that require behavioral flexibility.

Despite evidence from both human and animal studies
implicating the OFC as an important target for ethanol
(EtOH), there is little known regarding the actions of EtOH
on OFC neuron activity at the cellular level. In the present
study, we characterize the effects of acute EtOH on neurons
in the lateral OFC (lOFC) from adult mice to better
understand the impact of EtOH exposure on behavioral
flexibility and other OFC-dependent behaviors. EtOH
concentrations from 11–66 mM were used to model relevant
blood alcohol concentrations (B0.05–0.31%) that are a
result from drinking. Results from these experiments show
that OFC neuron firing is reduced by relatively low
concentrations of EtOH via a glycine-receptor-dependent
mechanism while higher concentrations reduce NMDA
evoked synaptic currents.

MATERIALS AND METHODS

Experimental Subjects

C57BL/6J male mice purchased from Jackson Laboratories
(Bar Harbor, ME) at 7 weeks of age were used in the
electrophysiology experiments. After arrival, mice were
group-housed (4/cage) and allowed to acclimate to the
colony room for at least 1 week. Mice were housed in a
temperature and humidity controlled AAALAC-approved
facility, with ad libitum access to food and water. The
animal housing room was maintained under a 12 h light/
dark cycle (lights on at 600 h). At the start of the
electrophysiology experiments, mice ranged from 8–12
weeks old and weighed an average of 25 g (range: 20–
30 g). The care and use of mice was conducted under
guidelines for animal care approved by the Medical
University of South Carolina’s Institutional Animal Care
and Use Committee and the NIH Guide for the Care and Use
of Laboratory Animals (NIH Publication No.: 80–23, revised
1996).

Preparation of Brain Slices

The lateral portion of the OFC was selected for recordings as
previous reports suggested that lesions of the lateral/ventral
OFC disrupt reversal learning (Bissonette et al, 2008) and
that the lOFC, but not the mOFC, is associated with the
suppression of a previously rewarded response (Adinoff,
2004). Furthermore, changes in dendritic morphology have
been observed specifically in the lOFC following exposure to
stress and psychostimulants suggesting that these neurons

may be especially sensitive to drug exposure (Dias-Ferreira
et al, 2009; Liston et al, 2006). Acute brain slices containing
the lOFC were prepared for whole-cell patch-clamp electro-
physiology experiments. Mice were deeply anesthetized with
sodium pentobarbital and transcardially perfused through
the ascending aorta with ice-cold (4 1C) oxygenated (95%
O2, 5% CO2) sucrose containing buffer (in mM; 200 sucrose,
1.9 KCl, 1.2 NaH2PO4, 6 MgCl2, 0.5 CaCl2, 0.4 ascorbate, 10
glucose, 25 NaHCO3, adjusted to 305–315 mOsm). Follow-
ing perfusion, mouse brains were immediately removed,
blocked for the frontal cortex and sectioned using a Leica
VT1000S vibratome (Buffalo Grove, IL) maintained at 4 1C.
Coronal slices (300 mm) containing the lOFC were immedi-
ately placed in a holding chamber and incubated at 34 1C for
30 min in oxygenated artificial cerebral spinal fluid (aCSF,
in mM; 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.3 MgCl2, 2.0
CaCl2, 0.4 ascorbate, 10 glucose, 25 NaHCO3, adjusted to
305–315 mOsm). Slices were then kept at room temperature
for at least 30 min before recording.

Whole-Cell Patch-Clamp Electrophysiology

Slices were placed in a temperature controlled recording
chamber (34 1C) and perfused with oxygenated aCSF at a
flow rate of 2 ml/min. Recordings were localized to deep
layers of the lOFC (Figure 1a) previously reported to
produce deficits in reversal learning following lesioning
(Bissonette et al, 2008; Franklin and Paxinos, 2008). Most
recordings were from neurons that were approximately
500–750mm from the rhinal fissure. Neurons from the
lOFC were identified using an Olympus BX51W1 microscope
(Center Valley, PA) equipped with infrared Dodt gradient
contrast imaging (Luigs and Neumann, Ratingen, Germany).
Thin-wall borosilicate glass electrodes (OD¼ 1.5 mm,
ID¼ 1.17 mm) were pulled on a Sutter Instrument Micro-
pipette Puller (Novato, CA) and had tip resistances ranging
from 1.2–7.7 mO. Patch pipettes were filled with an internal
solution (see below for recipes) and slowly lowered onto the
cell body of a neuron to obtain a seal (41 GO) followed by
breakthrough to gain whole-cell access. Whole-cell patch-
clamp electrophysiological recordings were carried out using
an Axon MultiClamp 700B amplifier (Molecular Devices,
Union City, CA). For all recordings, events were filtered at
4 kHz and digitized at a sampling rate of 10 kHz. Approxi-
mately 5–10 min were allowed for each neuron to stabilize
before recordings commenced. Electrophysiological record-
ings were divided into three recording epochs, including a
5–10 min baseline, 10 min treatment, and 10 min washout
session. Each EtOH treatment session was compared with its
own baseline and served as a within-subjects control. Except
for the tonic current experiments, EtOH (11–66 mM) was
added to the aCSF perfusion solution and bath applied for all
treatment sessions. Healthy cells and reliable recordings
were identified by monitoring series resistances (Rs) over
the course of the recording session. Recordings with Rs
greater than 30 MO or that fluctuated by more than 25%
over the course of the experiment were eliminated from final
analyses.

Synaptic GABA and NMDA currents. A cesium chloride
internal pipette solution (in mM; 120 CsCl, 10 HEPES, 2
MgCl2, 1 EGTA, 2 NaATP, 0.3 NaGTP, 1 QX-314, 0.2%
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biocytin, pH¼ 7.4, adjusted to 294 mOsm) was used to
record synaptic glutamate and GABA mediated events. A
concentric bipolar stimulating microelectrode (World Pre-
cision Instruments, Sarasota, FL) was placed in the lOFC
adjacent to and in close proximity to the recording site.
Stimulus pulses were delivered at a rate of 0.01 Hz and
ranged from 10–1,025mAn in intensity to elicit a stable and
submaximal evoked current. For evoked AMPA and NMDA
EPSCs, the GABAA antagonist, picrotoxin (100 mM), and
DL-AP5 (100 mM) or NBQX (10 mM), respectively were
added to the aCSF perfusion solution. AMPA EPSCs were
measured at a holding potential of � 70 mV while NMDA
EPSCs were acquired while holding the neuron at þ 40 mV
to relieve the magnesium block on the receptor. For evoked
GABA IPSCs, the NMDA receptor antagonist, DL-AP5
(100 mM), and the AMPA receptor antagonist, NBQX
(10 mM), were added to the aCSF perfusion solution and
the neuron was voltage clamped at � 70 mV. Amplitude
(pA) and area (pA/ms) of synaptic currents were measured
to determine the effects of EtOH (11–66 mM) on evoked
GABA IPSCs and evoked AMPA and NMDA EPSCs. In a
separate set of experiments, spontaneous GABA-mediated
IPSCs were measured in the same manner as evoked GABA
currents, except that no stimulating pulse was applied to the
slice. GABA IPSCs were identified using a sliding template
algorithm in AxographX software (Axograph Scientific, New
South Wales, Australia). The amplitude (pA) and frequency
(ms) of spontaneous GABA IPSCs were measured by
comparing cumulative probability curves and overall means
for each recording session (baseline, treatment, washout).

Intrinsic excitability experiments. For determining the
effects of EtOH on spike firing, current-clamp recordings
were performed using a potassium gluconate internal
pipette solution (in mM, 120 KGluc, 10 KCl, 10 HEPES, 2
MgCl2, 1 EGTA, 2 NaATP, 0.3 NaGTP, 0.2% biocytin,

adjusted to 294 mOsm, pH¼ 7.4). Current injections (100–
300 pA) were used to evoke action potential firing in lOFC
neurons and neuron excitability was evaluated before,
during and after EtOH exposure. A brief depolarizing
current that did not elicit action potentials (50 pA) was
injected before each epoch to monitor input resistance. To
examine the effects of EtOH on GABA and glycine receptor
function, the GABAA/glycine antagonist picrotoxin
(100 mM) or the glycine antagonist strychnine (1 mM) was
added to the aCSF perfusion solution and bath applied
throughout the entire recording session (baseline, treat-
ment, washout). Recordings were analyzed for resting
membrane potential (mV), input resistance (MO), and
action potential (AP) threshold (mV), height (mV), half
width (ms), rise time (ms), and frequency (no. spikes).
Resting membrane potentials were not adjusted for the
liquid junction potential error (B12.2 mV).

Tonic currents. Changes in tonic current during exposure
to EtOH or receptor blockers were measured by recording
the holding current of a neuron voltage clamped at
� 60 mV. A cesium chloride internal pipette solution (in
mM; 120 CsCl, 10 HEPES, 2 MgCl2, 1 EGTA, 2 NaATP, 0.3
NaGTP, 1 QX-314, 0.2% biocytin, pH¼ 7.4, adjusted to 294
mOsm) was specifically used to amplify inward currents
while measuring changes in holding current. In order to
match the recording conditions used during spiking
experiments, no pharmacological blocking agents were
added to the recording aCSF in the tonic current experi-
ments. Baseline recordings were conducted until the
holding current was stable (2–3 min). In these experiments,
EtOH and various pharmacological agents were locally
applied to the patched neuron using a gravity-fed perfusion
barrel positioned just above the recording site. Specifically,
separate glass syringes were used as perfusion reservoirs
and a stopcock controlled the flow of each drug solution

Figure 1 Neurophysiological characteristics of lOFC neurons. (a) Coronal slice from adult mouse brain atlas (Allen Mouse Brain Atlas (Internet). Seattle
(WA): Allen Institute for Brain Science. 2009. Available from: http://mouse.brain-map.org). The boundaries of the targeted recording site (lateral OFC) are
outlined in the red box. (b) Confocal image of biocytin filled regular spiking lOFC neuron. (c) Example traces of regular spiking (RS) and fast spiking (FS)
neurons during current injection. Gray trace¼ fast spiking; Black trace¼ regular spiking. (d) Electrophysiological characteristics of OFC neurons recorded
under control conditions. For each dependent measure, raw scores are presented as mean ±SEM. N¼ 25 (RS), 4(FS).
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into a four-way manifold connected to a square quartz
perfusion tube (0.6 mm ID; Warner Instruments, Hamden,
CT). To control for this method of drug application, aCSF
was locally applied during the baseline and washout
recording sessions in control experiments. EtOH (66 mM)
was locally applied for 4 min in all experiments. A series of
additional experiments were conducted to determine
EtOH’s mode of action on tonic current. In these experi-
ments, specific pharmacological agents were co-applied
locally with EtOH to the brain slice using the system
described above. These included the GABAA receptor
antagonist bicuculline (50 mM), the GABAA/glycine
receptor antagonist picrotoxin (100 mM), or the glycine
receptor antagonist strychnine (1 mM). The effects of
exogenous glycine (300 mM) and strychnine (1 mM) on tonic
current were also measured. For analysis of tonic current,
baseline holding currents were set to zero and changes in
current during pharmacological treatments were measured
as change from baseline. Holding current in each condition
was determined by averaging 10 different epochs in a 10 s
area of the trace where no spontaneous synaptic currents
were observed. Changes in current produced by test
compounds were always compared with the preceding
treatment session within the same neuron.

Histology and Confocal Microscopy

Slices containing the lOFC were fixed for 48 h in 4% PFA,
rinsed in 0.01 M phosphate buffered saline (PBS), and then
were incubated in 5% normal goat serum with 0.1% Triton-
X for 7 min. Slices were incubated in Avidin TexasRed for
24 h at 4 1C., washed in PBS, and mounted on glass slides.
Slides were coverslipped using Prolong Antifade (Life
Technologies; Grand Island, NY) and imaged using a Zeiss
LSM 510 confocal microscope (Thornwood, NY) with a 63X
oil objective.

Western Blotting

The expression of glycine receptor subunits was analyzed by
western blotting. Briefly, animals were rapidly euthanized
by decapitation, and brains and spinal cord were immedi-
ately immersed for 1–2 min in ice-cold PBS (pH 7.4). Brains
were sectioned into 1 mm thick coronal slices using an adult
mouse brain matrix (ASI Instruments, Warren, MI) and
punches were taken from the lOFC, hippocampus, reticular
formation, and spinal cord and briefly sonicated in 2% LDS.
An aliquot of each homogenate was diluted with NuPAGE
4� LDS sample loading buffer (Invitrogen, Carlsbad, CA;
pH 8.5) containing 500 mM dithiothreitol, and samples were
denatured for 10 min at 70 1C. Twenty microgram of each
sample was separated using the Bis-Tris (375 mM resolving
buffer and 125 mM stacking buffer, pH 6.4; 7.5% acryla-
mide) discontinuous buffer system with MOPS electrophor-
esis buffer (50 mM MOPS, 50 mM Tris, 0.1% SDS, 1 mM
EDTA, pH 7.7). Protein was then transferred to Immobilon-
P PVDF membranes (Millipore, Bedford, MA) using a semi-
dry transfer apparatus. After transfer, blots were washed
with PBS containing 0.1% Tween 20 (PBST) and then
blocked with PBST containing 5% nonfat dried milk
(NFDM) for 1 h at room temperature with agitation. The
membranes were then incubated overnight at 4 1C with a

primary antibody directed against glycine receptor alpha
subunits (clone mAb4a, Synaptic Systems, Goettingen,
Germany) diluted in PBST containing 0.5% NFDM and
washed in PBST before 1 h incubation at room temperature
with horseradish peroxidase conjugated secondary anti-
bodies diluted 1 : 2000 in PBST. Membranes received a
final wash in PBST and the antigen-antibody complex
was detected by enhanced chemiluminescence using a
ChemiDoc MP Imaging system (Bio-Rad Laboratories,
Hercules, CA). The band corresponding to the appropriate
size subunit was quantified by mean optical density
using computer-assisted densitometry with ImageJ v1.41
(National Institutes of Health, USA).

Statistical Analysis

Separate analyses of variance (ANOVA) were used to
analyze each experiment. To analyze the effects of EtOH
on OFC neuron action potential characteristics, a 5� 3
mixed factor ANOVA with Treatment (control, 11 mM
EtOH, 33 mM EtOH, 66 mM EtOH, 33 mM EtOHþ 100 mM
picro) as the between subjects factor and Session (baseline,
treatment, washout) as the repeated measure was used.
Dependent variables were resting membrane potential
(mV), input resistance (MO), and action potential (AP)
threshold (mV), height (mV), half width (ms), rise time
(ms) and frequency (no. spikes). For GABA IPSCs (evoked
and spontaneous) and evoked AMPA and NMDA EPSCs,
data were analyzed using a 3� 3 mixed factor ANOVA with
Treatment (11, 33, 66 mM EtOH) as the between subjects
factor and Session (baseline, treatment, washout) as the
repeated measure. Amplitude (pA) and area (pA/ms) were
measured for evoked GABA IPSCs and AMPA and NMDA
EPSCs while amplitude (pA) and inter-event interval (IEI,
ms) were measured for spontaneous GABA IPSCs. Addi-
tionally, cumulative probability curves were plotted to
determine if there were effects of Treatment on spontaneous
GABA IPSCs amplitude or inter-event interval. A one-way
ANOVA with Treatment as the between subjects factor was
used to analyze changes in holding current (pA). Nine
treatment groups were compared in this analysis. Finally,
the effects of the NR2B receptor subunit Ro-25-6931 on
evoked NMDA EPSCs were analyzed by a one-way ANOVA
with Treatment (baseline, Ro-25-6931, RO 25-6931þ EtOH)
as the repeated measure. For all analyses, post-hoc analyses
were performed by isolating simple effects and by using
Fisher’s least significant difference (LSD) test (significance
level set at Po0.05).

RESULTS

Figure 1 summarizes the location of the recording site in the
lateral orbitofrontal cortex (lOFC) and the properties of the
two types of neurons that were identified during whole-
cell recordings. The majority of neurons were large cells
(Figure 1b) with input resistanceo100 MO and a regular
pattern of spiking upon current injection (Figures 1c and d).
A small subset of neurons was characterized by higher input
resistance, greater frequency of current-evoked spiking
(470 spikes/500 ms), and a deep after-hyperpolarization
following each action potential (Figures 1c and d). Given
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that only a few recordings from fast-spiking neurons were
obtained, all further analyses were performed on large
regular-spiking lOFC neurons.

Effects of EtOH on AMPA and NMDA EPSCs

EtOH inhibits NMDA currents in a variety of brain regions,
including the amygdala (Roberto et al, 2004) and PFC
(Weitlauf and Woodward, 2008) while those mediated by
AMPA receptors are generally less affected. In lOFC
neurons, 66 mM EtOH (B0.3% blood EtOH concentration;
BEC) significantly (Treatment � Session interaction F(4,
48)¼ 2.89, Po0.05) inhibited currents mediated by NMDA
receptors (Figures 2a and b). This effect fully reversed upon

washout and no rebound in current amplitude was
observed. Lower concentrations of EtOH (11 mM, 33 mM)
had no significant effects on stimulus-evoked NMDA EPSCs
in lOFC neurons (Figure 2a and b). In some brain regions
such as the bed nucleus of the stria terminalis (BNST),
EtOH inhibition of NMDA EPSCs appears to require the
GluN2B subunit as blocking these receptors occludes any
further action by EtOH (Kash et al, 2008). To determine
whether lOFC neurons are similar to those in BNST, NMDA
EPSCs were recorded in the absence and presence of the
selective GluN2B subunit antagonist Ro-25-6981. By itself,
Ro-25-6981 (2.5 mM) significantly reduced the amplitude of
stimulus evoked NMDA EPSCs by B25%. (Figures 2c and d;
F(2, 29)¼ 36.60, Po0.05). In the presence of Ro-25-6981,

Figure 2 Acute EtOH inhibits stimulus-evoked NMDA but not AMPA EPSCs in lOFC neurons. (a) Time-course effects of EtOH on amplitude of evoked
NMDA and AMPA EPSCs. Data shown are percent of pre-EtOH baseline. Representative traces show NMDA currents recorded at þ 40 mV in the
absence and presence of 66 mM EtOH. (b) Summary chart shows amplitude of NMDA EPSCs during the last 2 min of each recording epoch (baseline,
treatment, washout) for 11, 33, and 66 mM EtOH. Only the highest EtOH concentration (66 mM) inhibited NMDA EPSC amplitude. Symbols: *¼ differs
from baseline. #¼ differs from baseline, 11, 33 mM EtOH. (c) Time-course effects of the NR2B-NMDA receptor antagonist RO 25-6981 and EtOH on
amplitudes of evoked NMDA EPSCs. Example trace shows effects of RO 25-6981 alone and in combination with EtOH on evoked NMDA EPSCs.
(d) Summary chart shows amplitude (as percent of pre-drug control) for evoked NMDA EPSCs during the last 2 min of each recording epoch (baseline, RO
25-6981, RO 25-6981þ EtOH). Symbols: *¼ differs from baseline. #¼ differs from RO 25-6981. (e) EtOH (66 mM) has no effect on amplitude of evoked
AMPA EPSCs. Data shown are percent of pre-EtOH baseline. Representative traces show AMPA currents in the absence (blue) and presence (red) of
66 mM EtOH. All bars and data points represent mean ±SEM. N¼ 4–7 for each treatment group. A color reproduction of this figure is available on the
Neuropsychopharmacology journal online.
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EtOH (66 mM) produced a further reduction in the
amplitude of NMDA EPSCs (Po0.05) and this inhibition
was similar in the absence or presence of the GluN2B
blocker (Figures 2b and d). These data suggest that although
lOFC neurons express significant amounts of GluN2B
containing receptors, other EtOH-sensitive NMDA recep-
tors are also present. In contrast to its effects on NMDA
currents, EtOH (66 mM) had little effect on AMPA-mediated
EPSCs (Figure 2e).

Effects of EtOH on GABAA Responses

In addition to inhibiting NMDA-mediated responses, EtOH
has been shown to augment signaling by GABAA receptors
in certain brain regions (Weiner and Valenzuela, 2006). To
determine if EtOH modulates synaptic GABAA receptors on
lOFC neurons, cells were recorded in voltage-clamp mode
with a high-chloride containing internal solution and
stimulus-evoked GABA IPSCs were generated. As shown
in Figure 3, there were no significant effects of EtOH (11–
66 mM) on the area of evoked GABA IPSCs (F(4, 66)¼ 0.47,
P40.05) or on the peak of these currents (data not shown).
In some brain areas, EtOH’s effect on GABA mediated
events is mediated by an increase in the presynaptic release
of GABA rather than a direct effect on the receptor itself
(see Weiner and Valenzuela, 2006). To examine this
possibility more closely, we monitored spontaneous GABA
IPSCs in the absence and presence of EtOH. Similar to that
observed for evoked responses, there were no effects of
EtOH (11–66 mM) on the amplitude (Figure 4; F(4,
28)¼ 0.11, P40.05) or frequency (F(4,28)¼ 1.19, P40.05)
of spontaneous GABA IPSCs.

Effects of EtOH on OFC Neuron Excitability

To determine the effects of EtOH on the intrinsic
excitability of OFC neurons, cells were recorded in
current-clamp mode using a low chloride-containing
internal solution and action potentials were monitored
during brief periods of current injection. These recordings
were done in the absence of receptor blockers except
where indicated. EtOH (11–66 mM) had little effect on the
properties of individual APs, including action potential
threshold (Treatment � Session: F(8, 90)¼ 1.46, P40.05),
half width (Treatment � Session: F(8, 90)¼ 0.85, P40.05),
rise time (Treatment � Session: F(8, 90)¼ 1.96, P40.05),
or the size of the after-hyperpolarization (Treatment �
Session: F(8, 90)¼ 0.96, P40.05). Although there was a
significant Treatment � Session interaction for action
potential height (Treatment� Session: F(8, 90)¼ 6.89,
Po0.05), there were no significant differences between
baseline and EtOH treatment conditions (P40.05). There
was also a trend towards EtOH causing a hyperpolarization
of the resting membrane potential, however, this effect did
not quite reach statistical significance in these studies (mV;
Treatment � Session: F(8, 90)¼ 1.98, P¼ 0.056).

Despite its lack of effect on AP properties, EtOH
significantly reduced the frequency of OFC neuron spiking
(Treatment � Session: F(8, 90)¼ 3.35, Po0.05). As shown
in Figure 5, all three EtOH concentrations tested (11, 33,
66 mM) produced a time-dependent decrease in the
frequency of current-evoked spiking in OFC neurons as

compared with control baseline values (Figure 5b). Speci-
fically, EtOH decreased firing frequency to 57, 49 and 49%
of baseline for 11 mM, 33 mM and 66 mM EtOH, respec-
tively (Figure 5c, Po0.05). Both 33 and 66 mM EtOH also
significantly decreased spike firing relative to the between
subjects control group (no EtOH group; Po0.05), Although
the time of onset and rate of the EtOH-induced decrease in
spike firing appeared to be concentration dependent, there
were no statistical differences between the three EtOH
exposure groups (P40.05) at the end of the perfusion
period. Once EtOH was removed from the perfusion bath,
spike frequency returned to baseline levels during the
washout recording session (Figures 5b and c).

EtOH inhibition of spike firing may result from enhanced
GABAergic inhibition as reported for central amygdala
(Roberto et al, 2003). However, as reported above, EtOH
had no significant effect on GABAA-mediated IPSC
amplitude or frequency. GABA also activates extrasynaptic
receptors following spillover of GABA from release sites
(Glykys et al, 2007; Wei et al, 2004) or accumulation of
GABA in the extracellular space. To test whether GABAA

Figure 3 Acute EtOH does not alter evoked GABA IPSCs in lOFC
neurons. (a) Time-course effects of EtOH on amplitude evoked GABA
IPSCs (normalized to % of pre-EtOH baseline). Example trace shows no
change in amplitude during exposure to 66 mM EtOH. (b) Summary chart
showing amplitude of GABA IPSCs during the last 2 min of each epoch
(baseline, treatment, washout) are shown for 11, 33, and 66 mM EtOH.
There were no significant differences in amplitude for any of the Dose or
Session groups. All bars and data points represent mean ±SEM. N¼ 5–6
for each treatment group.
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signaling is involved in EtOH’s effect on spike firing,
recordings were performed in the presence of the GABAA

receptor antagonist picrotoxin (100 mM). With picrotoxin
present, EtOH (33 mM) no longer affected current-evoked
spiking of lOFC neurons (Figures 5 a–c). These data suggest
that EtOH may enhance a chloride-dependent GABAA

receptor mediated current resulting in a decrease in the
overall input resistance of the recorded neuron. All control
groups had similar input resistance values (P40.05) before
EtOH exposure and values were normalized to 100% in
order to better show changes induced by EtOH. As
predicted, the time-dependent decrease in spiking by EtOH
(Figure 5b) was accompanied by decreases in input
resistance (Figure 5d) as compared with the within-subjects
control baseline values (Figure 5e (Treatment � Session:
F(8, 82)¼ 2.34, Po0.05)). As with spiking, all three EtOH
concentrations tested (11, 33, 66 mM) produced a similar
decrease in input resistance (78, 83 and 71% of baseline for
11, 33 and 66 mM EtOH, respectively) and these values were
not statistically different between the three EtOH groups

(P40.05). Both 11 and 66 mM EtOH also significantly
decreased input resistances relative to the between subjects
control group (no EtOH group; Po0.05). Consistent with
that observed for spike firing, picrotoxin blocked EtOH’s
effect on input resistance (Figures 5d and e; within subjects
control, P40.05). During the 10 min washout period
following EtOH exposure, input resistance values did not
completely return to baseline levels for the 33 mM EtOH
group (Figure 5e; Po0.05) while values were slightly above
baseline levels in the 11 mM EtOH group (Figure 5e;
Po0.05).

Effects of EtOH on Extrasynaptic GABA and Glycine
Receptor Function

EtOH’s lack of effect on evoked and spontaneous GABA
IPSCs suggests that synaptic GABAA receptors do not have a
role in EtOH’s inhibition of spike firing. As mentioned
above, in addition to synaptic receptors, GABA also
activates extrasynaptic GABA receptors producing a tonic

Figure 4 Acute EtOH does not alter spontaneous GABA IPSCs in lOFC neurons. (a) Representative traces showing spontaneous GABA IPSCs in the
absence (left) and presence of 66 mM EtOH (right). (b) Cumulative probability curves for amplitude (left) and inter-event-interval (right) of spontaneous
GABA IPSCs. Curves represent data collected during baseline, 66 mM EtOH and washout recording epochs. (c) Summary charts showing amplitude (left)
and inter-event interval (right) for spontaneous GABA IPSCs during the last 2 min of each recording epoch (baseline, treatment, washout) are shown for 11,
33, and 66 mM EtOH. There were no significant differences in amplitude or inter-event interval for any of the Dose or Session groups. All bars and data
points represent mean ±SEM. N¼ 5–7 for each treatment group.
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current that can influence neuronal excitability (Glykys
et al, 2007; Wei et al, 2004). To directly examine the role of
extrasynaptic GABAA receptors in EtOH action, we
monitored holding current before and during local applica-
tion of EtOH and GABAA receptor blockers. These
experiments were done in the absence of any bath-applied
pharmacological blocking agents in order to match the
recording conditions used under the spiking experiments
described above. Gaussian curves demonstrating ethanol-
mediated increases (leftward shift) in holding current are
depicted in Figures 6 a1–a3. Results from each experiment
are summarized in Figures 6g and h and show a significant
effect of Treatment Group (F(8, 52)¼ 3.27, Po0.05). As
shown in Figures 6a and h, EtOH (66 mM) induced a
significant increase in the holding current of lOFC neurons
and this change reversed during washout (Po0.05). The
EtOH-induced increase in holding current effect was
prevented by picrotoxin that by itself reduced the holding
current suggesting that lOFC neurons express a tonic
GABA-mediated current (Figures 6b, g and h; Po0.05). As
the effects of picrotoxin on holding current were slow to
recover, we repeated this experiment with bicucculine, a
competitive and reversible inhibitor of GABAA receptors.
Bicucculine alone also reduced the holding current

(Figure 6c and g; Po0.05), but did not consistently prevent
the increase in holding current by EtOH (Figure 6h;
P40.05). Although bicucculine is relatively selective for
GABAA receptors, picrotoxin inhibits other ligand-gated ion
channels, including those activated by glycine (Wang et al,
2006). Local application of the selective glycine receptor
antagonist strychnine had no significant effect on the
holding current (Figures 6d and g) but completely blocked
that induced by EtOH (Figures 6d and h; Po0.05).
Together, these data suggest that lOFC neurons express
both GABAA and glycine receptors, but only those currents
gated by glycine are sensitive to EtOH. The lack of effect
of strychnine alone on holding current may reflect a low
expression of glycine receptors or the ability of glycine
transporters to maintain extracellular levels of glycine at
low levels. To examine whether the lOFC expresses glycine
receptors, western blotting was performed on tissue
punches using an antibody that recognizes all four alpha
subunits of the glycine receptor. Compared with spinal cord
and brain stem tissue, lOFC showed a modest but
significant amount of immunoreactivity for glycine receptor
alpha subunits (Figure 6f). The functional status of GlyR
receptors on lOFC neurons was assessed by applying glycine
locally to current-clamped neurons and monitoring changes

Figure 5 EtOH inhibits current-induced spiking in lOFC neurons. (a) Representative traces showing spiking under control conditions (left panel) and
during application of EtOH (66 mM; middle panel) or EtOH (33 mM) and the GABA antagonist, picrotoxin (right panel). Time-course effects of EtOH on
(b) spike frequency and (c) input resistance for the entire recording session for each of the treatment groups (control, 11, 33, 66 mM EtOH and 33 mM
EtOHþ 100 mM picrotoxin). Data are presented as percent of pre-EtOH baseline. Summary charts showing spike frequency (d) or input resistance
(e) during the last 2 min of each recording epoch (baseline, treatment, washout) for each of the treatment groups. Picrotoxin blocked acute EtOH-mediated
decrease in spike frequency and input resistance. Symbols: *¼ differs from all other groups. #¼ differs from control, baseline, washout; ^¼ differs from picro
baseline. All bars and data points represent mean ±SEM. N¼ 5 for each treatment group.
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in holding current. Glycine, at concentrations of 100 mM and
below, had little effect on holding current (data not shown).
However, at concentrations of 300 mM and higher, the
holding current was significantly increased (Figures 6e and
g). This glycine-induced change in holding current was
reversed by the subsequent application of the glycine
receptor antagonist strychnine (Figures 6e and h).

Effects of EtOH and Strychnine-sensitive Glycine
Receptors on OFC Neuron Excitability

If a strychnine-sensitive glycine receptor current underlies
EtOH’s inhibition of OFC neuron excitability, then blocking
these receptors should eliminate EtOH’s effect on spike
firing. To test this hypothesis, current-evoked spiking was
measured in lOFC neurons in the presence and absence of

EtOH and strychnine. As in the previous experiment, bath
application of 33 mM EtOH significantly inhibited current-
induced OFC neuron spike firing and this effect reversed
upon washout (Treatment � Session: F(2, 40)¼ 6.80,
Po0.05; Figure 7). However, when recordings were
performed in the presence of strychnine, EtOH had no
significant effect on spike firing.

DISCUSSION

A major finding of this study is that a brief exposure to
EtOH decreases current-evoked spike firing of lOFC
neurons via a glycine receptor dependent mechanism. This
effect occurred at EtOH concentrations that had no action
on evoked or spontaneous GABA IPSCs and EtOH’s effect

Figure 6 EtOH increases tonic current in lOFC neurons. Representative traces showing changes in holding current for (a) EtOH, (b) picrotoxinþ EtOH,
(c) bicucullineþ EtOH, (d) strychnineþ EtOH and (e) glycineþ strychnine. In order to match the recording conditions used during the spiking studies
(Figure 5), no pharmacological blocking agents were added to the recording aCSF in these experiments. Gaussian fit of tonic current amplitudes measured
before, during and after EtOH exposure are shown in panels A1–A3. Vertical dashed lines in a1–a3 indicate baseline holding current values.
(f) Representative western blot showing expression of glycine receptors in lOFC, hippocampus (HPC), reticular formation (RF) and spinal cord (SC).
(g–h) Summary graphs show mean change in holding current (pA) each treatment group. Bars represent mean ±SEM. N¼ 5–8 for each treatment group.
Symbols: *¼ differs from zero; #¼ differs from EtOH; ^¼ differs from glycine.
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on spike firing was not blocked by bicuculline, a selective
GABAA receptor antagonist. At higher concentrations
(66 mM), EtOH reduced NMDA but not AMPA-mediated
EPSCs and this effect was maintained in the presence of a
selective GluN2B antagonist. Together, these findings
suggest that strychnine-sensitive glycine receptors and
NMDA receptors may be important targets for the acute
actions of EtOH on OFC function.

EtOH Decreases Intrinsic Excitability of OFC Neurons

Acute EtOH decreased the frequency of current-evoked
action potentials in OFC neurons recorded from adult mice.
This effect was accompanied by decreases in the input
resistance of the recorded neurons and a modest hyperpo-
larization of the membrane potential. EtOH’s effect on OFC
neuron excitability was only slightly dose-dependent as all
three concentrations tested (11, 33, 66 mM) had similar
effects on spike frequency and input resistance. These
values span the range of blood EtOH concentrations found
in humans following light (0.05% BEC) to heavy (0.31%
BEC) drinking and encompass those produced in alcohol-
dependent mice (B0.18–0.225%; 40–50 mM) that, following
withdrawal, express deficits in OFC-mediated cognitive
flexibility (Badanich et al, 2011). Reports of EtOH affecting
current-induced spike firing of neurons in other brain areas
are mixed with some studies showing effects similar to the
present study and others showing no effect. For example, in
mouse thalamic slices, 50 mM EtOH reduced current-
evoked neuronal firing but had no effect at 20 mM; a
concentration just above the legal limit for intoxication in
the US (Jia et al, 2008). Conversely, current-evoked spiking
of deep layer neurons in brain slice cocultures of the medial
PFC was unaffected by 100 mM EtOH (Tu et al, 2007). These

brain regional differences in EtOH inhibition of spike firing
are likely related to differences in the expression of EtOH-
sensitive ion channels that influence neuronal excitability
such as those activated by GABA and glycine.

In the present study, the inability of bicucculine to
prevent EtOH inhibition of spike firing was somewhat
surprising as a number of studies have implicated GABAA

receptors as important targets of EtOH (reviewed by Weiner
and Valenzuela, 2006). For example, in the (Jia et al, 2008)
study mentioned above, EtOH’s effect on spike firing was
prevented by a selective GABAA antagonist that also
blocked the EtOH-induced increase in tonic current. In
thalamus, these tonic currents are likely mediated by a4bd
receptors as they are potentiated by the d-selective agonist
THIP and are lost in mice devoid of a4 GABAA subunits.
The results from the present study suggest that while most
lOFC neurons express biccuculine sensitive currents, these
GABAA receptors are not sensitive to behaviorally relevant
concentrations of EtOH. Thus, in lOFC neurons, the EtOH-
induced increase in holding current was not blocked by
biccuculine and spontaneous and evoked GABAA IPSCs
were unaffected by EtOH up to concentrations of 66 mM.
In a related study from this laboratory, EtOH also had no
effect on GABA-mediated synaptic currents in layer V
mPFC neurons and no evidence of an EtOH-sensitive tonic
GABAA current was found in these neurons (Weitlauf and
Woodward, 2008). Together, these findings highlight the
diversity of EtOH’s actions on GABA-mediated events and
show that they are highly brain region and cell-type specific.

Unlike biccuculine, strychnine prevented EtOH’s effect on
lOFC neuron firing and the associated increase in holding
current implying that glycine receptors mediate these
effects. Immunohistochemical analysis showed that the
lOFC expresses moderate amounts of GlyR protein although

Figure 7 The glycine antagonist strychnine prevents EtOH-mediated inhibition of spiking in lOFC neurons. (a) Representative traces showing effects of
EtOH (left panels) or EtOH plus the glycine antagonist strychnine (right panels) on current-induced spike firing. (b) Time-course of effects of 33 mM EtOH
alone or 33 mM EtOH plus strychnine on spike frequency. Data are presented as percent of pre-drug baseline. (c) Summary chart showing effects of EtOH
or EtOH plus strychnine on spike frequency during the last 2 min of each recording epoch (baseline, treatment, washout). Symbols: *¼ differs from all other
groups. All bars and data points represent mean ±SEM. N¼ 5–6 for each treatment group.
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the specific alpha subunits expressed could not be identified
due to the lack of subunit-specific antibodies. In a recent
study, PCR analysis revealed that GlyRa2 subunits dominate
over a1 and a3 in frontal cortex, striatum and hippocampus
in young animals and this profile is maintained in
adulthood despite significant reductions in the overall
expression of all subunits (Jonsson et al, 2012). A similar
finding was reported for neurons in the basolateral
amygdala (McCool and Farroni, 2001) suggesting that while
a1 GlyRs are the dominant subtype in adult spinal cord
(Lynch, 2009), a2 containing GlyRs may generate a
significant population of functional neuronal GlyRs in
higher brain areas. This conclusion is supported by findings
from a recent study showing that dissociated rat PFC
neurons generate robust glycine-activated currents that are
strychnine-sensitive and exhibit an age-dependent change
in picrotoxin sensitivity suggesting a loss of GlyRb subunits
(Lu and Ye, 2011). Together with the PCR data, these results
suggest that neurons in frontal cortical areas may express
substantial numbers of homomeric a2 GlyRs. This conclu-
sion, although speculative, is important with respect to a
possible mechanism of alcohol action on lOFC neurons as
studies with recombinant subunits suggest that a1 GlyRs are
considerably more sensitive to EtOH than a2 GlyRs. For
example, at concentrations similar to those used in the
present study (B5–50 mM), EtOH potentiated currents in
oocytes expressing recombinant a1 GlyR receptors about
twofold more than those expressing a2 GlyRs (Mascia et al,
1996) and similar findings have been reported for
mammalian cells transfected with a1 or a2 GlyR subunits
(Yevenes et al, 2010; but see Valenzuela et al, 1998).
Although ethanol could augment ongoing glycine receptor
function, we found no evidence for a tonic glycine receptor
mediated current under control conditions as strychnine
alone had no effect on the holding current of lOFC neurons.
A similar finding was reported by (Zhang et al, 2008) who
found no effect of strychnine on EPSP-spike (E-S) coupling
in rat CA1 hippocampal pyramidal neurons; a measure that
is sensitive to changes in neuronal excitability. In that
study, spike coupling was reduced when 1 mM glycine was
added to the bath and this effect was prevented by
strychnine that by itself had no effect on the holding
current. These findings support results from modeling
studies showing that amino acid transporters can maintain
extracellular levels of glycine at nanomolar levels (Attwell
et al, 1993); well below the micromolar range of EC50 values
reported for most GlyRs (Crawford et al, 2007; Mascia et al,
1996). Relevant to this finding is a report showing that
n-alkanols, including EtOH selectively inhibit glycine
transporters expressed in HEK cells (Nunez et al, 2000).
Such an effect, by increasing extracellular levels of glycine,
might also account for EtOH’s ability to inhibit spike firing
of lOFC neurons. However, this seems unlikely for several
reasons. First, the concentration of EtOH reported to inhibit
glycine transporter function was 100 mM or greater, well
above that found in the present study to reduce spiking.
Secondly, this effect was restricted to the neuronal GlyT2
subtype that is present in presynaptic glycine neuron
terminals that are absent in most cortical areas (Zeilhofer
et al, 2005). Finally, although most brain areas also express
the glial GlyT1 form of the transporter, glycine uptake by
these carriers was unaffected by EtOH up to 400 mM (Nunez

et al, 2000). These findings suggest that other mechanisms
may be involved in mediating EtOH’s actions on lOFC
excitability.

In addition to glycine, GlyRs are also activated by other
endogenous amino acids including taurine and beta-
alanine. In particular, taurine is present in high concentra-
tions in brain and acts as a partial agonist at GlyR receptors
(Wu and Prentice, 2010). Microdialysis studies reveal that
EtOH applied systemically or locally induces a rapid
increase in extracellular taurine levels in the nucleus
accumbens (Adermark et al, 2011; Smith et al, 2004) with
much less effect in dorsal striatum (Smith et al, 2004)
suggesting brain regional differences in EtOH-taurine
interactions. The mechanisms underlying this effect are
not completely known but may involve an EtOH-induced
increase in astrocyte volume that triggers a release of
taurine in order to maintain osmotic pressure in these cells.
For example, (Adermark et al, 2011) showed that EtOH
caused swelling in 15–17% of cultured rat astrocytes and
that this effect was similar for both 25 and 50 mM EtOH.
These concentrations are within the range of those found in
the present study (11–66 mM) to reduce spike firing of lOFC
neurons. Thus, while speculative at this point, glial-derived
taurine may be one factor that underlies the EtOH-induced
modulation of spike firing of lOFC neurons.

EtOH Inhibits Synaptic NMDA Receptor Function

In addition to its effects on current-induced spike firing,
EtOH also inhibited synaptic NMDA currents in lOFC
neurons. This finding is consistent with other reports
showing that EtOH decreases the amplitude of NMDA
EPSCs in various brain regions including the mPFC
(Weitlauf and Woodward, 2008), hippocampus (Lovinger
et al, 1990), amygdala (Roberto et al, 2004), BNST (Kash
et al, 2008), and striatum (Wang et al, 2007). In the present
study, 66 mM EtOH significantly inhibited NMDA EPSCs
while lower EtOH concentrations (11, 33 mM) had little
effect suggesting that NMDA receptors in the adult OFC,
unlike some areas, are not particularly sensitive to EtOH.
For example, NMDA mediated EPSCs in the medial PFC and
BNST were significantly inhibited by 22–25 mM EtOH (Kash
et al, 2008; Weitlauf and Woodward, 2008). It is unlikely
that these findings can be fully accounted for by age or
species differences between these studies as adult mice were
used as the source of lOFC and BNST neurons while
adolescent rats were used in the mPFC study. Studies using
recombinant expression systems have suggested that
subunit composition, especially GluN2B, can influence the
degree of EtOH inhibition of NMDA receptors. However,
these data are mixed with some reports showing enhanced
sensitivity of GluN2B receptors (Anders et al, 1999; Blevins
et al, 1997; Lovinger, 1995), others reporting no difference
(Chu et al, 1995; Kuner et al, 1993; Otton et al, 2009) and
one showing that GluN1 splice variants also influences
overall sensitivity (Jin and Woodward, 2006). Support for a
role of EtOH-sensitive GluN2B subunits in neurons comes
from brain slice studies showing that EtOH has little effect
on NMDA EPSCs recorded in the presence of selective
GluN2B antagonists (Kash et al, 2008; Roberto et al, 2004)
or from GluN2B conditional knockout mice (Wills et al,
2012). However, unlike NMDA currents in those reports
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that were recorded from central amygdala and BNST,
NMDA EPSCs in lOFC neurons and hippocampus (Suvarna
et al, 2005) are significantly inhibited by EtOH even in the
presence of Ro-25-6981 that by itself reduces the amplitude
of NMDA evoked responses. These findings point out that
while subunit composition may influence the overall EtOH
sensitivity of NMDA receptors in some brain regions, other
factors such as those related to receptor phosphorylation
and trafficking (Alvestad et al, 2003; Wu et al, 2011; Yaka
et al, 2003) may contribute to EtOH’s action on neuronal
NMDA receptors.

Summary

Overall, the results of this study show that EtOH
concentrations associated with mild to moderate drinking
have only modest effects on glutamatergic transmission of
lOFC neurons but markedly inhibit current-evoked spiking.
This action is blocked by strychnine, a glycine receptor
antagonist that by itself has no effect on spike activity or
tonic current. Combined with the minimal effects of EtOH
on GABAergic mediated phasic and tonic signaling, these
results show that lOFC neurons have a profile of EtOH
sensitivity that is distinct from that reported in other brain
regions and predict that repeated exposures to EtOH may
induce novel changes in markers of neuronal excitability in
lOFC neurons.
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