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Abstract

This article summarizes the proceedings of a symposium that was presented at a conference entitled
“Alcoholism and Stress: A Framework for Future Treatment Strategies”. The conference was held
in Volterra, Italy on May 6-9, 2008 and this symposium was chaired by Jeff L. Weiner. The overall
goal of this session was to review recent findings that may shed new light on the neurobiological
mechanisms that underlie the complex relationships between stress, anxiety, and alcoholism. Dr.
Danny Winder described a novel interaction between D1 receptor activation and the CRF system
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that leads to an increase in glutamatergic synaptic transmission in the bed nucleus of the stria
terminalis. Dr. Marisa Roberto presented recent data describing how PKCe, ethanol, and CRF interact
to alter GABAergic inhibition in the central nucleus of the amygdala. Dr. Jeff Weiner presented
recent advances in our understanding of inhibitory circuitry within the basolateral amygdala and how
acute ethanol exposure enhances GABAergic inhibition in these pathways. Finally, Dr. Brian McCool
discussed recent findings on complementary glutamatergic and GABAergic adaptations to chronic
ethanol exposure and withdrawal in the basolateral amygdala. Collectively, these investigators have
identified novel mechanisms through which neurotransmitter and neuropeptide systems interact to
modulate synaptic activity in stress and anxiety circuits. Their studies have also begun to describe
how acute and chronic ethanol exposure influence excitatory and inhibitory synaptic communication
in these pathways. These findings point toward a number of novel neurobiological targets that may
prove useful for the development of more effective treatment strategies for alcohol use disorders.

INTRODUCTION

There is a large and growing body of clinical and preclinical evidence suggesting an important,
albeit complex, relationship between stress, anxiety and alcohol use disorders (AUDs) (Piazza
and Le Moal, 1998; Kushner et al., 2000a; Roberts etal., 2000; Weiss etal., 2001). For example,
clinical studies have documented a significant degree of comorbidity between anxiety disorders
and AUDs (Regier etal., 1990; Kessler etal., 1997; Kushner et al., 1999). Furthermore, ethanol
dependence is often viewed as a chronic relapsing disease (Heilig and Egli, 2006) and there is
evidence that stress and anxiety may promote relapse and negatively influence treatment
prognosis (Miller and Harris, 2000; Willinger et al., 2002; Kushner et al., 2005; Fox et al.,
2007; Sinha and Li, 2007).

Although these and many other studies consistently report a strong association between anxiety
and AUDs (see Kushner et al., 2000a; Bradizza et al., 2006; Cosci et al., 2007), the etiological
nature of this relationship is not well understood. However, recent preclinical findings are
beginning to shed light on this clinically important topic. Human and animal studies have
shown that acute exposure to low to moderate doses of ethanol are anxiolytic (see Kushner et
al., 2000a; Koob, 2004) for reviews) and repeated exposure and withdrawal are associated with
neuroadaptive changes that may lead to persistent increases in a range of anxiety measures
(Roberts et al., 2000; Valdez et al., 2002; Kliethermes, 2005; Santucci et al., 2008). Several
studies have also shown that, during withdrawal, ethanol-exposed animals display significant
increases in voluntary ethanol consumption (Roberts et al., 1996; Becker and Lopez, 2004;
Lopez and Becker, 2005). Moreover, increased intake in ethanol-dependent animals can be
effectively reduced by treatments that can attenuate withdrawal-associated anxiety (e.g. CRF1-
R antagonists)(Roberts et al., 1995; Valdez et al., 2002; Chu et al., 2007). These and other
recent findings have led to the recognition that ethanol use and abuse likely involve both the
positive and negative reinforcing effects of this drug (Koob and Le Moal, 2005). Early on, the
positive or euphoric effects of ethanol (associated with the classical activation of the
mesolimbic reward circuit) may dominate. However, following prolonged ethanol exposure
and/or in some individuals with pre-existing anxiety disorders (Kushner et al., 2000b; Cosci
et al., 2007), the negative reinforcing effects of ethanol, including anxiolysis, may become
increasingly important and play a major role in both the development of abusive drinking
behavior and in relapse (Lopez and Becker, 2005; Le Moal and Koob, 2007; Koob and Le
Moal, 2008).

Interestingly, although much is known about the basic neurophysiological mechanisms
underlying ethanol’s positive reinforcing effects, the neural substrates responsible for the
negative reinforcing effects of this drug, (including relief from anxiety) are much less
understood. To that end, this symposium sought to highlight recent advances in our

Alcohol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silberman et al.

Page 3

understanding of how synaptic communication in brain regions that regulate stress and anxiety-
related behaviors (e.g. amygdala, bed nucleus of the stria terminalis) can be modulated by
endogenous factors like dopamine and CRF as well as acute and chronic ethanol.

Ethanol and CRF: Which is driving GABA release in the amygdala?

Maureen Cruz, Michal Bajo, George R. Siggins, Robert O. Messing and Marisa Roberto

Corticotrophin-releasing factor (CRF) is an anxiogenic neuropeptide and an important
component of the stress circuits that modulate anxiety associated with drug dependence. The
anxiogenic effects of CRF are mediated by type 1 CRF receptors (CRF-R1s), which are
abundantly expressed in the cortex, cerebellum, hippocampus, amygdala, olfactory bulb, and
pituitary (Potter et al., 1994; Chalmers et al., 1996; Palchaudhuri et al., 1998). CRF-R1
activation also plays an important role in regulating voluntary ethanol intake. The central
nucleus of the amygdala (CeA) is a pivotal site of action for both the acute positive
reinforcement of ethanol addiction and for the negative reinforcement associated with ethanol
abstinence (Koob and Le Moal, 2001). CRF release in the CeA is increased in alcohol-
dependent animals (Merlo Pich et al., 1995; Olive et al., 2002) and appears to contribute to
alcohol withdrawal-related anxiety, which can be reduced by CRF-R1 receptor antagonists
injected into the CeA (Rassnick et al., 1993). CRF also contributes to increased alcohol
consumption in dependent animals because their increased ethanol self-administration is
reduced by CRF-R1 antagonists (Spies et al., 1995; Overstreet et al., 2004) or the deletion of
the CRF-R1 (Chu et al., 2007).

GABAergic transmission in the CeA has been implicated in regulating ethanol intake (Hyytia
and Koob, 1995; Roberto et al., 2004a). Most of the neurons in the rodent CeA are GABAergic
inhibitory neurons with inhibitory recurrent or feed-forward connections, as well as inhibitory
projections to brainstem nuclei (Sun and Cassell, 1993; Davis et al., 1994). CRF is abundant
in the CeA, where it is co-expressed with GABA (Watson et al., 2001). We have previously
shown that CRF and ethanol enhance GABA release from mouse CeA neurons in a CRF-R1-
dependent manner (Nie et al., 2004). However, little is known about the cellular mechanisms
through which GABA transmission in the CeA modulates the behavioral and motivational
effects of CRF and ethanol.

Recent in vitro evidence indicates that PKC signaling is stimulated by CRF-R1 activation
(Suzukietal., 1984; Kimetal., 2007). PKC is a family of serine-threonine kinases that respond
to lipid second messengers and have been implicated in neurobehavioral disorders, including
anxiety and drug abuse (Olive and Messing, 2004). Among the PKC isozymes, we
hypothesized that protein kinase C epsilon (PKCg) mediates downstream effects of CRF-R1
activation in the CeA because PKCze is expressed throughout the amygdala (Choi et al.,
2002) and PKCe ™'~ mice show reduced anxiety-like behavior (Hodge et al., 2002) and reduced
alcohol consumption (Hodge etal., 1999; Olive et al., 2000). To test this hypothesis, we studied
the role of PKCe signaling in basal CeA GABAergic transmission and in ethanol- and CRF-
induced GABA release in an in vitro slice preparation using both genetic and pharmacological
approaches (Bajo et al., 2008). Here we examined signaling pathways downstream of the CRF-
R1 in the CeA that mediate GABAergic signaling and anxiety. We characterized the effects of
acute ethanol and CRF on CeA GABAergic synapses in mice with a null mutation for PKCe
(PKCe) and wild type (PKCe*'*) littermates.

Using local stimulation within the CeA, we evoked pharmacologically isolated GABAp
receptor-mediated IPSPs in PKCe ™/~ mutant mice and PKCe*/* wild-type littermates. We
found that basal GABAergic transmission is enhanced (25%) in CeA neurons from PKCe ™/~
mice when compared with neurons from PKCe*/* mice. To determine if this effect was
presynaptic, we measured the paired-pulse facilitation (PPF) ratio of the IPSPs. Generally,
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changes in PPF are inversely related to transmitter release. We found that the basal PPF ratio
of IPSPs was decreased in PKCe ™/~ mice. To further characterize the enhanced GABAergic
transmission in PKCe '~ mice, we recorded pharmacologically isolated spontaneous miniature
GABAA, IPSCs (mIPSCs) using whole-cell patch clamp in the presence of 1uM TTX.
Compared to neurons in PKCe*/* mice, neurons from PKCe ™/~ mice demonstrated an increased
(nearly doubled) mean baseline frequency of mIPSCs with no significant difference in the mean
amplitude of mIPSCs.

To examine the role of PKCe in CRF enhancement of GABAergic transmission in the CeA,
we superfused CRF (200nM) on CeA slices from both PKCe ™~ and PKCe*/* mice. In neurons
from PKCe** mice, CRF increased GABAergic transmission (43%) but this effect was absent
in neurons from PKCe ™/~ mice. CRF decreased the PPF ratio in PKCe*/* mice, but had no
effect on the PPF ratio in PKCe ™/~ mice. Furthermore, CRF increased (52%) the mean
frequency of mIPSCs in PKCe** mice, but decreased (25%) the mean mIPSC frequency in
PKCe ™~ mice. CRF did not significantly alter the mean amplitude of mIPSCs in either
PKCe ™~ or PKCe*"* mice. To confirm the role of PKCe in CRF-induced changes in
GABAergic transmission, we superfused Tat-¢ V1-2 (500nM), a PKCe inhibitor peptide, onto
CeA slices from PKCe** mice. The inhibitor increased the mean evoked IPSP amplitude and
decreased the PPF ratio of IPSPs, and blocked the CRF effects.

We investigated whether ethanol-stimulated GABA release also involved PKCe. Ethanol
(44mM) increased (47%) the mean amplitude of evoked IPSPs in PKCs*/* neurons but not in
PKCe ™'~ neurons. Ethanol decreased the PPF ratio of IPSPs in PKCe*/* neurons, but this effect
was absent in PKCe ™~ neurons. Like CRF, ethanol increased (more than doubled) the mean
frequency of mIPSCs in PKCe*/* neurons but decreased (20%) the mean mIPSC frequency in
PKCe ™'~ neurons. Ethanol had no significant effect on mIPSC amplitudes in both the

PKCe ™/~ and PKCe*/* neurons. Pretreatment of PKCe*/* neurons with the PKCe inhibitor Tat-
& V1-2 completely abolished the ethanol effects, confirming findings in the PKCc ™~ CeA.

Both CRF and ethanol increased the mean amplitude of evoked GABA IPSPs and decreased
the PPF ratio of IPSPs in PKCe*/* mice. Furthermore, CRF increased the mean frequency of
mIPSCs in PKCe*/* neurons and decreased the mIPSC frequency in PKCs ™~ neurons.
Pretreatment with a PKCe inhibitor of PKCe*/* neurons blocked the CRF- and ethanol-induced
effects on IPSP amplitudes and PPF. These data indicate that the PKCe isozyme has a double
function. Under drug-stimulated conditions, PKCe facilitates vesicular GABA release.
However, without drug treatment, a basal level of PKCg activity serves to limit spontaneous
GABA release.

In conclusion, our data identify a PKCe signaling pathway in the CeA that is activated by CRF-
R1stimulation, regulates neurotransmitter release at GABAergic terminals, and may contribute
to increased anxiety-like behavior (Bajo et al., 2008). Moreover, consistent with our previous
observation that ethanol-induced GABA release in the amygdala is CRF-R1-dependent (Nie
et al., 2004), here we also find that ethanol-stimulated vesicular GABA release depends on
PKCes. Taken together, these findings indicate a signaling pathway whereby CRF, acting via
presynaptic CRF-R1s in the amygdala, activates PKCe to stimulate GABA release (Bajo et al.,
2008). Because CRF is anxiogenic and plays an important role in promoting alcohol drinking
(Heilig and Koob, 2007), disturbance of this CRF-R1-PKCc¢ signaling pathway in the CeA
likely contributes to decreased anxiety-like behavior and decreased alcohol consumption in
PKCe ™~ mice. These studies provide insight into some of the neurobiological mechanisms that
contribute to alcohol-stress-anxiety interactions. Being able to identify which enzymes are
implicated in alcohol intake and dependence may be helpful in developing new and innovative
preventive strategies and pharmacotherapeutic remedies for stress- and alcohol-related
biomedical phenomena.
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Drugs of abuse, including alcohol, are thought to exert effects on behavior through modulation
of neuronal activity and plasticity in specific brain regions. A great deal of effort has been
focused on understanding the impact of drugs of abuse on the mesolimbic dopamine system,
in particular the dopamine neurons of the ventral tegmental area (VTA) (Borgland et al.,
2006) and the medium spiny neurons of the nucleus accumbens (Thomas et al., 2001), as this
network is thought to serve as a common pathway for drug-seeking behavior. However, there
is growing evidence that drugs of abuse can alter function in regions outside of the classical
reward circuitry, and this modulation is critical for specific aspects of addiction (Koob and Le
Moal, 2008).

The bed nucleus of the stria terminalis (BNST), a component of the central extended amygdala,
is a region of the brain that has been implicated primarily in the regulation of stress and anxiety
(Walker and Davis, 2008). A large literature suggests that corticotrophin releasing factor (CRF)
signaling within this region plays an important role in these behaviors (Davis et al., 1997).
Further, while not part of the classical reward circuitry, the BNST receives dopaminergic
projections, from both the VTA and the periaqueductal gray (Fadda et al., 1985), and has been
suggested to be an important regulator of VTA dopamine neuron firing (Georges and Aston-
Jones, 2002).

In keeping with the important interconnections between the BNST and reward circuitry, studies
have suggested that the BNST may also be involved with behavioral adaptations following
prolonged exposure to drugs of abuse (Dumont et al., 2005; Grueter et al., 2008). Given the
role that dysregulation of emotional behaviors, including fear and anxiety, is proposed to play
in chronic drug abuse, the involvement of the BNST in these processes, while exciting, is not
surprising. Several studies demonstrate that the BNST is also involved in the acute reinforcing
actions of drugs of abuse. In particular, acute administration of ethanol, and a range of other
abused drugs, leads to a significant increase in dopamine levels in the BNST (Carboni et al.,
2000). Further, it has been shown that dopamine receptor antagonism in the BNST can alter
operant responding for alcohol and cocaine (Watkins et al., 1999; Eiler et al., 2003). Taken
together, these studies suggest that dopamine signaling in the BNST is involved in regulation
of the acute actions of multiple drugs of abuse.

Based on the above findings, we hypothesized that dopamine modulates synaptic transmission
inthe BNST. Totest this hypothesis, we examined the ability of dopamine to modulate synaptic
transmission in the BNST using an ex vivo slice preparation. We found that a brief application
of dopamine led to a transient increase in the frequency of spontaneous excitatory post-synaptic
currents (SEPSCs) in BNST. This effect was blocked by the D1 dopamine receptor (D1R)
antagonist SCH23390 and was absent in the D1R knockout mouse. These results strongly
support the possibility that dopamine is exerting this effect through D1R-mediated signaling.
In order to understand the mechanisms underlying this action of dopamine, we next examined
the ability of dopamine to modulate spontaneous excitatory synaptic transmission in the
presence of the sodium channel blocker tetrodotoxin (mEPSCs). Curiously, we found that
dopamine had no effect on either mEPSC frequency or amplitude. Taken together, these results
suggest that dopamine is enhancing glutamatergic transmission in the BNST in a D1R and
activity-dependent fashion.

This lack of an effect on mEPSCs suggested that dopamine could be acting to modulate synaptic
transmission by altering the excitable properties of neurons in the BNST. In order to evaluate
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this possibility, we examined the ability of dopamine to modulate the membrane potential of
BNST neurons. We found that in most neurons dopamine had no effect on the membrane
potential. However, in a small subpopulation of neurons we found that dopamine caused a
robust depolarization associated with an increase in spontaneous action potential firing.

Several studies in rat have demonstrated that dopamine fibers are associated with CRF-positive
neurons in the BNST (Fadda et al., 1985; Phelix et al., 1999). Using double-label
immunohistochemistry we observed a similar pattern of expression in the mouse BNST. Based
on this, we reasoned that the actions of dopamine could be mediated in part through activation
of the CRF system. In order to test this, we applied dopamine in the presence of the CRF-R1
antagonist, NBI127914, and found that the effect was blocked. This finding raised the possibility
that dopamine is enhancing glutamatergic transmission in the BNST by causing release of CRF.
We tested this possibility by examining the actions of both CRF and another CRF receptor
agonist, urocortin, on SEPSCs in the BNST. Both of these compounds increased the frequency,
but not amplitude, of SEPSCs in the BNST. Using selective antagonists for CRF-R1 and CRF-
R2, we found that the effects of CRF and urocortin were mediated through activation of CRF-
R1. Finally, in order to identify the mechanism of action, we examined the ability of CRF to
modulate mMEPSCs. We found that CRF significantly increased mEPSC frequency but had no
effect on mEPSC amplitude, consistent with an increase in glutamate release. Taken together
these results suggest that CRF enhances glutamate release via activation of the CRF-R1 in the
BNST.

Our results demonstrate the dopamine, acting at the D1R, enhances fast excitatory synaptic
transmission in the BNST through a CRF-R1 dependent mechanism. When taken together with
previous results, our findings suggest that glutamatergic transmission in the BNST plays an
important role in self-administration of drugs of abuse, including alcohol and cocaine.
Moreover, these findings, particularly the functional link between dopamine and CRF
signaling, support the idea that the activation of regions involved in regulation of emotion,
such as the BNST, may reflect arousal independent of the valence of the event.

Acute Effects of Ethanol on Local and Lateral Paracapsular GABAergic
Synapses in the Rat Basolateral Amygdala

Yuval Silberman and Jeff L. Weiner

Along with the BNST and CeA discussed earlier, the basolateral amygdala (BLA) is also an
integral element of both stress/anxiety ((LeDoux, 1993; Davis et al., 1994) and reward
neurocircuitry (Balleine and Killcross, 2006; Tye et al., 2008). The groups of cells within the
lateral, basal and accessory basal nuclei of the amygdala are typically referred to as the BLA.
This brain region consists primarily of glutamatergic pyramidal neurons (~90% of all cells in
the BLA), which provide the main excitatory input to the CeA as well as many other limbic
and cortical structures (Sah et al., 2003). As such, the BLA is in the unique position to serve
as the major input for sensory information into the amygdala complex and is critically involved
in establishing the emotional salience of environmental stimuli. While GABAergic
interneurons represent only a small portion of the neurons within the BLA, they are thought to
play an integral role in the regulation of excitatory transmission in this brain region (Washburn
and Moises, 1992), and thus are likely to be critically involved in the regulation of anxiety-
like behaviors.

Although itis clearly an oversimplification, in general, increasing excitatory output of the BLA
is usually associated with increases in anxiety-like behavior whereas dampening this activity
usually results in anxiolysis (Davis et al., 1994; Menard and Treit, 1999). Thus, GABAergic
inhibitory tone in the BLA likely plays an integral role in regulating anxiety-like behaviors.
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Since acute ethanol exposure has been shown to enhance GABAergic synaptic transmission
in many brain regions (Siggins et al., 2005; Weiner and VValenzuela, 2006), our recent studies
have focused on characterizing the acute effects of ethanol on GABAergic synaptic inhibition
in the BLA.

A wide range of distinct classes of local interneurons have been described within the BLA,
based on differences in their morphological and electrophysiological characteristics
(Washburn and Moises, 1992; Woodruff and Sah, 2007) as well as the types of classical
interneuronal markers that they express (McDonald and Mascagni, 2002; Mascagni and
McDonald, 2003; Muller et al., 2007; Woodruff and Sah, 2007). These cells are sparsely
distributed throughout the BLA and are thought to provide the majority of feedback inhibition
onto BLA pyramidal neurons. Importantly, Marowsky and colleagues, using GAD-GFP
transgenic mice, recently identified a novel cluster of GABAergic cells located along the
external capsule-BLA border. They demonstrated that these cells are devoid of many of the
classical markers of GABAergic interneurons (e.g. Parvalbumin, CCK), are excited by cortical
input through the external capsule, and provide a major feed-forward inhibitory input onto
BLA pyramidal neurons (Marowsky et al., 2005). Thus, we sought to confirm that lateral
paracapsular (Ipcs) cells are also present in the rat BLA and to characterize ethanol modulation
of local and Ipcs inhibition in this brain region.

Using young Sprague-Dawley rats (4—6 weeks old) and immunohistochemical techniques to
look for GAD expression, we first confirmed that both local and Ipcs interneurons were present
in the rat BLA. As observed in the mouse, local interneurons were visualized as punctate
staining throughout the BLA while Ipcs cells appeared densely clustered along the BLA-
external capsule border. In addition, while the majority of local interneurons stained positive
for parvalbumin, Ipcs interneurons were devoid of this protein (Silberman et al., 2008).

We next used whole-cell patch clamp methods to record from BLA pyramidal neurons. Using
a standard paired-pulse protocol, we first demonstrated that we could discretely activate
GABAergic synapses arising from local and Ipcs interneurons and then examined their
sensitivity to ethanol. Notably, although ethanol potentiated both local and Ipcs evoked IPSCs
(elIPSCs) to a similar extent, across a range of pharmacologically relevant concentrations (10—
80 mM), the mechanism of ethanol action differed markedly at these two pathways. Ethanol
potentiation of local elPSCs was associated with a decrease in paired pulse ratio and could be
significantly enhanced by pretreatment with a GABAg receptor antagonist, SCH-50911. In
addition, pretreatment with a low concentration of the GABAg receptor agonist baclofen
significantly reduced ethanol potentiation of local eIPSCs. These effects are very similar to
those observed in the hippocampus where several studies have demonstrated that ethanol
enhances GABAergic inhibition primarily via a presynaptic facilitation of GABA release
(Ariwodola and Weiner, 2004; Li et al., 2006).

In contrast, ethanol had no effect on PPR at Ipcs synapses and ethanol potentiation of Ipcs-
mediated inhibition was not influenced by pretreatment with either a GABAg receptor agonist
or antagonist. Interestingly, bath application of a GABAg receptor antagonist alone
significantly potentiated Ipcs, but not local, IPSCs, possibly suggesting higher ambient GABA
levels at Ipcs synapses.

Taken together, these initial studies demonstrated that ethanol significantly potentiated local
and Ipcs-mediated GABAergic inhibition in the BLA, consistent with the well-known
anxiolytic effects of this drug. Moreover, while ethanol potentiation of local GABAergic
synapses appears to be mediated via a presynaptic mechanism, common to several other brain
regions (Siggins et al., 2005; Weiner and Valenzuela, 2006), ethanol enhancement of Ipcs
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IPSCs does not involve a facilitation of terminal GABA release and may be mediated
postsynaptically.

While there are many potential mechanisms through which ethanol may enhance Ipcs synapses,
several lines of evidence point to a possible role of the B noradrenergic receptor system (B-
AR). Previous work in the cerebellum demonstrated that NE can enhance GABA receptor
function (Cheun and Yeh, 1996) and that B-AR function is required for postsynaptic facilitatory
effects of ethanol on GABA-mediated inhibition of Purkinje cell firing (Lin et al., 1991).
Interestingly, the BLA receives dense NE input from the locus coeruleus and other
noradrenergic brain regions via inputs near the external capsule (Fallon et al., 1978; Roder and
Ciriello, 1993) where Ipcs interneurons are localized and B-AR activation has been shown to
suppress LTP in the BLA. We therefore tested the hypothesis that ethanol potentiation of Ipcs
synapses may be dependent on B-AR activation. Our initial studies demonstrated that 20 uM
NE significantly potentiated Ipcs, but not local, IPSCs and this effect was completely blocked
by pretreatment with a cocktail of a1, 02, and B-AR antagonists. In addition, although
pretreatment with this antagonist cocktail had no effect on its own, this cocktail significantly
and selectively reduced ethanol potentiation of Ipcs synapses. Additional preliminary studies
suggest that pretreatment with a B-AR antagonist alone can significantly antagonize ethanol
potentiation of Ipcs IPSCs.

In summary, our findings suggest that ethanol significantly enhances GABAergic synaptic
inhibition arising from both local and Ipcs interneurons in the BLA. Therefore, acute ethanol
exposure increases both cortical feed-forward inhibition as well as local feedback inhibition
onto the primary excitatory output cells of the BLA. Since increases in BLA GABAergic
inhibition are associated with decreases in anxiety-like behavior, ethanol enhancement of these
two inhibitory pathways likely contributes to the acute anxiolytic effects of this drug. Given
the important role that anxiety is thought to play in the etiology of alcohol abuse, it will be
important in future studies to further resolve the specific mechanisms through which ethanol
enhances GABAergic inhibition at local and Ipcs synapses and to examine how these pathways
may be influenced by chronic ethanol exposure and withdrawal.

Glutamate, GABA, and Amygdala-Dependent Anxiety: Tipping the Balance
with Chronic Ethanol and Withdrawal

Anna K. Lack, Marvin R. Diaz, Daniel T. Christian, Ann M. Chappell, and Brian A. McCool

The lateral/basolateral amygdala (BLA) is a central component of the brain’s fear/anxiety
circuit and acts as the primary input nuclei of the amygdala. For example, the BLA receives
extensive input from sensory/limbic/insular cortex (Ong et al., 2000) and thalamic nuclei (Ong
et al., 2000). The region in turn provides major excitatory input to the neighboring central
nucleus (Nose et al., 1991), to the nucleus accumbens (North et al., 1987), and has extensive
reciprocal connections with medial prefrontal and orbitofrontal cortex (Krettek and Price,
1978; Porrino et al., 1981). Communication within the context of these important anatomical
relationships appears to be governed by the balance between excitatory and inhibitory
neurotransmission within the BLA (Sanders and Shekhar, 1995; Sajdyk and Shekhar, 1997a).

The privileged position held by the BLA within the fear/anxiety circuit may sub serve its central
role in drug abuse-related behaviors. For example, the BLA appears to be critical for cue-

induced re-instatement of cocaine (Fuchs et al., 2006) and heroin (Rizos et al., 2005) seeking
in rodents following chronic exposure. Consistent with these observations, long-term cocaine
and morphine self-administration increases the expression of BLA glutamate-gated ion channel
subunits (Panchenko et al., 1999; Brunton et al., 2005). Likewise, chronic ingestion of an

ethanol-containing liquid diet increases NMDA-type glutamate receptor function measured in
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acutely isolated rat BLA neurons (Samson et al., 1997). These findings suggest that altered
glutamatergic signaling in the BLA following chronic drug exposure may be a common
characteristic shared by drugs of abuse. Importantly, the relationships between increased
glutamate receptor expression or function, BLA neurophysiology, and withdrawal-related
anxiety-like behavior have been largely unexplored.

We have recently employed a chronic intermittent ethanol inhalation paradigm (Becker and
Hale, 1993) to investigate this relationship. Male Sprague-Dawley rats received twelve hours
of ethanol vapor for ten consecutive days. Experimental groups consisted of individuals housed
in identical conditions but receiving only air during the ten day period (CON), ethanol-exposed
individuals where measures were made immediately following the tenth ethanol exposure,
while animals were still intoxicated (CIE), and ethanol-exposed individuals withdrawn from
the ethanol treatment for twenty-four hours (WD). Alterations in BLA neurophysiology were
assessed using both whole-cell patch clamp electrophysiology and field potential recordings.
Behavioral manifestations within these treatment groups were assessed using a light/dark test
for anxiety-like behavior. In some experiments, glutamate receptor agonists or antagonists were
microinjected into the BLA using standard procedures.

Consistent with previous work showing that chronic ethanol liquid diet exposure increases
NMDA receptor function in isolated BLA neurons, CIE and WD increased the function of
synaptic NMDA receptors recorded from principal neurons within BLA coronal brain slices
(Lack et al., 2007). This increase was evident using two independent measures. First, the ratio
of NMDA.- to AMPA-mediated synaptic responses, measured by first examining the amplitude
of acompound synaptic response and then inhibiting the AMPA-component with the antagonist
DNQX, was significantly larger in both CIE and WD neurons. Second, an NMDA-specific
stimulus-response relationship was significantly greater in CIE and WD neurons across a range
of stimulus intensities. These data suggest that, like many brain regions, chronic ethanol/
withdrawal increase synaptic function of NMDA receptors in the BLA.

Kainate receptor (KAR)-mediated synaptic responses can be measured in BLA neurons (Li
and Rogawski, 1998). And, these receptors can initiate long-term increases in synaptic strength
that are distinct from other forms of synaptic plasticity in the BLA (Li etal., 1998). Importantly,
KAR-mediated synaptic responses in BLA neurons are acutely sensitive to ethanol and are
more potently inhibited than NMDA receptor synaptic responses expressed in these same
neurons (Lack et al., 2008). KAR-mediated synaptic plasticity was likewise inhibited by acute
ethanol. Chronic ethanol exposure increased KAR-mediated synaptic responses relative to both
CON and WD neurons (Lack et al., 2009). Thus, CIE-dependent increases in KAR synaptic
function are transient. However, KAR-mediated synaptic plasticity was diminished in both
CIE and WD BLA neurons. This suggests that CIE/WD either 1) inhibits the mechanisms
required to establish KAR-dependent synaptic plasticity or 2) engages the mechanisms
responsible for the expression of synaptic plasticity and thus occlude the subsequent in vitro
initiation in CIE and WD BLA slices.

Expression of synaptic plasticity depends upon AMPA receptor-dependent transmission in
many brain regions including the BLA. Along these lines, CIE and WD both significantly
increased spontaneous AMPA-mediated synaptic transmission in BLA neurons. This increase
appeared to involve both increased postsynaptic AMPA receptor function as well as increased
presynaptic release of glutamate (Lack et al., 2007). These data suggest that the CIE/WD-
dependent decrease in KAR-mediated synaptic plasticity was more likely related to an
activation of AMPA-related mechanisms required for the expression of synaptic plasticity.
Consistent with this interpretation, BLA field EPSPs stimulus-response relationships were
increased in both CIE and WD treatment groups (Lack et al., 2009).
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The behavioral manifestations related to increased BLA-dependent glutamate signaling,
particularly subsequent to chronic ethanol exposure or withdrawal, have not been examined.
WD, but not CIE, significantly increased anxiety-like behavior measured in the light/dark
apparatus (Lack etal., 2007). Importantly, this increase in anxiety-like behavior was alleviated
by microinjection of the AMPA receptor antagonist, DNQX, into the BLA of WD animals.
These data suggest that increased BLA glutamatergic synaptic transmission during WD may
contribute to increased anxiety-like behavior in this group. In contrast, the absence of a
significant anxiety-related phenotype in CIE animals contrasts with the increased
glutamatergic function in the BLA of these animals. Since the balance between excitatory and
inhibitory BLA neurotransmitters is known to regulate anxiety-like behavior (Sanders and
Shekhar, 1995; Sajdyk and Shekhar, 1997b), our data suggests that ethanol-sensitive inhibitory
systems (e.g. GABA) may make substantial contributions to the regulation of anxiety-like
behavior in intoxicated animals.

In conclusion, we’ve recently shown that chronic intermittent ethanol inhalation and
subsequent withdrawal engage and up-regulate BLA glutamate receptor systems. These
alcohol-dependent alterations largely parallel those responsible for cue-dependent synaptic
plasticity during classical fear learning (Walker and Davis, 2002). Together, these findings
suggest that treatments or physiological/psychological paradigms that reverse or ameliorate
cue-related fear learning may have some efficacy for reversing or diminishing synaptic
alterations resulting from chronic ethanol exposure and withdrawal.

SUMMARY

The results of these studies provide new insight into some of the modulatory mechanisms that
regulate fast synaptic communication within brain regions involved in both reward and stress/
anxiety systems. In particular, CRF signaling has emerged as an important presynaptic
regulator of excitatory and inhibitory synaptic transmission in some of these areas. In the
BNST, activation of CRF-R1s mediates dopamine enhancement of glutamate release (Kash et
al., 2008), while CRF-R1s in the CeA can influence basal GABAergic tone and enhance GABA
release through a PKCeg-dependent mechanism (Bajo et al., 2008). These data suggest that CRF
plays an important role in setting the delicate balance between excitation and inhibition in brain
circuits that likely influence ethanol self-administration, stress, and anxiety-like behaviors. In
fact, at least within the CeA, CRF-R1 activation is required for ethanol enhancement of
GABAergic transmission (Nie et al., 2004; Bajo et al., 2008). Additional studies will be needed
to elucidate the behavioral significance of these findings and importantly, to determine how
the CRF system in these, and other, brain regions adapts following chronic ethanol exposure.
However, the observations that CRF-R1 antagonists can have anxiolytic properties (Takahashi,
2001; Holsboer and Ising, 2008) and are particularly effective at reducing alcohol drinking in
stressed (Marinelli et al., 2007; Lowery et al., 2008) or ethanol-dependent (Funk et al., 2007;
Gilpin et al., 2008) animals suggest that dysregulation of CRF-R1 signaling may play an
integral role in the development of alcoholism.

In the BLA, new evidence was presented describing two distinct inhibitory pathways that
regulate excitability in this brain region. Ethanol significantly enhanced both of these inhibitory
pathways, consistent with this drug’s well-known anxiolytic properties. However the
mechanisms underlying these effects were quite different. Although ethanol enhanced local
GABAergic inhibition via a presynaptic mechanism that was tightly regulated by GABAg
receptor activity, ethanol potentiation of Ipcs-mediated inhibition was not modulated by
GABAg receptor activity nor was it associated with an increase in terminal GABA release
probability (Silberman et al., 2008). In contrast, ethanol enhancement of Ipcs IPSCs did require
B-NE receptor activation, as previously shown for ethanol potentiation of GABA inhibition of
Purkinje cell firing (Lin et al., 1991). Additional studies will be needed to further characterize
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the mechanisms underlying ethanol facilitation of local and Ipcs-mediated GABAergic
inhibition in the BLA and, importantly, to determine how these pathways adapt following
repeated ethanol exposure and withdrawal. Interestingly, baclofen (a GABARgR agonist) has
been shown in animal and human studies to reduce measures of alcohol intake, craving and
relapse (Addolorato et al., 2002b; Addolorato et al., 2002a; Colombo et al., 2004; Flannery et
al., 2004). The observation that baclofen pretreatment significantly reduced the acute
potentiating effect of ethanol of local BLA IPSCs may provide a possible neurobiological
mechanism that contributes to the efficacy of this drug as a treatment for alcoholism. It will be
of interest in future studies to examine the effect of intra-BLA manipulations of the GABAg
and B-NE receptor systems on ethanol drinking and measures of ethanol-mediated anxiolysis.

Finally, it was shown that chronic ethanol exposure and withdrawal have profound
neuroadaptive effects on excitatory synaptic transmission in the BLA. A ten day intermittent
inhalation procedure resulted in significant increases in NMDA and KA receptor function as
well as increased pre- and postsynaptic measures of AMPA receptor-gated synaptic excitation
(Lack et al., 2007). Importantly, although enhanced glutamatergic transmission was evident
immediately after the chronic ethanol treatment, increases in behavioral measures of anxiety-
related behavior only emerged during withdrawal. As noted by these authors, since the
expression of anxiety-related behaviors is largely governed by the balance between excitatory
and inhibitory transmission in brain regions like the BLA, it seems likely that the acute
facilitatory effects of ethanol on GABAergic inhibition in this, and other brain regions, may
counter the hyperglutamatergic activity that develops during chronic ethanol treatment.
Interestingly, several studies have demonstrated that tolerance does not develop to the acute
potentiating effects of ethanol on GABAergic synapses in several brain regions within the
stress/anxiety circuitry (Kang etal., 1998; Roberto et al., 2004b). The persistence of these acute
effects of ethanol on GABAergic inhibition, particularly in the presence of increased
glutamatergic excitation, provides a plausible neurobiological mechanism that may help
explain the increased saliency of ethanol’s negative reinforcing effects that is thought to emerge
during the progression of alcohol dependence (Koob, 2004; Koob and Le Moal, 2008).

In conclusion, these studies demonstrate that acute and chronic ethanol exposure have profound
effects on the balance between excitatory and inhibitory synaptic transmission in several key
brain regions within the stress/anxiety circuitry. These studies also highlight new synaptic
elements that either potently modulate synaptic communication in these regions (e.g. CRF-
R1s) and/or significantly alter ethanol effects on synaptic activity in these circuits (e.g.
GABAB-Rs, B-ARs). These findings, along with those of many other studies, suggest that
drugs that can selectively target some of these synaptic elements may prove to be effective
pharmacotherapies for the treatment of alcohol addiction.

Acknowledgments

This work was supported by NIH grants AA017039 (Y.S.), AA017576 (M.R.D.), AA017668 and AA016025 (T.L.K.),
AA10994 and AA013498 (G.R.S.), AA013588 (R.0.M.), DA 019112 and AA 013641 (D.G.W.), AA016985,
AA015566 and AA06420 (M.R.), AA014445, AA016671, and AA017053 (B.A.W.), AA013960 and AA017053
(LW,

REFERENCES CITED

Addolorato G, Caputo F, Capristo E, Domenicali M, Bernardi M, Janiri L, Agabio R, Colombo G, Gessa
GL, Gasbarrini G. Baclofen efficacy in reducing alcohol craving and intake: a preliminary double-
blind randomized controlled study. Alcohol Alcohol 2002a;37:504-508. [PubMed: 12217947]

Addolorato G, Caputo F, Capristo E, Janiri L, Bernardi M, Agabio R, Colombo G, Gessa GL, Gasbarrini
G. Rapid suppression of alcohol withdrawal syndrome by baclofen. Am J Medicine 2002b;112:226—
229.

Alcohol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silberman et al.

Page 12

Ariwodola OJ, Weiner JL. Ethanol potentiation of GABAergic synaptic transmission may be self-
limiting: role of presynaptic GABA(B) receptors. J Neurosci 2004;24:10679-10686. [PubMed:
15564584]

Bajo M, Cruz MT, Siggins GR, Messing R, Roberto M. Protein kinase C epsilon mediation of CRF- and
ethanol-induced GABA release in central amygdala. Proc Natl Acad Sci USA 2008;105:8410-8415.
[PubMed: 18541912]

Balleine BW, Killcross S. Parallel incentive processing: an integrated view of amygdala function. Trends
Neurosci 2006;29:272-279. [PubMed: 16545468]

Becker HC, Hale RL. Repeated episodes of ethanol withdrawal potentiate the severity of subsequent
withdrawal seizures: an animal model of alcohol withdrawal “kindling”. Alcohol Clin Exp Res
1993;17:94-98. [PubMed: 8452212]

Becker HC, Lopez MF. Increased ethanol drinking after repeated chronic ethanol exposure and
withdrawal experience in C57BL/6 mice. Alcohol Clin Exp Res 2004;28:1829-1838. [PubMed:
15608599]

Borgland SL, Taha SA, Sarti F, Fields HL, Bonci A. Orexin A in the VTA is critical for the induction of
synaptic plasticity and behavioral sensitization to cocaine. Neuron 2006;49:589-601. [PubMed:
16476667]

Bradizza CM, Stasiewicz PR, Paas ND. Relapse to alcohol and drug use among individuals diagnosed
with co-occurring mental health and substance use disorders: a review. Clin Psychol Rev 2006;26:162—
178. [PubMed: 16406196]

Brunton, L.; Parker, K.; Lazo, J.; Buxton, I.; Blumenthal, D. Goodman and Gilman’s Pharmacological

Basis of Therapeutics. 11. McGraw-Hill; 2005.

Carboni E, Silvagni A, Rolando MT, Di Chiara G. Stimulation of in vivo dopamine transmission in the
bed nucleus of stria terminalis by reinforcing drugs. J Neurosci 2000;20:RC102. [PubMed:
11027253]

Cassell MD, Freedman LJ, Shi C. The intrinsic organization of the central extended amygdala. Ann NY
Acad Sci 1999;877:217-241. [PubMed: 10415652]

Chalmers DT, Lovenberg TW, Grigoriadis DE, Behan DP, De Souza EB. Corticotrophin-releasing factor
receptors: from molecular biology to drug design. Trends Pharmacol Sci 1996;17:166-172.
[PubMed: 8984745]

Cheun JE, Yeh HH. Noradrenergic potentiation of cerebellar Purkinje cell responses to GABA: cyclic
AMP as intracellular intermediary. Neuroscience 1996;74:835-844. [PubMed: 8884779]

Choi DS, Wang D, Dadgar J, Chang WS, Messing RO. Conditional rescue of protein kinase C epsilon
regulates ethanol preference and hypnotic sensitivity in adult mice. J Neurosci 2002;22:9905-9911.
[PubMed: 12427847]

Chu K, Koob GF, Cole M, Zorrilla EP, Roberts AJ. Dependence-induced increases in ethanol self-
administration in mice are blocked by the CRF1 receptor antagonist antalarmin and by CRF1 receptor
knockout. Pharmacol Biochem Behav 2007;86:813-821. [PubMed: 17482248]

Colombo G, Addolorato G, Agabio R, Carai MA, Pibiri F, Serra S, Vacca G, Gessa GL. Role of GABA
(B) receptor in alcohol dependence: reducing effect of baclofen on alcohol intake and alcohol
motivational properties in rats and amelioration of alcohol withdrawal syndrome and alcohol craving
in human alcoholics. Neurotox Res 2004;6:403-414. [PubMed: 15545024]

Cosci F, Schruers KR, Abrams K, Griez EJ. Alcohol use disorders and panic disorder: a review of the
evidence of a direct relationship. J Clin Psychiatry 2007;68:874-880. [PubMed: 17592911]

Davis LL, Trivedi M, Choate A, Kramer GL, Petty F. Growth hormone response to the GABAB agonist
baclofen in major depressive disorder. Psychoneuroendocrinology 1997;22:129-140. [PubMed:
9203224]

Davis M, Rainnie D, Cassell M. Neurotransmission in the rat amygdala related to fear and anxiety. Trends
Neurosci 1994;17:208-214. [PubMed: 7520203]

Day HE, Curran EJ, Watson SJ Jr, Akil H. Distinct neurochemical populations in the rat central nucleus
of the amygdala and bed nucleus of the stria terminalis: evidence for their selective activation by
interleukin-1beta. J Comp Neurol 1999;413:113-128. [PubMed: 10464374]

Alcohol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silberman et al.

Page 13

Dumont EC, Mark GP, Mader S, Williams JT. Self-administration enhances excitatory synaptic
transmission in the bed nucleus of the stria terminalis. Nat Neurosci 2005;8:413-414. [PubMed:
15735642]

Eiler WJ 2nd, Seyoum R, Foster KL, Mailey C, June HL. D1 dopamine receptor regulates alcohol-
motivated behaviors in the bed nucleus of the stria terminalis in alcohol-preferring (P) rats. Synapse
2003;48:45-56. [PubMed: 12557272]

Fadda F, Mosca E, Meloni R, Gessa GL. Suppression by progabide of ethanol withdrawal syndrome in
rats. Eur J Pharmacol 1985;109:321-325. [PubMed: 2985405]

Fallon JH, Koziell DA, Moore RY. Catecholamine innervation of the basal forebrain. I1 Amygdala,
suprarhinal cortex and entorhinal cortex. J Comp Neurol 1978;180:509-532. [PubMed: 659673]

Flannery BA, Garbutt JC, Cody MW, Renn W, Grace K, Oshorne M, Crosby K, Morreale M, Trivette
A. Baclofen for alcohol dependence: a preliminary open-label study. Alcohol Clin Exp Res
2004;28:1517-1523. [PubMed: 15597084]

Fox HC, Bergquist KL, Hong KI, Sinha R. Stress-induced and alcohol cue-induced craving in recently
abstinent alcohol-dependent individuals. Alcohol Clin Exp Res 2007;31:395-403. [PubMed:
17295723]

Fuchs RA, Feltenstein MW, See RE. The role of the basolateral amygdala in stimulus-reward memory
and extinction memory consolidation and in subsequent conditioned cued reinstatement of cocaine
seeking. Eur J Neurosci 2006;23:2809-2813. [PubMed: 16817884]

Funk CK, Zorrilla EP, Lee MJ, Rice KC, Koob GF. Corticotropin-releasing factor 1 antagonists
selectively reduce ethanol self-administration in ethanol-dependent rats. Biol Psychiatry 2007;61:78—
86. [PubMed: 16876134]

Georges F, Aston-Jones G. Activation of ventral tegmental area cells by the bed nucleus of the stria
terminalis: a novel excitatory amino acid input to midbrain dopamine neurons. J Neurosci
2002;22:5173-5187. [PubMed: 12077212]

Gilpin NW, Richardson HN, Koob GF. Effects of CRF1-receptor and opioid-receptor antagonists on
dependence-induced increases in alcohol drinking by alcohol-preferring (P) rats. Alcohol Clin Exp
Res 2008;32:1535-1542. [PubMed: 18631323]

Grueter BA, McElligott ZA, Robison AJ, Mathews GC, Winder DG. In vivo metabotropic glutamate
receptor 5 (MGIuR5) antagonism prevents cocaine-induced disruption of postsynaptically maintained
mGIuR5-dependent long-term depression. J Neurosci 2008;28:9261-9270. [PubMed: 18784306]

Heilig M, Egli M. Pharmacological treatment of alcohol dependence: target symptoms and target
mechanisms. Pharmacol Ther 2006;111:855-876. [PubMed: 16545872]

Heilig M, Koob GF. A key role for corticotropin-releasing factor in alcohol dependence. Trends Neurosci
2007;30:399-406. [PubMed: 17629579]

Hodge CW, Mehmert KK, Kelley SP, McMahon T, Haywood A, Olive MF, Wang D, Sanchez-Perez
AM, Messing RO. Supersensitivity to allosteric GABA(A) receptor modulators and alcohol in mice
lacking PKCepsilon. Nat Neurosci 1999;2:997-1002. [PubMed: 10526339]

Hodge CW, Raber J, McMahon T, Walter H, Sanchez-Perez AM, Olive MF, Mehmert K, Morrow AL,
Messing RO. Decreased anxiety-like behavior, reduced stress hormones, and neurosteroid
supersensitivity in mice lacking protein kinase Cepsilon. J Clin Invest 2002;110:1003-1010.
[PubMed: 12370278]

Holsboer F, Ising M. Central CRH system in depression and anxiety--evidence from clinical studies with
CRHL1 receptor antagonists. Eur J Pharmacol 2008;583:350-357. [PubMed: 18272149]

Hyytia P, Koob GF. GABAA receptor antagonism in the extended amygdala decreases ethanol self-
administration in rats. Eur J Pharmacol 1995;283:151-159. [PubMed: 7498304]

Kang MH, Spigelman I, Olsen RW. Alteration in the sensitivity of GABA(A) receptors to allosteric
modulatory drugs in rat hippocampus after chronic intermittent ethanol treatment. Alcohol Clin Exp
Res 1998;22:2165-2173. [PubMed: 9884165]

Kash TL, Nobis WP, Matthews RT, Winder DG. Dopamine enhances fast excitatory synaptic
transmission in the extended amygdala by a CRF-R1-dependent process. J Neurosci 2008;28:13856—
13865. [PubMed: 19091975]

Alcohol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silberman et al.

Page 14

Kessler RC, Crum RM, Warner LA, Nelson CB, Schulenberg J, Anthony JC. Lifetime co-occurrence of
DSM-111-R alcohol abuse and dependence with other psychiatric disorders in the National
Comorbidity Survey. Arch Gen Psychiatry 1997;54:313-321. [PubMed: 9107147]

Kim Y, Park MK, Uhm DY, Chung S. Modulation of T-type Ca2+ channels by corticotropin-releasing
factor through protein kinase C pathway in MN9D dopaminergic cells. Biochem Biophys Res
Commun 2007;358:796-801. [PubMed: 17506983]

Kliethermes CL. Anxiety-like behaviors following chronic ethanol exposure. Neurosci Biobehav Rev
2005;28:837-850. [PubMed: 15642625]

Koob GF, Le Moal M. Drug addiction, dysregulation of reward, and allostasis.
Neuropsychopharmacology 2001;24:97-129. [PubMed: 11120394]

Koob GF. A role for GABA mechanisms in the motivational effects of alcohol. Biochem Pharmacol
2004;68:1515-1525. [PubMed: 15451394]

Koob GF, Le Moal M. Plasticity of reward neurocircuitry and the ‘dark side’ of drug addiction. Nat
Neurosci 2005;8:1442-1444. [PubMed: 16251985]

Koob GF, Le Moal M. Addiction and the Brain Antireward System. Annu Rev Psychol 2008;59:29-53.
[PubMed: 18154498]

Krettek JE, Price JL. Amygdaloid projections to subcortical structures within the basal forebrain and
brainstem in the rat and cat. J Comp Neurol 1978;178:225-254. [PubMed: 627625]

Kushner MG, Sher KJ, Erickson DJ. Prospective analysis of the relation between DSM-I1I anxiety
disorders and alcohol use disorders. Am J Psychiatry 1999;156:723-732. [PubMed: 10327905]

Kushner MG, Abrams K, CB. The relationship between anxiety disorders and alcohol use disorders: a
review of major perspectives and findings. Clin Psychology Rev 2000a;20:149-171.

Kushner MG, Abrams K, Thuras P, Thuras P, Hanson KL. Individual differences predictive of drinking
to manage anxiety among non-problem drinkers with panic disorder. Alcohol Clin Exp Res 2000b;
24:448-458. [PubMed: 10798580]

Kushner MG, Abrams K, Thuras P, Hanson KL, Brekke M, Sletten S. Follow-up study of anxiety disorder
and alcohol dependence in comorbid alcoholism treatment patients. Alcohol Clin Exp Res
2005;29:1432-1443. [PubMed: 16131851]

Lack AK, Ariwodola OJ, Chappel A, Weiner JL, McCool BA. Ethanol inhibition of kainate receptor-
mediated excitatory neurotransmission in the rat basolateral nucleus of the amygdala.
Neuropharmacology. 2008

Lack AK, Christian DT, Diaz MR, McCool BA. Chronic ethanol and withdrawal effects on kainate
receptor mediated excitatory neurotransmission in the rat basolateral amygdala. Alcohol. 2009 in
press.

Lack AK, Diaz MR, Chappell A, DuBois DW, McCool BA. Chronic ethanol and withdrawal differentially
modulate pre- and postsynaptic function at glutamatergic synapses in rat basolateral amygdala. J
Neurophysiol 2007;98:3185-3196. [PubMed: 17898152]

LeDoux JE. Emotional memory: in search of systems and synapses. Ann NY Acad Sci 1993;702:149—
157. [PubMed: 8109874]

Le Moal M, Koob GF. Drug addiction: pathways to the disease and pathophysiological perspectives. Eur
Neuropsychopharmacol 2007;17:377-393. [PubMed: 17169534]

Li H, Rogawski MA. GIuR5 kainate receptor mediated synaptic transmission in rat basolateral amygdala
in vitro. Neuropharmacology 1998;37:1279-1286. [PubMed: 9849665]

Li H, Weiss SR, Chuang DM, Post RM, Rogawski MA. Bidirectional synaptic plasticity in the rat
basolateral amygdala: characterization of an activity-dependent switch sensitive to the presynaptic
metabotropic glutamate receptor antagonist 2S-alpha-ethylglutamic acid. J Neurosci 1998;18:1662—
1670. [PubMed: 9464991]

Li Q, Wilson WA, Swartzwelder HS. Developmental differences in the sensitivity of spontaneous and
miniature IPSCs to ethanol. Alcohol Clin Exp Res 2006;30:119-126. [PubMed: 16433739]

Lin AM, Freund RK, Palmer MR. Ethanol potentiation of GABA- induced electrophysiological responses
in cerebellum: requirement for catecholamine modulation. Neurosci Lett 1991;122:154-158.
[PubMed: 2027515]

Alcohol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silberman et al.

Page 15

Lopez MF, Becker HC. Effect of pattern and number of chronic ethanol exposures on subsequent
voluntary ethanol intake in C57BL/6J mice. Psychopharmacology (Berl) 2005;181:688-696.
[PubMed: 16001125]

Lowery EG, Sparrow AM, Breese GR, Knapp DJ, Thiele TE. The CRF-1 receptor antagonist,
CP-154,526, attenuates stress-induced increases in ethanol consumption by BALB/cJ mice. Alcohol
Clin Exp Res 2008;32:240-248. [PubMed: 18162074]

Marinelli PW, Funk D, Juzytsch W, Harding S, Rice KC, Shaham Y, Le AD. The CRF1 receptor
antagonist antalarmin attenuates yohimbine-induced increases in operant alcohol self-administration
and reinstatement of alcohol seeking in rats. Psychopharmacology (Berl) 2007;195:345-355.
[PubMed: 17705061]

Marowsky A, Yanagawa Y, Obata K, Vogt KE. A specialized subclass of interneurons mediates
dopaminergic facilitation of amygdala function. Neuron 2005;48:1025-1037. [PubMed: 16364905]

Mascagni F, McDonald AJ. Immunohistochemical characterization of cholecystokinin containing
neurons in the rat basolateral amygdala. Brain Res 2003;976:171-184. [PubMed: 12763251]

McDonald AJ, Mascagni F. Immunohistochemical characterization of somatostatin containing
interneurons in the rat basolateral amygdala. Brain Res 2002;943:237-244. [PubMed: 12101046]

Menard J, Treit D. Effects of centrally administered anxiolytic compounds in animal models of anxiety.
Neurosci Biobehav Rev 1999;23:591-613. [PubMed: 10073896]

Merlo Pich E, Lorang M, Yeganeh M, Rodriguez de Fonseca F, Raber J, Koob GF, Weiss F. Increase of
extracellular corticotropin-releasing factor-like immunoreactivity levels in the amygdala of awake
rats during restraint stress and ethanol withdrawal as measured by microdialysis. J Neurosci
1995;15:5439-5447. [PubMed: 7643193]

Miller WR, Harris RJ. A simple scale of Gorski’s warning signs for relapse. J Stud Alcohol 2000;61:759—
765. [PubMed: 11022817]

Muller JF, Mascagni F, McDonald AJ. Postsynaptic targets of somatostatin-containing interneurons in
the rat basolateral amygdala. J Comp Neurol 2007;500:513-529. [PubMed: 17120289]

Nie Z, Schweitzer P, Roberts AJ, Madamba SG, Moore SD, Siggins GR. Ethanol augments GABAergic
transmission in the central amygdala via CRF1 receptors. Science 2004;303:1512-1514. [PubMed:
15001778]

North RA, Williams JT, Surprenant A, Christie MJ. Mu and delta receptors belong to a family of receptors
that are coupled to potassium channels. Proc Natl Acad Sci USA 1987;84:5487-5491. [PubMed:
2440052]

Nose I, Higashi H, Inokuchi H, Nishi S. Synaptic responses of guinea pig and rat central amygdala neurons
in vitro. J Neurophysiol 1991;65:1227-1241. [PubMed: 1678422]

Olive MF, Mehmert KK, Messing RO, Hodge CW. Reduced operant ethanol self-administration and in
vivo mesolimbic dopamine responses to ethanol in PKCepsilon-deficient mice. Eur J Neurosci
2000;12:4131-4140. [PubMed: 11069609]

Olive MF, Koenig HN, Nannini MA, Hodge CW. Elevated extracellular CRF levels in the bed nucleus
of the stria terminalis during ethanol withdrawal and reduction by subsequent ethanol intake.
Pharmacol Biochem Behav 2002;72:213-220. [PubMed: 11900791]

Olive MF, Messing RO. Protein kinase C isozymes and addiction. Mol Neurobiol 2004;29:139-154.
[PubMed: 15126682]

Ong WY, Hu CY, Hijelle OP, Ottersen OP, Halliwell B. Changes in glutathione in the hippocampus of
rats injected with kainate: depletion in neurons and upregulation in glia. Exp Brain Res
2000;132:510-516. [PubMed: 10912831]

Overstreet DH, Knapp DJ, Breese GR. Modulation of multiple ethanol withdrawal-induced anxiety-like
behavior by CRF and CRF1 receptors. Pharmacol Biochem Behav 2004;77:405-413. [PubMed:
14751471]

Palchaudhuri MR, Wille S, Mevenkamp G, Spiess J, Fuchs E, Dautzenberg FM. Corticotropin-releasing
factor receptor type 1 from Tupaia belangeri--cloning, functional expression and tissue distribution.
Eur J Biochem 1998;258:78-84. [PubMed: 9851694]

Panchenko VA, Glasser CR, Partin KM, Mayer ML. Amino acid substitutions in the pore of rat glutamate
receptors at sites influencing block by polyamines. J Physiology 520 Pt 1999;2:337-357.

Alcohol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silberman et al.

Page 16

Phelix CF, Chen H, Trevino G, Lara JR, Liu G, Wayner MJ. Bicuculline sensitive depressor response to
ethanol infusion into the lateral hypothalamus. Alcohol 1999;19:177-185. [PubMed: 10548163]

Piazza PV, Le Moal M. The role of stress in drug self-administration. Trends Pharmacol Sci 1998;19:67—
74. [PubMed: 9550944]

Porrino LJ, Crane AM, Goldman-Rakic PS. Direct and indirect pathways from the amygdala to the frontal
lobe in rhesus monkeys. J Comp Neurol 1981;198:121-136. [PubMed: 6164704]

Potter E, Sutton S, Donaldson C, Chen R, Perrin M, Lewis K, Sawchenko PE, VVale W. Distribution of
corticotropin-releasing factor receptor mMRNA expression in the rat brain and pituitary. Proc Natl
Acad Sci USA 1994;91:8777-8781. [PubMed: 8090722]

Rassnick S, Heinrichs SC, Britton KT, Koob GF. Microinjection of a corticotropin-releasing factor
antagonist into the central nucleus of the amygdala reverses anxiogenic-like effects of ethanol
withdrawal. Brain Res 1993;605:25-32. [PubMed: 8467387]

Regier DA, Farmer ME, Rae DS, Locke BZ, Keith SJ, Judd LL, Goodwin FK. Comorbidity of mental
disorders with alcohol and other drug abuse. Results from the Epidemiologic Catchment Area (ECA)
Study. JAMA 1990;264:2511-2518. [PubMed: 2232018]

Rizos Z, Ovari J, Leri F. Reconditioning of heroin place preference requires the basolateral amygdala.
Pharmacol Biochem Behav 2005;82:300-305. [PubMed: 16182354]

Roberto M, Madamba SG, Stouffer DG, Parsons LH, Siggins GR. Increased GABA release in the central
amygdala of ethanol-dependent rats. J Neurosci 2004;24:10159-10166. [PubMed: 15537886]

Roberts AJ, Phillips TJ, Belknap JK, Finn DA, Keith LD. Genetic analysis of the corticosterone response
to ethanol in BXD recombinant inbred mice. Behav Neurosci 1995;109:1199-1208. [PubMed:
8748968]

Roberts AJ, Cole M, Koob GF. Intra-amygdala muscimol decreases operant ethanol self-administration
in dependent rats. Alcohol Clin Exp Res 1996;20:1289-1298. [PubMed: 8904984]

Roberts AJ, Heyser CJ, Cole M, Griffin P, Koob GF. Excessive ethanol drinking following a history of
dependence: animal model of allostasis. Neuropsychopharmacology 2000;22:581-594. [PubMed:
10788758]

Roder S, Ciriello J. Innervation of the amygdaloid complex by catecholaminergic cell groups of the
ventrolateral medulla. J Comp Neurol 1993;332:105-122. [PubMed: 7685779]

Sah P, Faber ES, Lopez De Armentia M, Power J. The amygdaloid complex: anatomy and physiology.
Physiol Rev 2003;83:803-834. [PubMed: 12843409]

Sajdyk TJ, Shekhar A. Excitatory amino acid receptor antagonists block the cardiovascular and anxiety
responses elicited by gamma-aminobutyric acid-A receptor blockade in the basolateral amygdala of
rats. J Pharmacol Exp Ther 1997a;283:969-977. [PubMed: 9411030]

Sajdyk TJ, Shekhar A. Excitatory amino acid receptors in the basolateral amygdala regulate anxiety
responses in the social interaction test. Brain Res 1997b;764:262-264. [PubMed: 9295221]

Samson HH, Hodge CW, Erickson HL, Niehus JS, Gerhardt GA, Kalivas PW, Floyd EA. The effects of
local application of ethanol in the n. accumbens on dopamine overflow and clearance. Alcohol
1997;14:485-492. [PubMed: 9305464]

Sanders SK, Shekhar A. Regulation of anxiety by GABAA receptors in the rat amygdala. Pharmacol
Biochem Behav 1995;52:701-706. [PubMed: 8587908]

Santucci AC, Cortes C, Bettica A, Cortes F. Chronic ethanol consumption in rats produces residual
increases in anxiety 4 months after withdrawal. Behav Brain Res 2008;188:24-31. [PubMed:
18061285]

Siggins GR, Roberto M, Nie Z. The tipsy terminal: Presynaptic effects of ethanol. Pharmacol Ther

2005;107:80-98. [PubMed: 15963352]

Silberman Y, Shi L, Brunso-Bechtold JK, Weiner JL. Distinct mechanisms of ethanol potentiation of
local and paracapsular GABAergic synapses in the rat basolateral amygdala. J Pharmacol Exp Ther
2008;324:251-260. [PubMed: 17921186]

Sinha R, Li CS. Imaging stress- and cue-induced drug and alcohol craving: association with relapse and
clinical implications. Drug Alcohol Rev 2007;26:25-31. [PubMed: 17364833]

Spies CD, Dubisz N, Funk W, Blum S, Muller C, Rommelspacher H, Brummer G, Specht M, Hannemann
L, Striebel HW. Prophylaxis of alcohol withdrawal syndrome in alcohol-dependent patients
admitted to the intensive care unit after tumour resection. Brit J Anaesthesia 1995;75:734-739.

Alcohol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silberman et al.

Page 17

Sun N, Cassell MD. Intrinsic GABAergic neurons in the rat central extended amygdala. J Comp Neurol
1993;330:381-404. [PubMed: 8385679]

Suzuki Y, Okada T, Shibuya M, Kageyama N, Asano M, Hidaka H. Gamma-aminobutyric acid-induced
contraction of the dog basilar artery. Pharmacology 1984;29:24-30. [PubMed: 6463098]

Takahashi LK. Role of CRF(1) and CRF(2) receptors in fear and anxiety. Neurosci Biobehav Rev
2001;25:627-636. [PubMed: 11801288]

Thomas MJ, Beurrier C, Bonci A, Malenka RC. Long-term depression in the nucleus accumbens: a neural
correlate of behavioral sensitization to cocaine. Nat Neurosci 2001;4:1217-1223. [PubMed:
11694884]

Tye KM, Stuber GD, de Ridder B, Bonci A, Janak PH. Rapid strengthening of thalamo-amygdala
synapses mediates cue-reward learning. Nature 2008;453:1253-1257. [PubMed: 18469802]

Valdez GR, Roberts AJ, Chan K, Davis H, Brennan M, Zorrilla EP, Koob GF. Increased ethanol self-
administration and anxiety-like behavior during acute ethanol withdrawal and protracted
abstinence: regulation by corticotropin-releasing factor. Alcohol Clin Exp Res 2002;26:1494-1501.
[PubMed: 12394282]

Walker DL, Davis M. The role of amygdala glutamate receptors in fear learning, fear-potentiated startle,
and extinction. Pharmacol Biochem Behav 2002;71:379-392. [PubMed: 11830172]

Walker DL, Davis M. Role of the extended amygdala in short-duration versus sustained fear: a tribute to
Dr. Lennart Heimer Brain Struct Funct 2008;213:29-42.

Washburn MS, Moises HC. Electrophysiological and morphological properties of rat basolateral
amygdaloid neurons in vitro. J Neurosci 1992;12:4066-4079. [PubMed: 1403101]

Watkins SS, Epping-Jordan MP, Koob GF, Markou A. Blockade of nicotine self-administration with
nicotinic antagonists in rats. Pharmacol Biochem Behav 1999;62:743-751. [PubMed: 10208381]

Weiner JL, Valenzuela CF. Ethanol modulation of GABAergic transmission: the view from the slice.
Pharmacol Ther 2006;111:533-554. [PubMed: 16427127]

Weiss F, Ciccocioppo R, Parsons LH, Katner S, Liu X, Zorrilla EP, Valdez GR, Ben-Shahar O, Angeletti
S, Richter RR. Compulsive drug-seeking behavior and relapse. Neuroadaptation, stress, and
conditioning factors. Ann NY Acad Sci 2001;937:1-26. [PubMed: 11458532]

Willinger U, Lenzinger E, Hornik K, Fischer G, Schonbeck G, Aschauer HN, Meszaros K. Anxiety as a
predictor of relapse in detoxified alcohol-dependent patients. Alcohol Alcohol 2002;37:609-612.
[PubMed: 12414556]

Woodruff AR, Sah P. Networks of parvalbumin-positive interneurons in the basolateral amygdala. J
Neurosci 2007;27:553-563. [PubMed: 17234587]

Alcohol. Author manuscript; available in PMC 2010 November 1.



