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Abstract

Synaptic plasticity in the most general terms represents the flexibility of neurotransmission in
response to neuronal activity. Synaptic plasticity is essential both for the moment-by-moment
modulation of neural activity in response to dynamic environmental cues and for long-term
learning and memory formation. These temporal characteristics are served by an array of pre- and
post-synaptic mechanisms that are frequently modulated by ethanol exposure. This modulation
likely makes significant contributions to both alcohol abuse and dependence. In this review, |
discuss the modulation of both short-term and long-term synaptic plasticity in the context of
specific ethanol-sensitive cellular substrates. A general discussion of the available preclinical,
animal-model based neurophysiology literature provides a comparison between results from in
vitro and in vivo studies. Finally, in the context of alcohol abuse and dependence, the review

proposes potential behavioral contributions by ethanol modulation of plasticity.
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1. Introduction — What is synaptic plasticity?

The chemical synapse allows both the complex integration of information among neurons
within a brain region as well as distant communication between distinct areas. Fine-tuning
the strength of these synapses, referred to synaptic plasticity, provides flexibility and
ultimately regulates behavioral outcomes associated with specific neural circuits. For
example, synaptic plasticity in brain regions like the hippocampus or amygdala has been
defined as making critical cellular contributions to learning and memory processes. It is
important to recognize that plasticity is a relative description. Synaptic strength can either be
facilitated or inhibited relative to some basal condition. This can create some caveats and
miss-understandings if there is not reliable information about the basal state of a particular
synapse. In addition to this directional characteristic, synaptic plasticity is also characterized
by the time-course over which it is expression, typically defined as either short-term
(spanning milliseconds-to-tens of minutes) or long-term (lasted hours-to-days or longer).
These directional and temporal characteristics are of course artificial demarcations with
some synapses expressing intermediate, mixed, or multiple phenotypes depending upon the
extracellular and intracellular environments and the experimental preparation. However,

1To whom correspondence should be addressed: Dept. Physiology & Pharmacology, Wake Forest University School of Medicine,
Medical Center Blvd., Winston-Salem NC 27157. Tel: 336-716-8608; Fax: 336-716-8501; bmccool@wfubmc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McCool

Page 2

important for the purposes of this review, distinct cellular mechanisms have been shown to
regulate both the direction and time-course. More important still, drugs of abuse and
particularly ethanol exposure can modulate these distinct mechanisms in dramatically
important ways. The available evidence suggests that synaptic plasticity confers behavioral
flexibility. Ethanol modulation of short- or long-term changes in synaptic strength may
therefore play a substantial role in the transition from abuse to addiction.

The current review focuses on ethanol modulation of glutamatergic and GABAergic
synaptic plasticity in the context of functional measures made with in vitro preparations
from young adult/adult animals. The reader is directed to additional reviews or primary
literature related to ethanol modulation of developmental plasticity (Berman and Hannigan,
2000; Klintsova et al., 2000; Medina and Krahe, 2008) and plasticity associated with other
neurotransmitter systems (Gottesfeld et al., 1989).

2. Ethanol Modulation of Synaptic Plasticity In Vitro
2.1. Short-term Plasticity

Short-term synaptic plasticity has historically been thought of as a presynaptic phenomena
related to calcium homeostasis in the synaptic terminal. At least on a time-frame relative to
the frequency of action potentials invading a presynaptic terminal, calcium concentrations
can raise substantially above resting levels due to incomplete clearance during closely-
spaced or trains of presynaptic depolarizations (Zucker and Regehr, 2002). The resulting
residual calcium can increase neurotransmitter release via a number of related mechanisms.
For example, residual calcium can regulate presynaptic calcium channel function (Cuttle et
al., 1998) such that subsequent depolarizations in the terminal result in greater or lesser
presynaptic calcium entry. Alternatively, residual calcium can modulate vesicle release
probability by directly regulating calcium-dependent components of the release machinery
or modulating the size of the readily releasable pool of synaptic vesicles (reviewed in (Neher
and Sakaba, 2008)). These mechanisms can alter synaptic responses across a wide range of
time frames depending upon the complexity of the signaling pathways required for their
initiation, expression, and down-regulation. This section focuses on the effects of acute
ethanol administration to tissue slices in vitro and the resulting modulation of synaptic
plasticity.

2.1.1. Ethanol modulation of Paired-pulse Plasticity—Experimentally, short-term
plasticity has commonly been studied following delivery of two stimuli with inter-stimulus
intervals ranging from tens to several hundred milliseconds. These paired pulses can lead to
transient facilitation of the second synaptic response of the pair at synapses either
characterized by a low intrinsic release probability or following treatments that decrease
release probability. Conversely, paired-pulse depression, where the second synaptic
response is smaller than the first, is typically found at synapses with a high intrinsic release
probability or following treatments that enhance presynaptic neurotransmitter release. The
paired pulse ratio calculated from these synaptic responses is therefore inversely related to
release probability (Katz et al., 1993). This approach has been used extensively to study the
presynaptic effects of ethanol. A wide variety effects are evident in the literature and we
have summarized several of these below and in Table 1.

At glutamatergic synapses for example, acute ethanol can either enhance or inhibit synaptic
responses to paired stimuli depending upon the brain region and developmental age of the
preparation. Ethanol enhances paired-pulse facilitation at neonatal rat CA3 hippocampal
synapses suggesting that it inhibits glutamate release onto these neurons. This modulation is
occluded by antagonists of presynaptic N-type voltage-gated calcium channels in a
developmentally regulated fashion (Mameli et al., 2005). Ethanol similarly decreases
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presynaptic glutamate release in adult central amygdala synapses (Zhu et al., 2007) and CAl
hippocampal synapses (Hendricson et al., 2004). The Zhu et al. study and parallel studies by
the Morrisett lab (Maldve et al., 2004) suggest that presynaptic calcium channels might be
the target for the presynaptic effects of ethanol on glutamate terminals in both cases.
Although the precise molecular character of presynaptic calcium channels that might confer
acute ethanol sensitivity is not clear, ethanol-induced release of other modulatory
neurotransmitters acting specifically on these channels should not be ruled out. For example,
ethanol can enhance presynaptic GABA release (see below) which subsequently activates
inhibitory presynaptic GABAg hetero-receptors located on glutamate terminals (Steffensen
et al., 2000). Acute ethanol can also enhance glutamate release (decrease paired-pulse
facilitation or increase paired-pulse depression) at some glutamate synapses. In postnatal
day 3—-4 CA1 hippocampus for example, ethanol enhances the production of pregnenolone-
like neuroactive steroids (Caldeira et al., 2004) that facilitate the presynaptic, calcium-
permeable, NMDA-type glutamate receptors expressed by neonatal rats (Mameli and
Valenzuela, 2006). Acute ethanol similarly decreases paired-pulse facilitation of glutamate
synapses in VTA dopamine neurons from P22-32 rats but via an entirely distinct signaling
pathway. Here, ethanol stimulates local dopamine release which activate stimulatory D1
dopamine receptors that enhance glutamate release (Xiao et al., 2009). These D1-mediated
effects are sensitive to tetrodotoxin (TTX) suggesting that voltage-dependent processes
stimulate either presynaptic signaling pathways (Chu et al., 2010) or the release of
postsynaptic retrograde messengers (Andre et al., 2010; Yang, 1999). Acute ethanol
modulation of paired-pulse glutamatergic plasticity thus can involve a variety of pre- and
post-synaptic elements. However, the precise intra-terminal signaling cascades remain to be
fully characterized at most ethanol-sensitive glutamatergic presynapses.

In addition to acute modulation of glutamatergic paired-pulse plasticity, ethanol also
regulates short-term synaptic plasticity at GABAergic synapses. In an early study, ethanol
was shown to increase the frequency, but not the amplitude, of TTX-insensitive spontaneous
inhibitory postsynaptic currents (IPSCs) measured in spinal motor neurons (Ziskind-
Conhaim et al., 2003). This suggested to the authors that acute ethanol might enhance
presynaptic GABA release. There has subsequently been robust interest in the acute actions
of ethanol at presynaptic GABA terminals that has generated several excellent reviews on
the subject (Criswell and Breese, 2005; Kumar et al., 2009; Siggins et al., 2005; Weiner and
Valenzuela, 2006). We briefly focus here only on short-term GABAergic synaptic plasticity
as it is represented by responses to paired-electrical stimuli. As with glutamate, ethanol
modulation of GABAergic short-term plasticity is robust in some brain regions and absent in
others. In a survey across several brain regions, Criswell and Breese (Criswell et al., 2008)
recently found that acute ethanol shifted basal paired-pulse facilitation to paired pulse
inhibition in cerebellar Purkinje cells. This apparent increase in GABA release appears to be
specific to stellate cell-Purkinje cell synapses as basket cell IPSCs are not similarly
modulated (Mameli et al., 2008). The ethanol-dependent increase in GABA release onto
Purkinje neurons is qualitatively similar to inhibitory synapses in several other brain regions
including proximal inputs onto CA1 hippocampal neurons (Wu et al., 2005), local feed-back
inhibitory inputs onto the lateral/basolateral amygdala projection neurons (Silberman et al.,
2008), and GABAergic inputs onto substantia nigral neurons (Criswell et al., 2008), VTA
dopamine neurons (Theile et al., 2008), and central amygdala neurons (Roberto et al.,
2003a). The precise signaling cascades responsible for this ethanol modulation are not
understood in every case. However, the mobilization of intra-terminal calcium stores (Kelm
et al., 2007), perhaps via ethanol-dependent increases in G protein-coupled receptor
signaling (Theile et al., 2009), the activation of phospholipase C, and ethanol-sensitive
presynaptic protein kinases (Kelm et al., 2008; Kelm et al., 2010b) appear to all be good
candidates. Activation of these presynaptic signaling cascades may be the result of specific
interactions between ethanol and presynaptic proteins or may be related to ethanol-
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dependent release of additional neuromodulators. For example, ethanol-dependent decreases
in paired-pulse facilitation at central amygdala GABAergic synapses is blocked by a
corticotropin-releasing factor (CRF) type 1 receptor antagonist and is absent in CRFR1
knock-out mice (Nie et al., 2009). Central amygdala CRFR1 receptors are found on synaptic
terminals (Jaferi and Pickel, 2009) and can stimulate intracellular calcium mobilization
(Riegel and Williams, 2008) and cAMP accumulation (Blank et al., 2003), and can activate
various protein kinases (Bajo et al., 2008; Ugolini et al., 2008; Wanat et al., 2008). These
findings suggest that a diverse array of direct or indirect signaling pathways could underlie
acute ethanol modulation of short-term synaptic plasticity at a given GABAergic terminal.
George Breese and colleagues recently published a review of ethanol-enhanced GABA
release that focuses on potential signaling and G protein-coupled receptor contributions
(Kelm et al., 2010a). It seems reasonable to suggest that similar processes might be involved
at ethanol-sensitive presynaptic compartments in both the GABAergic and glutamatergic
systems.

Despite these examples, ethanol modulation of short term GABAergic plasticity is not
apparent in every brain region or evident under every set of experimental conditions. For
example, ethanol does not modulate paired-pulse plasticity in thalamic relay neurons (Jia et
al., 2008), lateral septal neurons (Criswell et al., 2008), and the feed-forward inhibitory
synapses onto lateral/basolateral amygdala projection neurons (Silberman et al., 2008).
These instances appear to represent a genuine insensitivity to the acute ethanol modulation
of short-term plasticity at these synapses. However, in some cases, the appearance of an
ethanol-insensitive GABAergic presynaptic terminal may be related to the ethanol-
dependent increases in GABA release and subsequent activation of presynaptic inhibitory
GABAg autoreceptors. This has been shown to mask the apparent facilitation of presynaptic
GABA release by ethanol (Silberman et al., 2009; Wu et al., 2005; Zhu and Lovinger, 2006).
Additional research into the regional expression of cellular mechanisms distinguishing
ethanol-sensitive from — insensitive short-term plasticity might provide important insight
into the acute impairing effects associated with ethanol intoxication.

2.1.2. Acute Ethanol Modulation of Post-tetanic Plasticity—The time-course of
paired-pulse plasticity (tens to hundreds of milliseconds) suggests it is a prime candidate for
providing second-to-second flexibility in information processing. However, exposure of
terminals to a more robust stimulation, typically consisting of trains of stimuli lasting
several hundred to thousands of milliseconds (tetanus), can result in synaptic plasticity
lasting tens of minutes (post-tetanic potentiation or PTP). This type of response provides a
more obvious candidate for brief behavioral adaptations like short-term or working memory
formation. Importantly, acute ethanol accelerates the decay of PTP, decreasing the time
needed for synapses to return to baseline (Gage and Hubbard, 1966). Although the ethanol-
specific mechanisms are unclear, the decay of post-tetanic potentiation appears to be directly
related to the slow removal of intra-terminal calcium that raises above resting levels during
tetanic stimulation (Habets and Borst, 2005). Any cellular mechanism regulating intra-
terminal calcium clearance, including plasma membrane and intracellular calcium pumps/
exchangers (Kelm et al., 2007), should be considered a potential ethanol-sensitive candidate
in this process. Alternatively, post-tetanic facilitation also depends upon the mobilization of
the reserve pool of synaptic vesicles to the readily releasable pool (Habets and Borst, 2007).
This process requires a number of presynaptic signaling pathways, including cAMP, Ca2*,
and PKC (Kuromi and Kidokoro, 2000; Smith, 1999), cytoskeletal rearrangements (Wang et
al., 1996), and phosphorylation of a number of vesicle-associated proteins including
synapsins (reviewed in (Turner et al., 1999)). Many of these pathways and proteins have
already been identified as acute ethanol targets in other systems (Gordon and Diamond,
1993; Kelm et al., 2010b; Popp and Dertien, 2008). It is worth noting that PTP is frequently
expressed as a robust synaptic facilitation occurring just prior to the onset of long-term
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potentiation (LTP) at many synapses. Since ethanol accelerates PTP decay but does not alter
its magnitude, ethanol effects on this type of plasticity might not be obvious in most LTP
studies. So, despite the obvious behavioral implications of post-tetanic plasticity, ethanol
modulation of this form of short-term plasticity has not been explicitly or extensively
studied.

2.2. Acute Ethanol Modulation of Long-term Plasticity

As the name implies, the most prominent difference between short-term and long-term
plasticity is the enduring nature of the latter. Long-term synaptic plasticity, either facilitation
or inhibition, lasts for many hours in vitro (essentially as long as one can measure it) and can
last for days/weeks/months/years in vivo. It is this characteristic that has encouraged
investigators to define long-term plasticity as the cellular/molecular mechanism responsible
for learning and memory. Another characteristic of long-term plasticity that differentiates it
from short-term plasticity is the pronounced contributions by postsynaptic signaling
cascades.

Long-term facilitation of glutamatergic synapses onto CA1 hippocampal principal neurons
requires robust synaptic glutamate release, postsynaptic depolarization, and activation of
calcium-permeable NMDA-type glutamate receptors expressed by CAL neurons themselves
(Malenka, 1991). The resulting elevation of intracellular calcium in the neuronal soma
activates a number of intracellular signaling pathways including calcium/calmodulin-
dependent protein kinase and PKC (Malenka et al., 1989; Malinow et al., 1989). These
kinases initiate a series of biochemical events that ultimately increases the trafficking of
AMPA receptors from intracellular and extrasynaptic sites to the postsynaptic compartment
(Malenka, 2003). While this trafficking process can potentially occur relatively rapidly, it is
ultimately consolidated into long-term alterations by changes in gene transcription/
translation (Nguyen et al., 1994; Stanton and Sarvey, 1984). Acute ethanol can modulate a
number of these cellular/molecular steps. For example, NMDA receptors are inhibited by
clinically relevant ethanol concentrations (Lovinger et al., 1989). And, this is consistent with
ethanol inhibition of NMDA receptor-dependent LTP initiation at numerous synapses (see
Table 2). As noted above, acute ethanol can also enhance GABAergic synaptic transmission
which can suppress NMDA receptor activation by hyperpolarizing the postsynaptic
membrane (or shunting depolarizing currents) and reinforcing magnesium-block of the
NMDA receptor. Acute ethanol can also modulate PKC-dependent intracellular signaling
pathways involved in LTP initiation (Bajo et al., 2008; Choi et al., 2008; Kelm et al., 2010b;
Kumar et al., 2010; Wilkie et al., 2007; Yao et al., 2008) although this likely does not
involve direct ethanol modulation of the kinase (Machu et al., 1991). Ethanol modulation of
the cellular/molecular mechanisms directly involved with LTP expression or maintenance,
rather than initiation, has not been as extensively studied.

In addition to long-term facilitation, acute ethanol also modulates long-term depression in a
number of brain regions (Table 2). Long-term depression of parallel fiber glutamatergic
inputs onto cerebellar Purkinje neurons requires coincidental activation of parallel and
climbing fibers. This activates postsynaptic Group | metabotropic glutamate receptors
(mGIuR1/5) which mobilize intracellular calcium stores and ultimately lead to the
phosphorylation and internalization of postsynaptic AMPA receptors (reviewed in (Luscher
and Huber, 2010)). Acute ethanol selectively inhibits parallel fiber LTD (but not LTP) in
vitro by suppressing mGIuR1 function (Carta et al., 2006) and intracellular signaling
(Belmeguenai et al., 2008). A similar outcome is evident for mGluR1-mediated, NMDA
receptor-dependent LTD at juvenile CA1 hippocampal neurons (Overstreet et al., 1997).
However, some forms of LTD are dependent solely upon NMDA receptor activation
(reviewed in (MacDonald et al., 2006)) and would presumably be sensitive to ethanol
inhibition as well; but, this needs more extensive investigation. Finally, acute ethanol
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modulation of long-term plasticity can be complex and representative of the flexibility at
individual synapses. For example, ethanol inhibits NMDA receptor-dependent LTP at
glutamate synapses onto medium spiney dorsal striatal neurons revealing instead long-term
depression (Yin et al., 2007). This ethanol-induced LTD is blocked by a cannabinoid
receptor type 1 (CB1) antagonist suggesting that the production of retrograde
endocannabinoids known to suppress glutamatergic synapses (Gerdeman et al., 2002), is
stimulated by acute ethanol. Acute ethanol modulation of long-term synaptic plasticity
therefore appears to involve a wide variety of alcohol-sensitive targets spanning from
receptors in the plasma membrane to intracellular signaling pathways to retrograde
messengers.

Exposure In Vivo and the Plasticity of Plasticity

The acute ethanol sensitivity of neurotransmitter receptors and synaptic plasticity itself
quickly led to investigations of the effects of in vivo ethanol exposure and withdrawal. With
a few notable, more recent exceptions (see below), much this literature has focused on
chronic ethanol exposure paradigms. And, much of the early work in this area focused on
neurotransmitter receptors and system that were known to be sensitive to acute ethanol in
vitro. For example, chronic exposure of mice to an ethanol-containing liquid diet causes
increased NMDA receptor binding density in hippocampus, cortex, thalamus, and striatum
(Gulya et al., 1991), all regions with NMDA receptor-dependent synaptic plasticity. These
initial binding studies were complimented by functional approaches showing that chronic
ethanol increases NMDA receptor function at both synaptic and extrasynaptic compartments
across a wide variety of brain regions and preparations (reviewed in (Nagy, 2008)). Chronic
ethanol exposure also increases expression of Group | mGIuRs in several brain regions
(Obara et al., 2009). And, withdrawal from chronic ethanol increases Group | mGIuR-
mediated signaling in cultured cerebellar Purkinje neurons (Netzeband et al., 2002). In
general, chronic ethanol appears to up-regulate many of the receptors involved with the
initiation of long-term synaptic plasticity as well as several relevant intracellular signaling
cascades (reviewed in (Pandey, 1998)). Finally, the effects of chronic ethanol exposure on
GABAergic neurotransmission have been the subject of several excellent reviews (Crews et
al., 1996; Kumar et al., 2009). Again, the exposure-related changes in GABAergic
neurotransmission appear to support the notion that chronic ethanol/withdrawal alter the
general balance between excitatory and inhibitory systems in favor of the former. These
findings together suggest that chronic ethanol might set up favorable cellular environments
for the initiation or expression of long-term synaptic plasticity. Importantly, the
physiological outcomes associated with this ethanol-induced plasticity-of-plasticity
(“metaplasticity”, (Abraham and Bear, 1996; Deisseroth et al., 1995)) have been
investigated in a number of different brain regions (Table 2). Many of these are summarized
in the following section.

Ethanol/Withdrawal and Hippocampal Synaptic Plasticity

Similar to the effects of acute ethanol, early studies suggested that chronic exposure to an
ethanol-containing liquid attenuated LTP induction at Schaffer collateral-CA1 synapses
(Durand and Carlen, 1984). In this study, LTP inhibition was not associated with any
differences in the overall responsiveness of these synapses to electrical stimuli. However,
this seems inconsistent with the withdrawal-associated hyperactivity of Schaffer collateral-
CAL synapses measured in latter studies (Hendricson et al., 2007; Thomas et al., 1998b).
And more recent findings suggest that chronic exposure to a liquid diet or ethanol vapor may
actually enhance LTP at CA1 glutamate synapses (Fujii et al., 2008; Sabeti and Gruol,
2008). In fact, the Sabeti and Gruol study found that the effects of chronic ethanol on LTP in
this brain region are dependent upon the age of the animal during exposure, with increased
LTP expression occurring in younger adolescents (28-36 days old) and decreased LTP
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expression found in older adolescent animals (45-50 days old). This suggests age as a
possible variable regulating LTP modulation by chronic ethanol. Regardless, the mechanism
governing chronic ethanol-related LTP modulation is not entirely clear. Chronic ethanol
exposure up-regulates hippocampal NMDA receptor expression/function (Follesa and Ticku,
1995; Hendricson et al., 2007; Morrow et al., 1994; Nelson et al., 2005; Snell et al., 1996;
Thomas et al., 1998a). Ethanol exposure also increases the trafficking of NMDA receptors
to synaptic compartments in cultured hippocampal neurons (Carpenter-Hyland et al., 2004).
In those cases where chronic ethanol enhances Schaffer collateral-CAL1 LTP, it seems
reasonable to suggest that this NMDA receptor up-regulation may simply improve the
likelihood that a given stimulus would initiate long-term plasticity at those synapses. In
those contrasting cases where ethanol exposure attenuates LTP initiation/expression, the
exposure may 1) un-couple CA1 NMDA receptors from important intracellular signaling
pathways or 2) undermine the mechanisms responsible for LTP expression at these
synapses. Specific outcomes associated with chronic ethanol and LTP in CA1 hippocampus
may be sensitive to the duration of ethanol exposure or intervening periods of self-imposed
abstinence (depending on the form of chronic exposure).

Ethanol/Withdrawal Modulation of Amygdala Long-term Synaptic Plasticity

3.2.1. Lateral/Basolateral Amygdala—Classic fear conditioning, where animals learn
to associate environmental or interoceptive cues with aversive emotionally-relevant stimuli,
is dependent upon the activation of NMDA receptors and increased AMPA receptor-
mediated synaptic function in the lateral/basolateral amygdala (BLA; reviewed in (Maren,
2005; Sigurdsson et al., 2007)). These subdivisions represent important input regions that
receive processed information from cognitive, sensory, and memory systems. BLA
projection neurons are glutamatergic and send axons throughout the extended amygdala
(including the central amygdala and bed nucleus of the stria terminalis; (Davis et al., 2010)),
to portions of the reward circuit like the nucleus accumbens (Kita and Kitai, 1990), and to
many different prefrontal cortical areas (Ghashghaei and Barbas, 2002). So, in addition to
learning/memory associated with fearful stimuli, long-term synaptic plasticity in the BLA is
also thought to contribute to cue-relapse of drug seeking (Feltenstein and See, 2008) and
psychiatric diseases like post-traumatic stress disorder (Adamec, 1997). Thus, ethanol
modulation of long-term changes in synaptic efficacy in the BLA would potentially impact a
great many cognitive and emotional systems.

Early work in the amygdala suggested that chronic ethanol exposure and withdrawal
generally suppressed long-term plasticity or plasticity-dependent behaviors. For example,
repeated long-term exposure of rats to an ethanol-containing liquid diet produced deficits in
amygdala-mediated fear conditioning (Stephens et al., 2001). This observation was later
paralleled by conditioning studies in human binge drinkers (Stephens et al., 2005). In this
same study (Figure 1), chronic ethanol/withdrawal diminished electrically-evoked LTP in
both the lateral amygdala and CA1 hippocampus. At the time, it was not clear if these
adaptations might represent a simple suppression of the neurobiological systems responsible
for the initiation or expression of long-term synaptic plasticity. However, there were several
observations inconsistent with this. First, chronic ethanol exposure enhanced the expression
of anxiety-like behavior during withdrawal and increased c-fos immediate-early gene
expression levels throughout the amygdala including the BLA (Borlikova et al., 2006;
Knapp et al., 1998). Second, the withdrawal-related increase in anxiety-like behavior is
sensitive to pharmacological inhibition of basolateral amygdala glutamatergic
neurotransmission (Lack et al., 2007 ). These data suggest that BLA principal neurons are
activated by chronic ethanol exposure and withdrawal in a manner that is similar to fear
conditioning.
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What about other forms of BLA plasticity? Kainate-type ionotropic glutamate receptors (KA
receptors) are structurally and biophysically related to the better studied AMPA receptors
(reviewed in (Pinheiro and Mulle, 2006)). In the BLA, KA receptors are expressed on both
glutamatergic projection neurons and GABAergic interneurons (reviewed in (Aroniadou-
Anderjaska et al., 2007; Braga et al., 2004)). Kainate receptor synaptic currents can be
measured from BLA principal neurons using standard electrophysiological approaches (Li
and Rogawski, 1998). KA receptors are calcium-permeable; and, activation of BLA KA
receptors initiates long-term increases in glutamatergic synaptic transmission in this brain
region (Li et al., 2001). Both KA receptors (Crowder et al., 2002; Lack et al., 2008;
Valenzuela et al., 1998) and KA receptor-mediated synaptic plasticity in the BLA (Lack et
al., 2008) can be inhibited by acute ethanol exposure. This naturally led to studies with
chronic ethanol which found that, like BLA NMDA receptors, kainate receptor synaptic
function is up-regulated during ethanol exposure. However, unlike NMDA receptors, this
increase is transient and returns to control levels during a 24hr withdrawal period (Lack et
al., 2009); and, importantly, KAR-dependent plasticity was also disrupted during chronic
ethanol and withdrawal (Lack et al., 2009). So, despite elevated synaptic function of kainate
receptors, long-term synaptic plasticity mediated by this type of glutamate receptor is
impaired (Figure 1).

How can one reconcile the up-regulation of BLA NMDA and KA receptor synaptic function
and the apparent attenuation of long-term synaptic plasticity mediated by these receptors?
We recently examined AMPA receptors and AMPA receptor-mediated neuronal responses
to provide a better understanding of these relationships. Chronic ethanol and especially
withdrawal dramatically increased synaptic function of AMPA-type glutamate receptors
measured in BLA neurons. The amplitude of both spontaneous and tetrodotoxin-resistant
miniature EPSCs were increased during chronic ethanol exposure and particularly during
withdrawal (Lack et al., 2007). The postsynaptic nature of this change was confirmed by the
treatment-dependent alterations in the kinetics of the miniature EPSCs. Thus, in addition to
the neurotransmitter receptors responsible for the initiation of long-term plasticity at
glutamate synapses (NMDA & KA receptors), the receptors responsible for the expression
of this plasticity (AMPA receptors) were likewise up-regulated (Figure 2). This increased
AMPA receptor synaptic function was associated with increased field excitatory
postsynaptic potentials (FEPSPs) generated by groups of BLA neurons in response to
electrical stimulation (Lack et al., 2009). These alterations together are remarkably similar to
those that characterize fear-potentiated startle (McKernan and Shinnick-Gallagher, 1997;
Rogan et al., 1997). This suggests that chronic ethanol exposure chemically conditions the
BLA such that the mechanisms responsible for the initiation and expression of long-term
synaptic plasticity are usurped and up-regulated by the treatment itself. This BLA “Ethanol-
LTP” would help explain both the altered fear/aversive-memory formation (Bertotto et al.,
2006; Quadros et al., 2003; Ripley et al., 2003) and the increased anxiety following chronic
alcohol exposure.

3.2.2. Central Amygdala—The central amygdala (CeA) is found medial to the BLA and
receives heavy glutamatergic input from this and other amygdala subdivisions. This
subdivision projects extensively to brain regions that regulate many of the physical and
psychological manifestations of fear/anxiety and is critical for the expression of learned-fear
behaviors (reviewed in (Davis et al., 2010; LeDoux, 1993)). CeA projection neurons are
GABAergic and morphologically resemble medium spiney neurons found in the dorsal
striatum and nucleus accumbens (McDonald, 1982; Sun and Cassell, 1993). In addition to
excitatory glutamatergic inputs, the activity of CeA projection neurons is regulated by both
feed-forward (Royer et al., 1999) and intrinsic (Nose et al., 1991) GABAergic inhibitory
circuits. CeA neurons express a variety of neuropeptides including CRF which has been
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extensively demonstrated to regulate dependence-associated alcohol consumption (Funk et
al., 2006).

Like the BLA, chronic ethanol appears to regulate numerous CeA-dependent, withdrawal-
related behaviors including enhanced anxiety and ethanol-seeking (reviewed in (Koob,
2009)). Chronic intermittent exposure to ethanol inhalation diminished paired-pulse
facilitation of GABAergic responses suggesting increased GABA release in this brain region
(Roberto et al., 2004a). It is not presently clear whether this represents altered short-term
plasticity of intrinsic GABAergic circuits or feed-forward inhibitory inputs. Regardless, a
similar chronic ethanol exposure reduced AMPA-mediated glutamate synaptic function and
altered the acute sensitivity of short-term glutamatergic plasticity to ethanol (Roberto et al.,
2004b). The parallel increases in both glutamatergic and GABAergic synaptic transmission
make it difficult to predict the effects of chronic ethanol on CeA long-term plasticity; and
this has not yet been directly assessed.

3.3. Chronic Ethanol Modulation of Synaptic Plasticity in the Dorsal and Ventral Striatum

The effects of in vivo chronic ethanol exposure on synaptic plasticity in the dorsal striatum
paint a somewhat more complex picture than it does in either the hippocampus or amygdala.
Forced, chronic ethanol consumption suppresses LTD initiation/expression in the dorsal
striatum (Xia et al., 2006). This LTD requires postsynaptic co-activation of Group | mGIuRs
and dopamine D2 receptors and is dependent upon the release endocannabinoids which act
as retrograde messengers to suppress presynaptic glutamate release (reviewed in (Lovinger,
2010)). The ethanol-related suppression of LTD might suggest that chronic exposure
uncouples mGIluR/D2-mediated signaling, endocannabinoid production, or both.
Alternatively, striatal LTP is produced in vitro under different experimental conditions that
accentuate NMDA receptor function (Lovinger, 2010). Since chronic ethanol increases
NMDA receptor function (Gulya et al., 1991; Navamani et al., 1997; Wang et al., 2010) and
expression (Raeder et al., 2008) in the striatum, it is also possible that chronic ethanol might
alter the relative balance between striatal LTD and LTP. This interpretation is consistent
with the observation that withdrawal increases the percentage of striatal slices where LTP
(compared to LTD) can be observed experimentally (Xia et al., 2006). It is noteworthy that
acute ethanol promotes LTD initiation/expression over LTP (Yin et al., 2007) presumably
by inhibiting NMDA receptors. However, acute ethanol does not appear to inhibit striatal
LTD (Clarke and Adermark, 2010). Thus, the adaptations of dorsal striatal glutamatergic
plasticity to chronic ethanol seem to represent alterations predicted by the acute sensitivity
of the individual signaling components responsible for these forms of plasticity.

Recent data in the shell of the nucleus accumbens suggests that similar alterations in long
term plasticity might also occur in the ventral striatum following chronic ethanol exposure
(Jeanes et al., 2010). Here, acute ethanol inhibits a NMDA receptor-dependent, post-
synaptic form of long-term depression at glutamatergic synapses via enhanced D1 dopamine
receptor signaling. Within 24hr following chronic ethanol exposure, the same stimulation
paradigm produces NMDA receptor-dependent long-term potentiation, instead of
depression, at these synapses. Notably, both forms of plasticity were absent 72hr post-
withdrawal. These effects very similar to abstinence-related suppression of plasticity in the
nucleus accumbens core following prolonged abstinence from cocaine self-administration
(Martin et al., 2006). This suggests that chronic exposure to different drugs of abuse with
distinct behavioral profiles (stimulant versus sedative) produce similar changes in
accumbens synaptic plasticity. However, additional studies are needed to identify the precise
neuroadaptations governing these changes in accumbal long-term plasticity.
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3.4. Chronic Ethanol Modulation of Synaptic Plasticity in the Bed Nucleus of the Stria

Terminalis

In the bed nucleus of the stria terminalis (BNST), chronic ethanol exposure reduces long-
term depression of glutamatergic synaptic responses following exposure to the al adrenergic
receptor agonist methoxamine (McElligott et al., 2010). Methoxamine stimulates clathrin-
dependent endocytosis of AMPA-type glutamate receptors by BNST neurons; and, notably,
other forms of stress likewise disrupt this adrenergic receptor-dependent process. These
findings might suggest that the sensitivity of BNST LTD to chronic ethanol may be
specifically related to altered adrenergic receptor function or signaling. Although the effects
of chronic ethanol have not been examined in this same brain region, acute ethanol
suppresses the early-phase of long-term facilitation of glutamatergic field EPSPs (Weitlauf
et al., 2004). This acute modulation (Table 2) appears dependent on ethanol inhibition of
NMDA receptors. These findings together suggest that chronic ethanol could potentially
disrupt neurotransmitters other than noradrenaline, but this remains to be established.

3.5. Ethanol and Synaptic Plasticity in the Ventral Tegmental Area

Finally, much of the in vivo ethanol-plasticity literature has focused on robust chronic
exposures. This raises the question: how long or robust of an exposure is required to cause
these changes related synaptic plasticity? Studies with VTA dopamine neurons shed some
light on this and suggest that ethanol-induced changes in synaptic plasticity may take place
quite rapidly. Here, a single ethanol exposure converts GABAergic paired-pulse facilitation
to a GABAg/PKA-dependent depression measured just a day after the exposure (Melis et
al., 2002; Wanat et al., 2009). This suggests that long-term modulation of GABAergic
plasticity may only require a single ethanol exposure; and, recent evidence suggests this is
precisely the case. First, long-term depression of GABAergic inputs onto VTA dopamine
neurons following high-frequency electrical stimuli is totally abolished by a single
intraperitoneal (IP) dose of ethanol. This is dependent on mu-opioid receptors (Guan and
Ye, 2010). Second, a single IP ethanol exposure also reduces postsynaptic synaptic
contributions by both AMPA and NMDA receptors and reduces the initiation/expression of
long-term potentiation at glutamatergic synapses onto VTA dopamine neurons (Wanat et al.,
2009). These single-dose effects are reminiscent of a chemically-induced long-term
depression that might represent an adaptive response to acute ethanol-induced facilitation of
glutamate release in this brain region (Xiao et al., 2009). Despite these single-dose effects,
repeated ethanol exposure via prolonged self-administration enhances post-synaptic
contributions by AMPA receptors on VTA dopamine neurons (Stuber et al., 2008) in a
manner that is quite similar to long-term potentiation in this brain region (Bonci and
Malenka, 1999). It remains to be established whether ethanol attenuation of VTA
GABAergic and glutamatergic plasticity reflects an inhibition of the initiation/expression
mechanisms or, similar to the amygdala, represents an occlusion resulting from ethanol-
induced plasticity.

4. Conclusions & Perspectives

The in vitro modulation of synaptic plasticity can be characterized by a wide array of
cellular mechanisms associated with ethanol intoxication. The facilitation of short-term
GABAergic plasticity and inhibition of glutamatergic short-term plasticity for example
support a growing literature suggesting that acute ethanol tips the balance between GABA
and glutamate neurotransmission towards the inhibitory systems. On another level, short-
term synaptic plasticity serves as a “frequency filter” (see Fortune & Rose 2002) that can
diminish or accentuate closely-spaced synaptic events in order to ultimately alter behaviors
directed at or dictated by repeated environmental and intrinsic stimuli. Since acute ethanol
exposure modulates goal-oriented attentional processes under some conditions (Olmstead et
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al., 2006; Zeichner et al., 1993), it seems reasonable to suggest then that modulation of
short-term synaptic plasticity might contribute to this aspect of alcohol intoxication.
Similarly, ethanol modulation of post-tetanic synaptic plasticity, although not well
characterized, potentially modulates behavior over the span of several minutes. This has
implications for behaviors related to the intoxication process itself including loss of social
inhibitions and loss of control -type behaviors (Loeber and Duka, 2009) associated with
binge drinking. It is somewhat easier to imagine the how acute ethanol modulation of long-
term plasticity would make substantial behavioral contributions since this form of plasticity
underlies memory formation and learning. Inhibition of long-term plasticity by acute ethanol
is consistent with the alcohol-induced decrements in working memory (Grattan-Miscio and
Vogel-Sprott, 2005), short-term memory (Goodwin and Hill, 1973), and long-term or
conditioned memory formation (Land and Spear, 2004; Matthews and Silvers, 2004). It is
worth noting that we have artificially segregated short- and long-term plasticity here to
emphasize their distinct cellular mechanisms and potential behavioral contributions.
However, these forms of plasticity actually represent a continuum of synaptic processes that
ultimately regulate behavior on a moment-by-moment time scale.

The effects of in vivo ethanol exposure on synaptic plasticity also seem to vary considerably
from brain region to brain region. In the hippocampus, chronic ethanol exposure has
complex effects, but most appear consistent with the inhibition of experimentally-induced
long-term plasticity. If this inhibition is representative of the behavioral outcomes directed
by the hippocampus, these adaptations may attenuate the ability of an alcohol-dependent
individual to learn new goal-directed behaviors (Kennedy and Shapiro, 2009). In the
amygdala, parallels between learning/memory-related changes on glutamate signaling and
the effects of chronic ethanol/withdrawal suggest these alterations may provide the cellular
machinery to help negatively reinforce the withdrawal state (Koob, 2009). In the dorsal
striatum, the behavioral ramifications of the ethanol-dependent shift from long-term
depression to long-term potentiation at glutamate inputs is more difficult to conceptualize
until we know more about anatomical and cellular specificity. Regardless, it is tempting to
speculate that these adaptations would participate in the shift from more goal-directed to
habitual behaviors during the addiction process (Balleine and O’Doherty, 2010; Gerdeman
et al., 2003; Goldstein et al., 2009; Palmiter, 2008). Finally, in the VTA, exposure to a single
ethanol dose appears to be sufficient to produce a chemical depression of VTA dopamine
neurons. This is remarkably contrasted with the robust excitatory effects of acute ethanol on
VTA dopamine neurons (Morikawa and Morrisett, 2010) and dopamine release in VTA
neuron terminal fields (Robinson et al., 2009). These plasticity-related high and low
dopamine states may parallel intoxication/withdrawal cycles in alcoholics that could well
contribute to continued ethanol seeking in dependent individuals. It is important to note that
in vivo exposure studies provide only a snap-shot of the underlying neuropathology. And,
this is contrasted with the longitudinal nature of the addiction process. Ultimately, chronic
ethanol/withdrawal may down-regulate plastic processes required for the inhibition of
dependence-related behaviors and up-regulate plasticity that is important for either
reinforcing drug-reward relationships or negatively reinforcing abstinence itself. Significant
additional work is needed to provide a more mechanistic understanding of the contributions
made by ethanol modulation of long-term synaptic plasticity.
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Figure 1. Chronic ethanol exposure occludes distinct forms of long-term synaptic plasticity in the
lateral/basolateral amygdala

(A) The panels are reprinted from Biological Psychiatry (58), Stephens et al., “Repeated
ethanol exposure and withdrawal impairs human fear conditioning and depresses long-term
potentiation in rat amygdala and hippocampus”, 392-400, Copyright (2005), with
permission from Elsevier. (Left) Representation of the horizontal slice preparation used in
this study illustrates the relationships between the recording electrode (R), the stimulator
(S), the lateral amygdala (LA), and anatomical boundaries like the external capsule. (Right)
Theta burst stimulation (TBS) of the external capsule caused robust long-term potentiation
of synaptic responses in slices prepared from control animals (M) while repeated withdrawal
from a chronic exposure to an ethanol-containing liquid diet (F) reduced the magnitude of
this form of plasticity. (B) Panels reprinted from Alcohol (43), Lack et al., “Chronic ethanol
and withdrawal effects on kainate receptor-mediated excitatory neurotransmission in the rat
basolateral amygdala”, 25-33, Copyright (2009), with permission from Elsevier. (Left)
Sample fEPSP responses recorded in basolateral amygdala in control brain slices (CON) or
24hr after a chronic intermittent exposure to ethanol vapor (24WD). Kainate receptor-
dependent long-term synaptic potentiation was initiated by a 15min exposure to the agonist
ATPA ((RS)-2-Amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl) propanoic acid; 5 uM).
(Right) The magnitude of ATPA-induced LTP was significantly depressed by chronic
ethanol exposure (not shown) and withdrawal.
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Figure 2. Chronic intermittent ethanol exposure and withdrawal upregulate the synaptic
function of AMPA-type glutamate receptors in the lateral/basolateral amygdala

The figure is republished with permission of the American Physiological Society from
“Chronic ethanol and withdrawal differentially modulate pre- and postsynaptic function at
glutamatergic synapses in rat basolateral amygdala”, Lack et al., Journal of
Neurophysiology 98(6), 3185-96, 2007; permission conveyed through Copyright Clearance
Center, Inc. (A) Exemplar traces of spontaneous glutamatergic synaptic activity recorded
from lateral/basolateral amygdala (BLA) principal neurons using whole-cell patch-clamp
electrophysiology. In the presence of the voltage-gated sodium channel blocker tetrodotoxin,
the resulting miniature EPSCs (MEPSCs) are smaller in amplitude and occur less frequently.
(B) Exemplar mEPSCs recorded from control (CON) BLA slices, immediately following a
chronic intermittent ethanol exposure (CIE), or 24hr after withdrawal from CIE (WD). (C)
Summary of mEPSC amplitude data from the three treatment groups. mEPSC amplitude was
significantly greater in WD neurons compared to both CON and CIE. (D) The charge carried
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by mEPSCs was not significantly different between the treatment groups, largely due to an
increase in the decay rate of individual mEPSCs recorded from WD BLA neurons (not
shown). (E&F) The interval between mEPSCs was significantly shorter in recordings from
WD BLA neurons compared to the other treatment groups.
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Ethanol Modulation of Long-term Synaptic Plasticity Measured In Vitro2
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Region EtOH Exposureb BEC/[EtOH]°¢ EtOH Effect/Comments

Citation(s)

Long-term Potentiation (LTP)

Lateral/Basolateral Amygdala Acute (in vitro) 80mM 1, kainate receptor- dependent

Lack et al., 2008

7-10 days, liquid diet, N.D. l
13-17 g/kg/day

Stephens et al., 2005

10 day, vapor inhalation, =~ 180-250 mg/dL |, kainate receptor- dependent
12hr/day

Lack et al., 2009

Bed Nucleus Stria Terminalis Acute (in vitro) 100mM |, Dorsolateral nucleus

Weitlauf et al., 2004

4 weeks, vapor inhalation,  140-170 mg/dL No Effect and |, withdrawal

Francesconi et al., 2009

14hr/day dependent, Juxtacapsular
nucleus
Hippocampus (CAL) Acute (in vitro) 5-100 mM |, age-dependent Blitzer et al., 1990;
Grover and Frye, 1996;
Izumi et al., 2007; lzumi
et al., 2005; Schummers
and Browning, 2001;
Sinclair and Lo, 1986;
Sugiura et al., 1995;
Swartzwelder et al.,
1995; Tokuda et al., 2007
7-18 days, liquid diet, 95-180 mg/dL l Johnsen-Soriano et al.,
13-17 g/kg/day 2007; Stephens et al.,
2005
12 weeks, liquid diet ~60-70 mg/dL 1, acute EtOH tolerance Fujii et al., 2008
18 weeks, EtOH in N.D. l Ripley and Little, 1995
drinking water, 10-14 g/
kg/day
7-9 months, liquid diet, N.D. |, partial recovery after 2-5 Durand and Carlen,
~10g/kg/day month withdrawal 1984; Tremwel and

Hunter, 1994

12-14 day, vapor
inhalation, 14hr/day

150-200 mg/dL 1 and/or |, age-dependent

Roberto et al., 2003b;
Sabeti and Gruol, 2008

mouse line-dependent

Hippocampus (Dentate Gyrus) Acute (in vitro) 25-100 mM l Morrisett and
Swartzwelder, 1993
Dorsal Striatum Acute (in vitro) 2-50 mM 1, high [EtOH] may convert to Xie et al., 2009; Yin et
LTD al., 2007
16 days, liquid diet N.D. 1, intracellular EPSP ‘Yamamoto et al., 1999
Ventral Tegmental Area Acute (in vitro) 40mM | (GABA) Guan and Ye, 2010
2 g/kg, I.P. N.D. | (GABA & Glutamate), Guan and Ye, 2010;

Wanat et al., 2009

Long-term Depression (LTD)

Bed Nucleus Stria Terminalis 4 days, vapor inhalation, 150-185 mg/dL

16hr/day or continuous

|, al adrenergic- dependent

McElligott et al., 2010

15-16 g/kg/day

Cerebellum Acute (in vitro) 50mM 1, climbing & parallel fiber- Belmeguenai et al., 2008;
Purkinje cell synapses Carta et al., 2006; Su et
al., 2010
Hippocampus (CAL) Acute (in vitro) 60-75 mM tor] Hendricson et al., 2002;
Izumi et al., 2005
9-11 months, liquid diet, 150-175 mg/dL l Thinschmidt et al., 2003
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Region EtOH Exposureb BECI/[EtOH]¢ EtOH Effect/Comments Citation(s)
Nucleus Accumbens 4 days, vapor inhalation, 150-200 mg/dL 1, shift to LTP in the shell Jeanes et al., 2010
16hr/day
Dorsal Striatum 10-30 days, EtOH in 85 mg/dL l Xia et al., 2006
water (6%, forced)
16 days, liquid diet N.D. 1, shiftto LTP Yamamoto et al., 1999

aRefers to the form of synaptic plasticity, either long-term potentiation (LTP) or long-term depression (LTD) measured with in vitro

electrophysiologic approaches.

Duration, format, and level of exposure are indicated. “Acute” refers to exposures made during in vitro studies on acute tissue preparations. These
studies have been included here for the sake of comparisons with the in vivo exposures discussed in the text.

cBlood—ethanol concentrations (BEC) are expressed as mg/dL. In vitro concentrations are reported here as mmol/L (mM). 80mg/dL is

approximately equivalent to 17mM.
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