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Abstract
Withdrawal anxiety is a significant factor contributing to continued alcohol abuse in alcoholics. This
anxiety is long lasting, can manifest well after the overt physical symptoms of withdrawal, and is
frequently associated with relapse in recovering alcoholics. The neurobiological mechanisms
governing these withdrawal-associated increases in anxiety are currently unknown. The basolateral
amygdala is a major emotional center in the brain and regulates the expression of both learned-fear
and anxiety. Neurotransmitter system alterations within this brain region may therefore contribute
to withdrawal-associated anxiety. Since evidence suggests that glutamate-gated neurotransmitter
receptors are sensitive to acute ethanol exposure, we examined the effect of chronic intermittent
ethanol (CIE) and withdrawal (WD) on glutamatergic synaptic transmission in the basolateral
amygdala. We found that slices prepared from CIE and WD animals had significantly increased
contributions by synaptic NMDA-receptors. In addition, CIE increased the amplitude of AMPA
receptor-mediated spontaneous excitatory postsynaptic currents (sEPSC), while only WD altered the
amplitude and kinetics of tetrodotoxin-resistant spontaneous events (mEPSC). Similarly, the
frequency of sEPSCs was increased in both CIE and WD neurons; but, only WD increased the
frequency of mEPSCs. These data suggest that CIE and WD differentially alter both pre- and post-
synaptic properties of BLA glutamatergic synapses. Finally, we show that microinjection of the
AMPA receptor antagonist, DNQX, can attenuate withdrawal-related anxiety-like behavior.
Together, our results suggest that increased glutamatergic function may contribute to anxiety
expressed during withdrawal from chronic ethanol.

Introduction
The amygdala serves as the center for regulation of specific aspects of fear and anxiety
behaviors. Highly processed sensory and cognitive information flows into the amygdala from
the cortex and thalamus. After additional processing, the amygdala then projects to regions
regulating risk assessment (e.g., medial prefrontal cortex, bed nucleus of the stria terminalis)
and reward (e.g. nucleus accumbens). More recently, it has been demonstrated that various
amygdala subdivisions also modulate drug-seeking behaviors in rodents (Alderson et al.
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2000; Di Ciano and Everitt 2004; Fuchs and See 2002; McLaughlin and See 2003), drug
cravings in humans (Childress et al. 1999), and the regulation of anxiety-like behaviors during
withdrawal from chronic drug exposure (Menzaghi et al. 1994; Rodriguez de Fonseca et al.
1997; Watanabe et al. 2002).

In this context, the lateral and basolateral subdivisions within the amygdala are essential for
the development of fear and anxiety-like behaviors. The basolateral amygdala (BLA) is the
primary input region for cortical and thalamic afferents. Alterations of neurotransmitter
systems within this amygdala region would therefore significantly impact the flow of
information both within the amygdala as well as along BLA efferents, including the central
amygdala. This point is emphasized by the ability to block fear learning (Walker and Davis
1997a), and the behavioral response to naturally anxiogenic unconditioned stimuli via injection
of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptor
antagonist, CNQX, into the BLA (Sajdyk and Shekhar 1997; Walker and Davis 1997a).
Additionally, ethanol self administration increases glucose utilization in the BLA (Porrino et
al. 1998); and, modulation of BLA neuronal activity can modulate operant ethanol self-
administration (Hyytia and Kiianmaa 2001). These data provide a clear rationale for examining
the effects of chronic ethanol and withdrawal on BLA glutamatergic neurophysiology.

Given that classic fear-learning behaviors are associated with a N-methyl-D-aspartate (NMDA)
receptor-dependent increase in glutamatergic synaptic transmission within the BLA
(McKernan and Shinnick-Gallagher 1997), we hypothesize that chronic ethanol-related
increases in BLA NMDA receptor function (Floyd et al. 2003) might mediate similar increases
in glutamatergic synaptic transmission, ultimately driving increased anxiety during
withdrawal. In rats, alcohol withdrawal leads to increased glutamate release in the hippocampus
(Dahchour and De Witte 2003). While they are distinctly different regions, NMDA-dependent
changes in synaptic plasticity within the BLA and hippocampus are thought to rely upon similar
neurophysiological and cellular processes (Chapman et al. 2003). This suggests some parallels
between these brain regions. Given that chronic ethanol facilitates NMDA receptor expression
and function in isolated BLA neurons (Floyd et al. 2003), it is reasonable to suggest that
molecular mechanisms associated with the long-term anxiogenic effects of alcohol exposure
are related to alterations in these receptor systems. Indeed, chronic ethanol exposure increases
glutamate neurotransmission in the neighboring central nucleus of the amygdala (Roberto et
al. 2004b). However, less is known about the effects of chronic ethanol and withdrawal in the
BLA, an amygdala subdivision that controls information flow throughout the entire amygdala.

In the present study, we have used a chronic intermittent ethanol inhalation model to examine
the effects of chronic ethanol exposure and withdrawal on glutamatergic synaptic transmission
in the BLA. Repeated withdrawal from ethanol has been shown to enhance seizure severity in
response to convulsants (Pinel 1980). Repeated cycles of exposure/withdrawal also appear to
more dramatically alter several different neurotransmitters (Jarvis and Becker 1998; Kang et
al. 1998). More importantly, recent findings suggest that the kindling-like effect of repeated
ethanol exposure/withdrawal can occlude synaptic plasticity in the amygdala (Stephens et al.
2005). Since plastic synaptic processes in the BLA are induced by NMDA-type glutamate
receptors and expressed as increased function of glutamatergic synapses (Huang and Kandel
1998), the current study therefore tested the hypothesis that repeated ethanol exposure/
withdrawal cycles would enhance or alter similar glutamatergic mechanisms within the lateral/
basolateral amygdala.
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Methods
Animals

All animal procedures were performed in accordance with protocols approved by Wake Forest
University School of Medicine Animal Care and Use Committee and were consistent with the
NIH animal care and use policy. Male Sprague-Dawley rats were obtained from Harlan
(Indianapolis IN) and were housed in an animal care facility at 23°C with a 12-hour light/dark
cycle and given food and water ad libitum. Rats were weighed daily to ensure that at least 80%
of their free-feeding weight was maintained during vapor chamber ethanol exposure.

Chronic Ethanol Exposure
Ethanol exposure was accomplished via ethanol inhalation using a method similar to that used
in other studies (Becker and Hale 1993; Roberto et al. 2004b). All animals (100–120g) were
housed four-six animals/cage in large, standard polycarbonate cages (Allentown Inc.,
Allentown NJ) containing wood-chip bedding and with chow/water ad libitum. These home-
cages were placed within in large, custom-built plexiglass chambers (Triad Plastics, Winston-
Salem NC) that were identical to those described elsewhere (Lopez and Becker 2005) at the
beginning of the light-cycle (lights on at 9pm EST). Ethanol-vapor, produced by submerging
an air-stone in 95% ethanol, was mixed with room air and was pumped into the chambers at a
rate of 16L/min. Ethanol levels were checked daily and were maintained at 25–28mg/L within
the chamber. Animals were exposed to the ethanol vapor or room air (CON group) for 12 hours/
day over 10 consecutive days. Animals exposed ethanol vapor and sacrificed immediately after
the 10th exposure (while still intoxicated) are referred to throughout the manuscript as the CIE
(chronic intermittent ethanol) group. Those CIE animals removed from the ethanol exposure
for 24hr prior to experimentation are defined here as the WD (withdrawal) group. No
supplemental ethanol doses or alcohol dehydrogenase inhibitors were used at any time.
Animals were weighed daily at the end of each exposure period (9am); and home-cages were
changed every 2–3 days. Tail blood was taken at the end of some exposure periods and then
trunk blood was collected on the day of sacrifice for subjects in the CIE group. Blood ethanol
concentrations (BEC) were determined using a standard, commercially-available alcohol
dehydrogenase/NADH enzymatic assay (Diagnostic Chemicals Limited, Oxford CT). At 3–5
days of exposure, BECs from tail blood were 265±12mg/deciliter. At the time of sacrifice (~30
minutes after removal from ethanol vapor), blood ethanol levels were 186±18 mg/deciliter.

Behavioral Assays
To confirm that the CIE exposure paradigm produced withdrawal anxiety, anxiety-like
behaviors were assessed using a two-compartment light/dark box (McCool et al. 2003).
Individuals were placed in the ‘light’ side of a Plexiglass arena divided equally into ‘light’ and
‘dark’ sides by an opaque Plexiglass insert (Rat Truscan Activity Arena; Coulborn Inst.,
Allentown PA). The center of the animal ± 0.8cm was followed for 300 seconds by two infrared
sensor rings surrounding the entire apparatus, one in the floor plane and one located ~5cm
above the floor to measure rearing behavior. Data were collected and analyzed for general
locomotor activity, time spent in the light and dark compartments, number of light-dark
transitions, egress latency, re-entry latency, and number of vertical beam breaks. Data was
analyzed using one-way ANOVA across the different treatment groups. All variables are
reported as the mean±SEM.

Preparation of Brain Tissue
Animals were anesthetized with isoflurane and euthanized by decapitation. 400µm coronal
brain slices were prepared as described previously (Floyd et al. 2003). For in vitro slice
preparations, 100µM ketamine was added to a modified aCSF (in mM: 180 Sucrose, 30 NaCl,
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4.5 KCl, 1 MgCl2•6H2O, 26 NaHCO3, 1.2 NaH2PO4, 10 glucose) during preparation of slices
to minimize excitotoxicity. Slices were transferred and stored in 0.5 liter of standard
oxygenated aCSF solution (in mM: 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 26
NaHCO3, 10 glucose, and 2 CaCl2) at room temperature for at least 1 hour and up to 6 hours
before performing electrophysiological analysis.

Electrophysiology
Methods for whole-cell blind patch-clamp recordings from BLA neurons within slices were
similar to those reported previously (DuBois et al. 2006). Electrodes were filled with an
intracellular pipette solution containing (in mM): 122 CsOH, 17.5 CsCl, 10 HEPES, 1 EGTA,
5 NaCl, 0.1 CaCl2, 4 Mg-ATP, and 0.3 Na-GTP, 2 QX-314 (Cl), pH adjusted to 7.2 with
gluconic acid, osmolality ranged from 280–290 mmol/kg with sucrose. Excitatory postsynaptic
currents (EPSCs) were electrically evoked every 20 sec by brief (0.2 msec) square-wave
stimulations near the boundary between lateral/basolateral amygdala (Fig.1A) using platinum/
iridium concentric bipolar stimulating electrodes (FHC, Bowdoinham, ME) with an inner pole
diameter of 25 µm and resistance of 8–12MΩ. Stimulation intensities ranged from 5 to 50µA.
This varied considerably across different experiments and was a function of the specific
stimulating electrode used in that particular experiment. Unless stated otherwise, we used sub-
maximal stimulations (just above threshold) that yielded consistent synaptic responses.

All glutamatergic events were pharmacologically isolated using 10µM bicuculline to inhibit
fast GABAergic transmission. Recordings were acquired with an Axoclamp 2B amplifier
(Axon Instruments, Foster City, CA), and digitized with a Digidata 1200B (Axon Instruments).
From a holding potential of −60mV, we included square-wave command hyperpolarizations
(−5mV) in every sweep to constantly monitor input resistance and capacitance. Neurons with
high initial input resistance (>50MΩ; presumptive interneurons (Rainnie 1999)) or whose input
resistance increased more than 10% during data collection were excluded from the study.

NMDA Synaptic Responses—To record NMDA-mediated EPSCs, neurons were voltage-
clamped at −60mV in the presence of low extracellular magnesium (0.2mM). For the ratio
experiment, stimulus strength was adjusted until the amplitude of the compound (AMPA
+NMDA) synaptic currents was approximately equivalent across all neurons; and stimulus
strength was held constant throughout the remainder of the experiment. After recording a stable
baseline of the resulting compound AMPA/NMDA EPSC, the AMPA-component was
inhibited with bath application of 20µM 6,7-dinitroquinoxaline-2,3-dione (DNQX). The
relative contribution of each component within an individual neuron was calculated by dividing
the amplitude of the remaining DNQX-resistant (NMDA receptor-mediated) current by the
amplitude of the DNQX-sensitive (AMPA-mediated) component. These ratio data are
presented as mean±SEM (averaged across cells) and were analyzed using one-way ANOVA
across the different treatment groups.

For the NMDA input-output study, neurons from each treatment group were recorded at
−60mV holding potential and incubated with low extracellular Mg2+ and the AMPA receptor
antagonist DNQX (20µM). Increasing stimulus intensities (10µA to 50µA) produced graded
monosynaptic responses.

Spontaneous Glutamatergic Synaptic Events—Spontaneous excitatory postsynaptic
currents (sEPSC) were acquired at 20kHz, and were filtered at 2kHz. For miniature EPSCs
(mEPSC), 1µM tetrodotoxin (TTX) was bath applied for >5 minutes before recording
spontaneous events. This concentration of TTX inhibited >99% of all electrically-evoked
EPSCs (not shown). TTX-sensitive and –resistant spontaneous EPSCs were detected and
analyzed using Mini Analysis Program 6.0.3 (Synaptosoft Inc., Fort Lee, NJ). Measures from
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individual cells were averaged across treatment groups (Van Sickle et al. 2004), reported as
mean±SEM, and analyzed using standard one-way ANOVA. In some cases, sEPSC and
mEPSC data are expressed as cumulative probability distributions from individual cells
representing the median across a treatment group. These data were analyzed using the
Kolmogorov-Smirnov (KS) test for different population distributions. Significance was
determined at a KS statistic of 0.09 or greater rather than using the P value; this cutoff makes
the less-conservative KS test more stringent.

Noise Analysis—Root mean square current noise (Irms) was analyzed in the spontaneous
event records. Noise was measured independently in four 50-msec epochs by comparing
current amplitudes at each data point to the mean current amplitude across the epoch as
previously described (Mtchedlishvili and Kapur 2006). Epochs containing obvious
spontaneous EPSCs were avoided in the analysis. These data are reported as a mean±SEM and
statistically analyzed using standard one-way ANOVA.

Paired pulse ratio—Paired-pulse facilitation (PP) was measured using pairs of electrical
stimuli of equal intensity at 25, 50, or 250 msec interpulse intervals. Ratios of the amplitudes
of the evoked EPSCs were calculated as the difference between the amplitude of the second
event minus the amplitude of the first, with the result divided by the amplitude of the first
synaptic response (Schulz et al. 1995). All values were expressed as mean±SEM, and data were
subjected to a one way ANOVA, with P<0.05 considered statistically significant.

Microinjections
We accomplished microinjections into the BLA of male Sprague Dawley rats according to
previously published procedures (McCool and Chappell 2007). Briefly, we deeply anesthetized
animals with pentobarbital (90mg/kg) and affixed them to a stereotaxic instrument. Chronic
guide cannulae were placed bilaterally into the dorsal aspect of the BLA and affixed to the
skull with dental cement. We used sterile obturators to maintain the patency of the guide
cannulae. During a five day recovery period, animals were handled extensively and habituated
to the injection procedure and sound of the syringe pump. On test days, 0.5µl drug in standard
aCSF was directly infused into the BLA over a one minute period. Injection cannulae were left
in place for 1min; and, animals were placed into the light/dark box 5min after the
microinjection. Following the microinjections and behavioral measurements, guide cannulae
placement was confirmed post-mortem.

Two separate microinjection experiments were performed in the current study. In the first
experiment, adult male Sprague Dawley rats (n=39; 303.9±0.6g at the time of surgery) were
used to test the effects of muscimol microinjection into the BLA on light/dark box anxiety-like
behavior. For these experiments, guide cannulae were implanted according to the following
stereotaxic coordinates (millimeters relative to Bregma, (Paxinos and Watson 1997): −2.8
anterior/posterior; ±5.05 medial/lateral; and −6.20 dorsal/ventral (measured from the top of
the brain). Sham, 88nmol (10µg), or 264nmol (30µg) muscimol (in aCSF) was microinjected
into separate animals; and, individual animals were exposed to the light/dark box only once.
Across two separate cohorts, we misplaced guide cannulae in only three out of 39 animals used
in the muscimol study; these are not included in the analysis (not shown, see text).

In the second experiment, male Sprague-Dawley rats (n=19, 138.0±2.6g at the time of surgery)
similar to those used for the electrophysiology experiments were used to test the effects of
DNQX on withdrawal-related anxiety-like behavior expressed in the light/dark box. For these
studies, animals were surgerized 1hr following the fifth ethanol intermittent inhalation. This
time point was selected for two reasons. First, animals appeared behaviorally tolerant to the
effects of the ethanol inhalation by the fifth day; this may help reduce interactions between the
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anesthetic and the ethanol during the surgery. Second, surgerizing animals prior to the ethanol
exposure proved difficult because of changes in body weight and skull size during the long-
term exposure. For the surgery, ethanol exposed animals were deeply anesthetized with
pentobarbital (50mg/kg). In three separate cohorts (5–7 animals/cohort), guide cannulae were
implanted according to the following stereotaxic coordinates (millimeters relative to Bregma)
that were empirically determined in pilot studies on juvenile animals: −2.7 anterior/posterior;
+4.5 lateral on the right, +4.75 lateral on the left; −5.8 dorsal/ventral from the top of the brain.
Following the surgery, animals recovered for 10hr before being placed back into the inhalation
chamber to complete the last 5 days of the chronic inhalation treatment. When not in the
inhalation chamber, animals were handled during this period to habituate them to the injection
procedure. Following 24hr withdrawal after the 10th ethanol exposure, individual animals were
microinjected with either sham or 100pmol DNQX; and, individuals were exposed to the light/
dark box only once. In three separate cohorts, we placed guide cannulae outside the BLA in
only two out of nineteen animals (see Fig. 6A).

Results
Withdrawal from chronic ethanol inhalation increases anxiety-like behaviors

We initially assessed whether our treatment paradigm was relevant for the anxiety-related
effects of chronic ethanol and withdrawal. Fifty-seven animals were divided equally into three
groups (n=19 each) with two groups receiving 10 days of 12hr/day ethanol vapor while the
third control group received room air in an identical chamber. We then measured anxiety-like
behavior using the “light/dark” box assay in controls, immediately after the last ethanol
exposure while individuals were still intoxicated (as evidenced by blood-ethanol levels; ‘CIE’
animals), or 24hr after withdrawal from ethanol vapors (‘WD’ animals). One CIE animal
appeared sedated, was clearly an outlier with regard to low locomotor activity, and was
excluded from the behavioral study. Similarly, four animals from the withdrawn group
appeared to freeze when initially placed on the light-side of the behavioral apparatus (e.g.
reduced locomotion with ≥60sec to initially egress from the light- to the dark-side) and were
not analyzed further.

For the remaining animals, 24 hours of withdrawal from 10 days chronic intermittent ethanol
exposure caused a significant decrease in time spent in the light side, a significant decrease in
the number of light/dark transitions, and a significant increase in the re-entry latency (time to
re-enter the light following first egress into the dark; Table 1). Egress latency (initial time leave
the light-side and move into the dark side) was not significantly different between the treatment
groups. The alterations in most ‘anxiety-related’ variables are consistent with increased
expression of anxiety-like behaviors in the WD animals. The total move time was not different
between groups indicating that the treatment did not affect the locomotor activity in the animals.
Exploratory behaviors, represented by vertical-plane entries (‘rears’), were significantly
suppressed in both CIE and WD animals again suggesting that the anxiety-effects were specific
to withdrawal.

Recent evidence suggests that anxiety-like behavior expressed in the light/dark box is
dependent upon BLA neurotransmitter systems (Bueno et al. 2005; McCool and Chappell
2007). To test this, we microinjected 0 (n=12), 88nmol (10µg; n=14), or 264nmol (30µg; n=13)
muscimol into the BLA and measured light/dark box behavior. For several of the anxiety-
related dependent variables expressed in this assay, muscimol diminished anxiety-like behavior
in a dose-dependent fashion. For example, 264nmol muscimol increased the time spent in the
light-side of the apparatus (108±9sec; P<0.05, one-way ANOVA) compared to sham (73
±13sec) and 88nmol muscimol (63±15sec). Likewise, the re-entry latency (time to re-enter the
light-side following egress into the dark) was significantly less in animals microinjected with
264nmol muscimol (48±14sec; P<0.05, one-way ANOVA) compared to either sham (140
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±33sec) or 88nmol muscimol (111±22sec). The number of light-dark transitions and the initial
egress latency (time to leave the light-side after placement) were not significantly affected by
muscimol however. Likewise, locomotor-related behaviors were not altered by the test doses
of muscimol examined here. The total distance moved during the assay was 1343±42cm in
sham animals, 1241±72cm in animals microinjected with 88nmol muscimol, and 1377±38 with
264nmol muscimol (P>0.05, one-way ANOVA). Similarly, the total time spent moving was
227.3±5.0sec in sham, 209.7±6.6sec with 88nmol muscimol, and 229.8±3.3sec with 264nmol
muscimol. Together, these data confirm that manipulation of BLA neural activity can alter
anxiety-like behavior expressed in the light dark box.

Chronic ethanol and withdrawal increase the contribution of NMDA-receptors at BLA
glutamatergic synapses

Previous studies in our lab have demonstrated that chronic ethanol can lead to increased NMDA
receptor function measured in somatic compartments of acutely isolated basolateral amygdala
neurons (Floyd et al. 2003). To test whether these alterations are expressed within synaptic
compartments, we investigated the effects of CIE and WD on NMDA receptor function at
glutamatergic synapses using whole-cell in vitro slice electrophysiology. We first established
a stable excitatory synaptic response using both low extracellular magnesium as well as the
most minimal stimulation required to produce synaptic consistent monosynaptic responses.
For these studies, response amplitudes in the low extracellular magnesium were 127±23pA in
CON neurons, 114±15pA in CIE neurons, and 114±13pA in WD neurons; these values were
not statistically different from one another (P≫0.05, one-way ANOVA). Within each neuron,
we next perfused slices with the AMPA receptor antagonist DNQX (20µM; Fig. 1B) to
pharmacologically isolate NMDA receptor-mediated synaptic currents. When expressed as a
ratio of NMDA receptor-mediated current amplitude to the DNQX-sensitive, AMPA receptor-
specific component, we found significant increases in the DNQX-insensitive NMDA receptor-
mediated current (Fig. 1C) in both CIE- (P<0.05, n=6) and WD- (P<0.05, n=7) neurons
compared to control (n=7). In a separate set of experiments, greater than 95% of DNQX-
insensitive synaptic current in BLA neurons was inhibited by 50µM of the NMDA-receptor
antagonist 2-amino-5-phosphonovaleric acid (APV; not shown). This inhibition did not differ
between the three treatment groups.

We also examined the effects of CON, CIE, and WD treatments on NMDA-mediated synaptic
currents by measuring responses to increasing stimulation intensities (input-output
relationship). In all three treatment groups, local electrical stimuli elicited DNQX-insensitive
synaptic currents whose amplitude increased in an intensity-dependent fashion (Fig. 1D). At
the highest stimulation intensities, the amplitude of the DNQX-insensitive, NMDA-mediated
synaptic current was significantly greater in both CIE and WD neurons compared to control
(P<0.05, one-way ANOVA). Along with the ratio data, these input-output results clearly
suggest that the contributions by synaptic NMDA receptors are increased by chronic ethanol
exposure and are maintained during 24hr of withdrawal.

Chronic ethanol and withdrawal increase the amplitude and frequency of spontaneous
EPSCs

Since the NMDA/AMPA ratio is also dependent upon the relative contribution by AMPA
receptors, a decrease in AMPA receptor-mediated synaptic currents might increase the NMDA/
AMPA ratio in slices prepared from CIE and WD animals. We attempted to test this by
measuring the AMPA input-output relationship. However, under the current recording
conditions (local stimulation and standard aCSF containing 10µM bicuculline), AMPA-
mediated synaptic responses had an extremely steep stimulus-response relationship with
polysynaptic responses occurring at stimulation intensities >20µA (responses >200pA). This
prevented a comparison of AMPA input-output across the treatment groups.
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Alternatively, we examined spontaneous excitatory postsynaptic currents (sEPSCs; Fig. 2B).
Under standard recording conditions (2mM extracellular magnesium and −60mV holding
potential), spontaneous synaptic currents were entirely sensitive to the AMPA receptor-specific
antagonist GYKI 53655 (Fig.2A). GYKI 53655 also inhibited electrically-evoked responses
by 96±1% in CON neurons (n=4), 98±1% in CIE neurons (n=6), and 96±1% in WD neurons
(n=5; P>0.05, one-way ANOVA). These data suggest that AMPA-type glutamate receptors
mediate the spontaneous synaptic currents. With respect to the treatment groups, we found the
sEPSC amplitude in CIE-, but not WD-, neurons was significantly increased relative to control
(Fig. 2B & C). However, the charge carried by these spontaneous events was not significantly
different between the treatment groups (Fig. 2D). Analysis of the background current (Irms)
was also not significantly different between groups (control, 1.2pA±.01; CIE 1.7pA±0.3; WD
1.3pA±0.1). These results indicate that our ability to detect sEPSCs was approximately
equivalent across the treatment groups. In contrast to the modest effects of chronic ethanol and
withdrawal on sEPSC amplitude, the frequency of spontaneous events was significantly greater
in both treatment groups relative to control. For example, the inter-event interval of the sEPSCs
was significantly decreased for CIE- (P<0.01, one-way ANOVA) and WD-neurons (P<0.01)
compared to control (Fig. 2E).

Chronic ethanol inhalation and withdrawal decreases the paired pulse ratio
The increased frequency of sEPSCs without substantial changes in amplitude might suggest
increased presynaptic function following CIE and WD. To test this, we measured synaptic
responses to two closely-juxtaposed electrical stimuli (paired pulses; Fig. 3A). At short
interpulse intervals, the ratio of the second synaptic response relative to the first is believed to
be inversely related to the probability of release at synapses (Andreasen and Hablitz 1994;Katz
et al. 1993). At inter-pulse intervals of 25 and 50 msec (Fig. 3A), CIE and WD both significantly
decreased the paired pulse ratios (Fig. 3B). In support of the sEPSC frequency data, the paired-
pulse findings suggest that CIE and WD increase presynaptic glutamatergic function,
potentially by increasing release probability at the terminal.

Withdrawal increases miniature EPSC amplitude, decay, and frequency
To confirm the possible alterations of presynaptic terminal function, we measured the effects
of CIE and WD on the amplitude and frequency of TTX-resistant miniature EPSCs under
standard recording conditions (2mM extracellular magnesium and −60mV holding potential;
Fig. 4A&B). WD robustly increased the frequency of mEPSCs (decreased inter-event interval)
compared to control (P<0.01, one-way ANOVA) and CIE (P<0.05; Fig. 4E&F). Importantly,
CIE did not alter mEPSC frequency, in contrast to the sEPSC and paired-pulse findings.
Because TTX blocks action potentials, these data in the CIE neurons may imply that the
presynaptic alterations evident in this treatment group are action potential-dependent.
Furthermore, comparisons between the sEPSC and mEPSC data suggest that CIE and WD may
alter presynaptic glutamatergic function via distinct mechanisms.

In addition to these apparent presynaptic changes, WD also increased the amplitude of the
mEPSCs (Fig. 4C). However, the charge carried by mEPSCs was not significantly altered by
any treatment (Fig. 4D). Together these amplitude and charge data suggest some change in the
kinetics of glutamatergic responses in WD neurons. We therefore examined the onset and decay
kinetics of the miniature EPSCs (Fig. 5A). Average mEPSC traces were generated by aligning
the rising phase of each event in each cell and scaling the amplitude. The resulting average
mEPSC from each cell was fit to a 1st-order exponential equation. Rise-times were not
significantly different from each other (one-way ANOVA, Fig. 5B). However, the decay of
mEPSCs was significantly faster in WD neurons compared to both CIE and CON (P<0.05,
one-way ANOVA; Fig. 5C). These data help explain the significant up-regulation of mEPSC
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amplitude in WD neurons in the absence of any substantial alterations in the amount of charge
carried by events in this treatment group.

BLA glutamatergic system and withdrawal-related anxiety-like behavior
Given that the focus of the current work on glutamatergic function in the BLA, we examined
the effects of microinjection with the AMPA/kainate receptor antagonist DNQX (100pmol)
on anxiety-like behavior in withdrawn (WD) animals (Fig. 6A). Importantly, DNQX
substantially diminished the anxiety-like behavior expressed by WD animals in the light/dark
box. Both the time spent in the light side (Fig. 6B2) and the number of light-to-dark transitions
(Fig. 6B3) were significantly increased (P<0.05 and P<0.01, respectively; t-test) by DNQX
microinjection. Likewise, DNQX significantly (P<0.01, t-test) decreased the re-entry latency
in WD animals (Fig. 6B4). These effects on anxiety-like behavior appear to be specific to
delivery of DNQX to the BLA. In two animals where guide cannulae were placed outside the
BLA (open circles, Fig. 6A), neither the time spent in the light-side (6.5±3.5sec; mean ±
standard deviation), nor the number of light-dark transitions (3.0±2.8; mean ± standard
deviation), nor the reentry latency (293.5±3.5sec; mean ± standard deviation) were
significantly affected by the DNQX microinjections. Likewise, microinjection of DNQX into
the BLA did not significantly alter locomotor-related behaviors like the total time spent moving
(Fig. 6B1) or the total distance moved (934.8±50.4cm in WD animals, 1102.3±72.9cm in
DNQX-injected animals; P>0.05, t-test). Together, these data indicate that delivery of the
AMPA/kainate receptor antagonist DNQX into the BLA of WD animals can diminish anxiety-
like behavior expressed in the light/dark box.

Discussion
Our results suggest that the increased anxiety-like behavior observed during withdrawal may
be due to increases in glutamatergic function seen during CIE and WD. This effect appears to
have a presynaptic origin, as evidenced by the decreased paired-pulse ratio and increased
frequency of mEPSCs during WD. We also found increases in the NMDA/AMPA ratio as well
as increases in amplitude and frequency of spontaneous events during CIE and WD and during
WD for mEPSCs; these latter data suggest that post-synaptic alterations may result from these
treatments as well. Our NMDA findings parallel previous evidence showing an increase in the
function and expression of NMDA receptors in isolated BLA neurons following chronic
ethanol liquid-diet exposure (Floyd et al. 2003). The most reasonable interpretation of the
changes seen during CIE and WD include increased excitability of glutamatergic afferents in
the BLA, increased presynaptic terminal function/number, and more modest postsynaptic
increases in receptor function.

It should be noted that our findings must be interpreted in the context of the current exposure
paradigm. Our intermittent exposure produces robust blood ethanol concentrations during the
ten day exposure period. Regardless, CIE rats with ~190mg/dL have little apparent motor in-
coordination, at least as it is represented in the light/dark box (Table 1). None-the-less, this
same exposure paradigm produces elevated anxiety-like behavior during subsequent
withdrawal. Chronic human alcoholics can also have remarkable functional tolerance despite
blood levels that would produce coma and death in naïve individuals (Davis and Lipson
1986; Hammond et al. 1973). It is clear then that the intermittent exposure pattern and severity
of exposure employed in the current study may model this type of profound ‘tolerance-
dependence’.

Chronic Ethanol facilitates synaptic-NMDA and -AMPA receptors in the basolateral amygdala
Our previous work has shown that chronic exposure to an ethanol liquid diet increased NMDA
receptor function in the somatic compartments of acutely isolated BLA neurons (Floyd et al.
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2003). Here we show that chronic intermittent ethanol inhalation also significantly increased
NMDA receptor function, exemplified by the NMDA/AMPA ratio, at BLA glutamatergic
synapses. This is similar to findings in the central nucleus after chronic ethanol (Roberto et al.
2006). Together, these results strongly support the hypothesis that CIE up-regulates post-
synaptic NMDA receptor number or function in the amygdala. The amygdala therefore joins
a growing list of brain regions responding to chronic ethanol by increased expression/function
of NMDA receptors.

Chronic ethanol also increases AMPA receptor protein in primary cortical cultures (Chandler
et al. 1999) as well as AMPA receptor dependent calcium signaling in cerebellar Purkinje
neurons (Netzeband et al. 1999). However, we found no evidence that CIE produces any
alteration in AMPA receptor postsynaptic function. Preliminary evidence (J. Weiner, personal
communication) suggests that acute ethanol robustly inhibits BLA NMDA-mediated synaptic
responses while AMPA-mediated currents are relatively insensitive. This differential acute
sensitivity might explain the robust up-regulation of NMDA synaptic currents to chronic
ethanol while AMPA-mediated events are more modestly affected.

Chronic ethanol facilitates TTX-sensitive pre-synaptic function in the basolateral amygdala
Our paired-pulse data, specifically the decrease in facilitation, clearly indicate increased
presynaptic function with CIE. This is supported by an increased frequency of spontaneous
events in these neurons. Our data are further supported by increased presynaptic glutamate
release in both the central nucleus of the amygdala using a similar exposure paradigm (Roberto
et al. 2004b) as well as in the hippocampus during ethanol consumption (Sabria et al. 2003).
However, the increase in BLA sEPSC frequency was entirely TTX-sensitive; CIE did not alter
the frequency of miniature, TTX-resistant EPSCs. These data may imply that CIE facilitates
action potential-dependent mechanisms within the BLA glutamatergic afferents themselves.
In support of this, chronic ethanol can alter a number of action potential-related processes
(Scott and Edwards 1981) including decreased calcium-activated potassium channels
(Pietrzykowski et al. 2004) and increased TTX-sensitive voltage-gated sodium channels
(Brodie and Sampson 1990) or L-type calcium channels (Watson and Little 1999). In fact,
dihydropyridine-sensitive voltage-gated calcium channels appear to be recruited to BLA
glutamatergic synapses following fear-learning (Shinnick-Gallagher et al. 2003). Changes
within the context of action potential-related, TTX-sensitive cellular processes could therefore
lead to increased neurotransmitter release at BLA glutamatergic synapses.

Finally, it is worth noting that slices prepared from CIE animals were incubated at room
temperature in aCSF for as long as six hours during the data collection. Since we did not include
ethanol in the slice incubation media, it is possible that CIE slices were experiencing ‘acute
in vitro’ withdrawal during this period. Our data do not support this hypothesis. First, all CIE
animals were sacrificed within 30 minutes following removal from the inhalation chamber.
Since we know precisely when each data file was collected, we performed a correlation analysis
between the various sEPSC and mEPSC parameters and the time elapsed between collection
of these data and preparation of the slices. For all CIE neurons, there was no significant
correlation between these event-related dependent variables and the time the slice had been
stored in vitro. This argues against a significant contribution by ‘acute in vitro’ withdrawal to
CIE-related alterations in glutamatergic transmission.

Withdrawal maintains postsynaptic changes seen during chronic exposure
After 24 hours of withdrawal from chronic ethanol, we saw an increase in NMDA/AMPA ratio
and the NMDA input-output relationship in BLA neurons. Given that sEPSC data suggests
that AMPA receptor function is not down-regulated during WD, the NMD data indicate that
the increased receptor function seen with CIE is maintained for at least twenty-four hours after
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the exposure. There are conflicting reports concerning the effects of ethanol withdrawal,
relative to chronic ethanol, on NMDA receptors in other brain regions. NMDA receptor
function appears to increase during ethanol withdrawal in the mouse hippocampus
(Whittington et al. 1995). However, in the central amygdala, neither chronic ethanol nor
withdrawal alter NMDA receptor synaptic function (Roberto et al. 2006). These data indicate
that WD-related changes in NMDA receptor function are clearly brain region-dependent, even
within the amygdala.

Withdrawal also induced postsynaptic facilitation of AMPA-mediated glutamatergic
spontaneous EPSCs in the BLA. Specifically, we found a large increase in the amplitude of
TTX-resistant spontaneous EPSCs. This effect appears to share similarities with other drugs
of abuse. For example, the AMPA receptor subunit GluR1 has been shown to be up-regulated
after 1 and 30 days of withdrawal from cocaine in the BLA of rats (Lu et al. 2005). Similarly,
TTX-resistant EPSCs from WD neurons decayed faster than those measured in both control
and CIE. Increased AMPA-mediated EPSC decay is associated with increased delivery of
GluR1 homomeric channels to glutamatergic synapses in response to sensory-stimulation of
barrel cortex (Clem and Barth 2006) and pharmacologic blockade of AMPA receptors in
hippocampal neuron cultures (Thiagarajan et al. 2005). The faster decay (Atassi and Glavinovic
1999; Hirasawa et al. 2001; Veruki et al. 2003), along with increased amplitude (Carroll et al.
1998; Thio et al. 1992), may indicate postsynaptic alterations within the AMPA receptor
complex expressed by WD neurons. One possible mechanism explaining increased EPSC
amplitude/altered kinetics following WD would be increased delivery of specific AMPA-
receptor subtypes to BLA glutamatergic synapses. However, this remains to be directly
investigated. Regardless, the increase in mEPSC amplitude was not associated with substantial
increases in charge carried by individual events. The contribution of postsynaptic alterations
to BLA-dependent, WD-related behaviors may therefore be subtle.

Withdrawal Produces Presynaptic, Terminal-Specific Alterations
There is a general lack of data on the effects of ethanol withdrawal on presynaptic mechanisms.
In the central nucleus of the amygdala, glutamate release remains elevated during both chronic
ethanol exposure and withdrawal (Roberto et al. 2006). The results of our mEPSC and paired
pulse data in the BLA complement these findings and suggest that WD specifically alters
presynaptic terminal function. Potential mechanisms include altered release machinery (Bacci
et al. 2001; Capogna et al. 1997; Herreros et al. 1995; Pang et al. 2006), increased resting
calcium levels in the terminal (Cummings et al. 1996; Levesque and Atchison 1988; Li et al.
1998; Nishimura et al. 1990), or increased numbers of synapses (Lauri et al. 2003) following
WD. Chronic blockade of glutamate receptors in hippocampal cultures selectively increases
AMPA-mediated mEPSC frequency without altering synapse number (Bacci et al. 2001).
Conversely, withdrawal from repeated cocaine exposures increases the number of glutamate-
containing terminals in the shell of the nucleus accumbens (Kozell and Meshul 2004).
Ultimately, the mechanisms regulating increased mEPSC frequency during WD from CIE are
likely to be both brain region- and treatment-specific.

Behavioral Implications
Given the association between the BLA glutamatergic system and anxiety (Sajdyk and Shekhar
1997), increases in glutamatergic function like those observed in the current work may
contribute to the anxiety-like behavior evident during withdrawal from chronic ethanol.
Additional studies that follow a withdrawal time course would be necessary to more robustly
illustrate this. However, we have used juvenile animals to facilitate the whole-cell
electrophysiology recordings; and this creates confounds between developmental issues and a
protracted time-course. Studies in adult animals would perhaps be more appropriate in this
respect but are also substantially more challenging.
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Regardless, our microinjection results with DNQX clearly suggest that BLA mechanisms
associated with AMPA/kainate-type glutamate receptors help regulate the expression of
anxiety-like behavior during withdrawal. These findings parallel studies showing that
amygdala AMPA receptors are important for the expression of learned fear-potentiated startle
(Walker and Davis 1997b) and learned avoidance tasks (Mesches et al. 1996). Importantly, the
expression of learned-fear is coincident with increased AMPA receptor-mediated synaptic
function at BLA glutamatergic synapses (McKernan and Shinnick-Gallagher 1997) and with
increased delivery of AMPA receptor subunits to the cell surface (Yeh et al. 2006). The
coincidental increase in BLA glutamatergic synaptic function during withdrawal, the increase
in withdrawal-related anxiety-like behavior, and the apparent contribution of BLA AMPA-
type glutamate receptors to withdrawal-associated anxiety-like behavior together suggest an
intimate relationship between these parameters.

Paradoxically, we found that glutamate function was elevated during the CIE exposure, despite
an absence of elevated anxiety-like behavior measured in the light/dark box. One potential
explanation is that the BLA contributes minimally to CIE-related behaviors expressed in the
light/dark box. Most evidence does not support this hypothesis. Several recent studies (de la
Mora et al. 2005; McCool and Chappell 2007; Perez de la Mora et al. 2006; Salome et al.
2006) as well as the muscimol study reported in the current work have demonstrated the
contribution of BLA-dependent processes to light/dark box anxiety-like behavior in naïve
animals. Therefore, compensatory changes in other BLA/downstream neurotransmitter
systems or continued sensitivity of these systems to acute ethanol are more likely to explain
the paradoxical increase in BLA glutamatergic function in the absence of significant increases
in anxiety-like behavior. This latter ‘continued sensitivity’ hypothesis is particularly relevant
since anxiety-like behaviors in CIE animals were measured while the individuals were still
intoxicated (based on BEC at sacrifice).

The potential neurotransmitter systems potentially contributing to CIE-related behaviors are
quite numerous. Within the amygdala fear/anxiety-circuit, recent reports suggest that
GABAergic function is increased (Roberto et al. 2004a) while glutamatergic function is
decreased (Roberto et al. 2004b) in the neighboring central amygdala in ethanol-dependent
rats. Since the projections from BLA to central amygdala are critical for the expression of
learned-fear (Davis 2006), it is possible these central amygdala alterations might offset
increased glutamatergic function in the BLA during CIE treatment, ultimately masking
anxiety-related behavioral manifestations in these animals. Within the BLA itself, alcohol has
well known effects on numerous neurotransmitter systems. For example, acute and chronic
ethanol alter GABAergic function in BLA neurons (Floyd et al. 2004; McCool et al. 2003;
Zhu and Lovinger 2006). In addition, BLA serotonergic (Gonzalez et al. 1996), dopaminergic
(de la Mora et al. 2005), noradrenergic (Schroeder et al. 2003), and various neuropeptide
systems (Rupniak et al. 2003; Sajdyk et al. 1999a; Sajdyk et al. 1999b; Wunderlich et al.
2002) all regulate anxiety-like behavior. Disruption or alteration of any of these systems might
also contribute to anxiety-related behavior observed in intoxicated rats exposed to chronic
ethanol.

Conclusions
In conclusion, we have shown that chronic intermittent ethanol exposure and withdrawal lead
to significant increases in glutamatergic synaptic transmission in the basolateral amygdala. Our
working hypothesis for the sequence of events that result from this treatment is that chronic
ethanol produces both increased postsynaptic NMDA receptor function as well as increased
glutamatergic afferent excitability. At some point during the withdrawal process, these
alterations trigger significant changes in presynaptic terminal function and more modest
alterations of postsynaptic AMPA receptor function. This increased glutamatergic system in
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the basolateral amygdala was not observed behaviorally until withdrawal because we
hypothesize that the additional ethanol-sensitive systems may be engaged while the animal is
still intoxicated.
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Figure 1.
Chronic ethanol and withdrawal increase the NMDA/AMPA current ratio in the BLA measured
with low extracellular Mg2+. A, Slices were stimulated locally near the boundary of the lateral/
basolateral amygdala and the recording electrode was placed in the basolateral amygdala as
shown. B, Average synaptic responses for control and 24hr WD cells, in the presence of 10µM
bicuculline, show the compound current consisting of the DNQX-sensitive and –resistant
components and the current resistant to 20µM DNQX. The DNQX- resistant currents from
these neurons are also enlarged below the compound current traces to aid with visual
comparisons. The NMDA receptor antagonist APV inhibited >95% of the DNQX-resistant
current (see text). C, The NMDA/AMPA ratio, calculated from the amplitude of the DNQX-
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resistant component (NMDA) divided by the amplitude of the DNQX-sensitive component
(AMPA), show a significant increase of 405% in CIE neurons and 342% following 24hr WD
(**, P<0.01 and *, P<0.05 compared to CON, one-way ANOVA with Bonferroni posttest).
D, NMDA input-output relationships were measured from CON (D1, top), CIE (D1, middle),
and WD (D1, bottom) neurons. Note that the amplitude NMDA-mediated (DNQX-resistant)
synaptic responses were dependent on the intensity of the stimulation (in µA) and were
significantly larger at the greatest intensities for CIE (n=7 neurons from 3 individuals) and WD
neurons (n=6 neurons from three individuals) compared to CON neurons (D2, n=6 neurons
from three individuals; *, CIE vs. CON P<0.05, #, WD vs. CON P<0.05, one-way ANOVA
with Bonferroni post-test).
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Figure 2.
Chronic ethanol and withdrawal increase the frequency of spontaneous excitatory postsynaptic
currents (sEPSCs). A, Sample traces illustrate that, under standard conditions (10µM
bicuculline; holding potential, −60mV), sEPSCs are mediated by GYKI 53655-sensitive
AMPA receptors. B, Sample traces of sEPSCs in the presence of 10µM bicuculline (holding
potential, −60mV) are shown for each treatment group. C, The sEPSC amplitude in CIE
neurons was significantly larger than CON (*, P<0.05, one-way ANOVA with Bonferroni post-
test). Mean±SEM are shown across all cells in a particular treatment group. For these
experiments, n=8 neurons for CON (from five rats), n=11 neurons for CIE slices (from four
rats), and n=11 for WD neurons (from four animals). D, The charge carried by sEPSCs
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(amplitude × decay time, expressed in femtoCoulombs) was not significantly affected by CIE
or WD. E, The sEPSC inter-event interval was dramatically and significantly decreased
(increased frequency) for both CIE and WD neurons (**, P<0.01 compared to CON, one-way
ANOVA). F, A cumulative probability plot comparing the inter-event interval from individual
CON, CIE, and WD neurons, each neuron represents median values from each treatment group.
KS=0.39 for CIE neurons and KS=0.36 for WD neurons (P<0.0001 relative to CON).
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Figure 3.
Chronic ethanol and withdrawal decrease paired pulse ratio in the BLA. A, Sample traces of
paired pulse EPSCs at 50msec inter-pulse interval in the presence of 10µM bicuculline. The
amplitude of the second synaptic response has been normalized across treatment groups to
emphasize the relative differences between the first synaptic response and the second. B, Paired
pulse ratio is significantly decreased at both the 25 and 50msec interval (*P<0.05, **P<0.01
vs. control, one-way ANOVA with Bonferroni’s post-test). These decreased ratios indicate
that chronic ethanol and withdrawal may increase presynaptic release of glutamate.
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Figure 4.
Withdrawal increases the frequency and amplitude of mEPSCs. A, Sample traces
demonstrating the efficacy of 1µM tetrodotoxin used in these studies. B, Sample traces of
mEPSCs in the presence of 10µM bicuculline and 1µM TTX (holding potential, −60mV) are
shown for each treatment group. C, The mEPSC amplitude from WD neurons was significantly
greater than CON (*, P<0.05) and CIE neurons (#, P<0.05; one-way ANOVA with
Bonferroni’s post-test). D, The charge carried by mEPSCs (amplitude in pA × decay time in
milliseconds, expressed as femtoCoulombs) was not significantly different from CON in the
CIE and WD treatment groups. E, The inter-event interval of WD mEPSCs was significantly
smaller than both control (**, P<0.01) and CIE neurons (#, P<0.05; one-way ANOVA with
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Bonferroni’s post-test). F, Cumulative probability plot of inter-event interval from individual
CON, CIE, and WD neurons; each cell is representative of the median from that particular
treatment group. The inter-event interval distribution of the WD neuron (KS=0.19, P<0.0001),
but not the CIE neuron (KS=0.06, P≫0.05), was significantly different from the CON neuron.
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Figure 5.
Withdrawal from chronic ethanol decreases the current-decay time constant of miniature
events. A, Average traces from each treatment group illustrate the faster decay kinetics of
miniature events in withdrawal neurons. B, Rise-times were not significantly different from
each other (one-way ANOVA). C, Using a single-exponential fit of miniature EPSCs, the decay
time was significantly smaller than CON for WD events (*, P<0.05, one-way ANOVA) but
not CIE events. These results suggest possible postsynaptic alterations of the receptor during
withdrawal and provide a mechanism for increased amplitude, but not charge, in these neurons.
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Figure 6.
Microinjection of the AMPA-type glutamate receptor antagonist, DNQX, into the lateral/
basolateral amygdala attenuates anxiety-like behavior expressed during withdrawal. A, Figure
(modified from Paxinos and Watson 1997) illustrating the approximate locations for the guide
cannulae tips (correct placements=closed circles). Note that some cannulae were placed outside
the BLA (open circles, see text). B, Summary of light/dark box behaviors expressed by sham-
(WD) and DNQX-injected animals with guide cannulae place within the BLA. While variables
like the time spent moving during the assay were not affected (B1), 100pmol DNQX
significantly increased both the total time spent in the light side (B2) and the number of light/
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dark transitions (B3). Intra-BLA DNQX also significantly decreased the latency to re-enter the
light-side following initial egress to the dark side (B4). *P<0.05, **P<0.01, t-test.
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