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Abstract

Stress and tobacco smoking are risk factors for alcoholism, but the underlying neural mechanisms
are not well understood. Although stress, nicotine, and alcohol have broad, individual effects in the
brain, some of their actions converge onto the same mechanisms and circuits. Stress and nicotine
augment alcohol-related behaviors, in part via modulation of alcohol-evoked neuronal plasticity
and metaplasticity mechanisms. Stress modulates alcohol-evoked plasticity via the release of
signaling molecules that influence synaptic transmission. Nicotine also activates some of the same
signaling molecules, cells, and circuits, producing a convergence of both stress and nicotine onto
common plasticity mechanisms that influence alcohol self-administration. We describe several
forms of alcohol-induced plasticity, including classic Hebbian plasticity at glutamatergic synapses,
and we highlight less appreciated forms, such as non-Hebbian and GABAergic synaptic plasticity.
Risk factors such as stress and nicotine initiate lasting neural changes that modify subsequent
alcohol-induced synaptic plasticity and increase the vulnerability to alcohol addiction.
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INTRODUCTION

Alcohol and nicotine (from tobacco) are the two most abused drugs and the most costly
drugs to society. Tobacco is the leading cause and alcohol is the fourth leading cause of
preventable death in the United States (1, 2). Epidemiological studies consistently find a
positive correlation between nicotine and alcohol use, and alcoholism is approximately 10
times more prevalent in smokers than in nonsmokers (3-6). Repetitive tobacco use or
excessive drinking promotes the development of addiction. Individually, these drugs are
health risks, but alcohol and tobacco in combination dramatically increase the hazards to
dependent users (2).
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Stress and tobacco smoking promote drinking and represent important risk factors
contributing to the development of alcohol addiction (2, 3, 5, 7). Even a single highly
stressful day or occasional cigarette serves as a predictor for elevated alcohol drinking in
nonaddicted individuals (6, 8). Negative life experiences and tobacco use positively correlate
with heavy drinking and increase the incidence of alcohol use disorders (AUDS) (4, 6, 9).
Moreover, early life stressors and smoking increase the incidence of AUDs later in life (2,
9).

Animal studies generally support this clinical evidence and human epidemiology: Stress and
nicotine potentiate alcohol consumption (10-14), but some results are equivocal (15). In
addition to increasing drinking, stress and nicotine facilitate maladaptive behaviors that
develop in response to alcohol administration, thereby contributing to the development of
addiction (16-19). Typical examples of alcohol-related behaviors in animals include lever
pressing for ethanol (operant self-administration), increased hyperactivity following repeated
alcohol challenges (locomotor sensitization), and preference for an alcohol-related
environment (conditioned place preference).

One influential hypothesis suggests that acquisition and expression of drug-related behaviors
involve drug-induced synaptic modifications within the mesocorticolimbic dopamine (DA)
system (20-22). Drugs of abuse modify synaptic transmission by usurping mechanisms
normally involved in long-term strengthening or weakening of synaptic connections, a
phenomenon called drug-evoked synaptic plasticity (21). Although stress, nicotine, and
alcohol have broad, individual effects on the brain, some of their actions converge onto the
same mechanisms and circuits. We postulate that stress and nicotine enhance alcohol-related
behaviors, in part via modulation of alcohol-evoked neuronal plasticity and metaplasticity
mechanisms. Stress modulates alcohol-evoked plasticity via the release of signaling
molecules that directly and indirectly influence synaptic transmission. Evidence indicates
that nicotine activates some of the same signaling molecules, cells, and circuits, producing a
partial convergence of both stress and nicotine onto common plasticity mechanisms that
influence alcohol self-administration (10, 11, 23). Moreover, stress, nicotine, and alcohol
itself converge onto common glutamatergic and GABAergic circuitry within the mesolimbic
system. Synaptic mechanisms of plasticity, as well as the broad excitability of circuits, are
influenced. For example, stress signaling via glucocorticoids alters the midbrain GABAergic
response evoked by alcohol. The stress experience causes specific GABAergic circuit
elements that normally broadcast inhibition to become excitatory when responding to
alcohol (10, 11). These kinds of plastic circuit changes underlie the increased risk for AUDs.
The interplay between stress and drug-evoked synaptic plasticity in mesolimbic circuitry
contributes to the formation of habitual alcohol usage behavior, a characteristic feature of
AUDs.

SYNAPTIC PLASTICITY, STRESS, NICOTINE, AND ALCOHOL

An organism adapts and optimizes its behavior through learning, which relies on experience-
dependent synaptic plasticity in the brain. Synaptic plasticity refers specifically to an
activity-dependent change in synaptic strength or efficacy; this and other forms of plasticity
underlie the capacity of the brain to transform environmental demands into lasting memories
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that cue successful behaviors. Synaptic plasticity commonly involves long-term potentiation
(LTP) or long-term depression (LTD) of synaptic transmission between neurons.

A typical example of learning through experience is reinforcement learning, in which an
animal modifies its behavior to obtain reward or to avoid danger. Drugs of abuse, including
nicotine and ethanol, dysregulate this type of learning, leading to addiction, which is a
compulsion to obtain the drug despite harmful consequences. Thus, drugs of abuse induce a
kind of learning disorder that, on the cellular level, produces long-lasting alterations in
synaptic plasticity, called drug-evoked synaptic plasticity (20-22). Drug-evoked synaptic
plasticity modifies neuronal circuitry that ultimately participates in drug-associated
behaviors (21).

Drug-evoked synaptic plasticity occurring at excitatory and inhibitory synapses within the
mesocorticolimbic DA system plays a critical role in the acquisition and expression of drug-
associated behaviors (for reviews, see 20, 21). The mesocorticolimbic DA system regulates
reward and reinforcement processing, motivation, and goal-directed behaviors. An important
DA pathway originates in the ventral tegmental area (VTA) and projects to many brain
regions, including the nucleus accumbens (NAc), dorsal striatum, prefrontal cortex (PFC),
and amygdala. Ethanol activates midbrain DA neurons, increasing DA levels in the
mesocorticolimbic system, as do other drugs of abuse, including nicotine (2, 24). Increased
DA levels participate in different forms of ethanol-evoked synaptic plasticity, thereby
contributing to the acquisition of various ethanol-related behaviors. Rather than reviewing
all forms of ethanol-evoked synaptic plasticity within the mesolimbic system, we focus
specifically on ethanol-evoked synaptic plasticity in the VTA and the NAc.

Stress potently modulates synaptic plasticity in many brain areas, including the DA system
(25, 26). Growing evidence links stress-signaling molecules to different drug-related
mechanisms and behaviors (27, 28). Among numerous stress-related molecules,
glucocorticoids play a significant role owing to their ability to regulate various forms of
long-term plasticity in the brain. The release of glucocorticoids requires activation of the
hypothalamic-pituitary-adrenal (HPA) axis. The activation of the HPA axis involves the
production of corticotropin-releasing factor (CRF) in neurons of the paraventricular nucleus
of the hypothalamus and release of CRF into the hypothalamo-hypophyseal portal system.
CRF then acts on the anterior lobe of the pituitary to stimulate the secretion of
adrenocorticotropic hormone (ACTH). ACTH activates the adrenal cortex, promoting the
release of glucocorticoids, which influence neuronal activity via both genomic and
nongenomic mechanisms.

Nicotine obtained from tobacco binds to nicotinic acetylcholine receptors and activates DA
signals in the mesolimbic system as an early step in the addiction process (29). Nicotine and
ethanol interact to engage an ensemble of neurons within interconnected brain structures
involved in stress and reward processing. These brain structures include the VTA, NAc,
dorsomedial PFC, and extended amygdala (30). Nicotine also directly actives the HPA axis
and, via that activity, influences the mesoaccumbens DA system (10, 31). Therefore,
synaptic plasticity in the mesoaccumbens DA system serves as a locus of interaction
between nicotine, stress, and alcohol.
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Nicotine has broad interactions throughout the nervous system (29, 32), and acute nicotine
activates the stress response and elicits glucocorticoid release (10, 31). The nicotine-
mediated increase of glucocorticoids alters ethanol’s pharmacological effects on mesolimbic
circuitry and facilitates acquisition of ethanol self-administration (10). Acute pretreatment
with nicotine induces an attenuation of ethanol-induced DA signals along the
mesoaccumbens pathway that lasts for several days. The decreased ethanol-induced DA
release arises from increased GABAergic inhibitory transmission onto VTA DA neurons
(10). These nicotine-induced neuroadaptations require a signal that acts significantly within
the VTA. Blocking glucocorticoid receptors prior to nicotine exposure prevents the midbrain
circuitry changes, the decreased alcohol-induced DA response, and the nicotine-induced
increase in alcohol self-administration.

There are several ways that drugs of abuse, such as nicotine, and stress can influence
synaptic plasticity. On a mechanistic level, drugs and stress induce various forms of LTP and
LTD at excitatory or inhibitory synapses. In addition, drugs and stress trigger lasting changes
in neurons and synapses, such that the ability of these neurons and synapses to generate LTP
or LTD at later times is altered. This form of modulation establishes a preconditional state
and so has been termed metaplasticity. Metaplasticity, therefore, represents a higher-order
form of plasticity (i.e., plasticity of synaptic plasticity) (33). Furthermore, chronic exposure
to stress and drugs of abuse can result in homeostatic synaptic scaling (34). Homeostatic
scaling is a form of plasticity that adjusts the strength of all synapses on a given neuron in
response to a prolonged change in activity. Specifically, prolonged inhibition results in
potentiation of all synapses on a given neuron, whereas prolonged excitation leads to overall
synaptic depression. Homeostatic scaling operates on a much slower timescale than LTP and
LTD and may play a role in the transition from drug use to addiction (35, 36).

STRESS, ALCOHOL, AND PLASTICITY AT GLUTAMATERGIC SYNAPSES

AMPA/NMDA Ratios and Mechanisms of Long-Term Potentiation and Long-Term

Depression

There are different forms of synaptic plasticity, and drugs of abuse and stress may influence
these forms differently. A-methyl-D-aspartate (NMDA) receptor—dependent LTP remains the
best-characterized form of long-term synaptic plasticity and is commonly referred to as
Hebbian plasticity, after Donald Hebb (37), who predicted that correlations in neuronal
activity induce synaptic potentiation (38). Triggering this form of plasticity requires NMDA
receptor activation via the coincidence of presynaptic glutamate release with postsynaptic
depolarization. The depolarization removes the MgZ* block of NMDA receptors, which
allows Ca2* to enter postsynaptically (Figure 14). An increase in intracellular Ca2*, the
critical trigger for this and some other forms of synaptic plasticity, activates intracellular
signaling cascades that promote the insertion of AMPA receptors into the postsynaptic
membrane. This functional increase in postsynaptic strength is maintained over time by
increased protein synthesis and is linked with structural modifications of the dendritic spines
(39, 40).

NMDA receptor activation can also induce LTD of glutamatergic synapses. LTD requires a
moderate increase in intracellular Ca?* via weak NMDA receptor activation. This activity
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triggers a different Ca*-dependent intracellular signaling cascade than that required for
LTP. NMDA receptor—dependent LTD is mediated by removal of AMPA receptors from the
postsynaptic membrane (39). NMDA receptor—dependent LTP and LTD are synapse
specific: Only synapses where the NMDA receptors are active may potentially undergo
changes in synaptic strength (40).

AMPA receptors are added to or removed from the postsynaptic membrane during Hebbian
LTP and LTD, respectively. Therefore, the synaptic strength may be experimentally inferred
by calculating the ratio of the postsynaptic current carried by AMPA receptors versus
NMDA receptors, called the AMPA/NMDA ratio (20, 41). There are advantages to using the
AMPA/NMDA normalization procedure: It is independent of the number of synapses
activated and of the intensity of presynaptic stimulation. However, the AMPA/NMDA ratio
provides only the relative contribution of AMPA and NMDA receptors, and it is not
sufficient to determine whether the change in plasticity is mediated via AMPA receptors,
NMDA receptors, or both. In addition, the interpretative value of the AMPA/NMDA ratio is
more complex when the plasticity changes the proportion of CaZ*-permeable AMPA
receptor subunits. When the AMPA receptor sub-type contains subunits permeable to Ca2*
(i.e., GIuAl), it is susceptible to being blocked in a voltage-dependent manner by
intracellular polyamines, leading to inward rectification. Therefore, investigators often pair
an estimate of the AMPA/NMDA ratio with a measure of the AMPA-mediated currents at
both negative and positive membrane potentials. In summary, measuring the AMPA/NMDA
ratio remains a relatively simple methodology used to estimate changes in glutamatergic
synaptic strength.

Ethanol and Stress Induce Long-Term Potentiation—Like Plasticity in the Ventral Tegmental
Area and Nucleus Accumbens

Single, noncontingent (experimenter-administered) in vivo application of ethanol induces
LTP-like strengthening of glutamatergic transmission onto VTA DA neurons, observed as an
increase of the AMPA/NMDA ratio the next day (41, 42; but see 43). Pretreatment of VTA
slices with ethanol or voluntary consumption of ethanol also increases the AMPA/NMDA
ratio (44, 45). This form of plasticity has been observed for many drugs of abuse. The
potentiation is attributed to an increase of the Ca2*-permeable AMPA receptors, GluAls,
and a simultaneous decrease of NMDA receptor function, likely via the insertion of the
quasi-CaZ*-impermeable GIUN3A subunit (41, 46-49).

Similar to ethanol, stress potentiates glutamatergic transmission onto DA neurons and
increases the AMPA/NMDA ratio. Forced swim stress induces this form of LTP, which
requires NMDA receptor activation and upregulation of the AMPA GIuA1 subunit (41, 50).
Moreover, activation of glucocorticoid receptors is sufficient to increase the AMPA/NMDA
ratio, and preventing the activation of glucocorticoid receptors abolishes the effect of acute
stress (51). Other forms of stress, including repeated restraint, social defeat, or unpredicted
stress, all increase GIuA1 levels in the VTA (48, 52).

Although there are no direct results for stress and ethanol, we may generalize from other
studies that the induction of plasticity does not affect all VTA DA neurons equally because
DA neurons are heterogeneous. That heterogeneity correlates loosely with their topology
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and projection targets (53, 54). For example, cocaine administration increases the AMPA/
NMDA ratio in DA neurons projecting to the NAc shell but not in neurons projecting to the
medial PFC (mPFC) (55). In contrast, a painful stimulus (i.e., injection of formalin to the
hindpaw) potentiates glutamatergic afferents onto DA neurons projecting to the mPFC but
not to those projecting to the NAc shell. Both cocaine and painful stimuli increase the
AMPA/NMDA ratio in DA neurons projecting to the lateral shell of the NAc (55). These
results suggest that plasticity induction in the VTA has a loose topological granularity.

Acute ethanol and stress potentiate glutamatergic afferents to the NAc, a primary target of
midbrain DA neurons. The NAc consists of two major subregions, the core and the shell,
which play different roles in drug-related behavior. The NAc shell is often associated with
novelty and with the primary reinforcing effects of addictive drugs (56). The core plays a
more significant role in behaviors regulated by cues, such as lever pressing for a reward or
cue-induced reinstatement of reward seeking (57, 58). The main cell type in the NAc is the
GABAergic medium spiny projection neuron (MSN), which usually expresses D1 or D2 DA
receptor subtypes. D1 MSNs are thought to mediate positive reward, and D2 MSNs
participate in aversion (59). However, this established view has been challenged by recent
studies indicating the role of D2 MSNs in motivation-related behavior (60, 61). It is likely
that more complexities in the roles of the MSN subtypes will arise with further research.

A single ethanol exposure, or even the first voluntary ethanol drinking session, results in
long-lasting potentiation of excitatory transmission onto NAc D1, but not D2, MSNs (62).
Ethanol increases the AMPA/NMDA ratio in the NAc shell and promotes a switch in AMPA
receptor composition toward more GluA1l-containing receptors. This form of ethanol-
induced LTP requires activation of D1 receptors and the mechanistic target of rapamycin
complex 1 (mTORC1), a kinase responsible for protein synthesis—dependent maintenance of
LTP (63). Preventing this form of ethanol-induced plasticity via inhibition of mMTORC1
attenuates ethanol consumption during subsequent drinking sessions. Unlike in the shell,
potentiation of glutamatergic transmission in the NAc core requires repetitive administration
of ethanol (62, 64).

Exposure to stress potentiates glutamatergic plasticity in the NAc shell and core. Forced
swim stress or exposure to exogenous corticosterone increases the AMPA/NMDA ratio in
the NAc shell (65). Stress-induced LTP involves an increase in the number or function of
GluA2-containing AMPA receptors without any reduction in NMDA receptor signaling.
Restraint stress increases the AMPA/NMDA ratio and GluAl subunit expression in the NAc
core for as long as 3 weeks (66, 67). Evidence indicates that the NAc core is important for
associating environmental (exteroceptive) cues with rewarding outcomes (68).
Glutamatergic afferent transmission in the NAc core participates in the stress-induced
augmentation of cocaine self-administration and reinstatement (67, 69). Although direct
experimental results are lacking, it is likely that stress-induced synaptic alterations in the
NAc core have similar effects on ethanol-related behaviors.

Interestingly, alterations in glutamatergic transmission in the NAc core are also associated
with the interoceptive effects of alcohol; interoceptive effects are defined as the subjective
sensations experienced following a drug exposure. The interoceptive effects of alcohol are
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believed to reflect its pharmacological activity in the brain. Similar to exteroceptive cues,
such as sounds or specific environments, interoceptive effects, such as feeling cheerful or
dizzy, can become associated with the self-administration behavior. Human studies
demonstrate that social drinkers exposed to a social stress increase ethanol consumption and
report a blunted subjective response to alcohol (70, 71). In that case, an individual may
consume more alcohol to achieve the desired interoceptive effects. Importantly, animal
studies show that decreased sensitivity to the interoceptive effects of alcohol following
corticosterone exposure is linked to neuroadaptations of glutamatergic transmission in the
NAc core (72).

Stress and Alcohol Induce Metaplasticity

Exposure to stress and alcohol may induce insertion of GluA1 AMPA receptor subunits into
glutamatergic synapses (41, 48-50, 62, 67; but see 65). The GIuA1 subunit confers Ca2*
permeability to the AMPA receptors, and at depolarized membrane potentials, the currents
are smaller. These properties of the GIUAL subunit may impact the subsequent induction of
activity-dependent synaptic plasticity. In naive animals, pairing presynaptic glutamate
release with a post-synaptic depolarization induces Hebbian-like LTP via NMDA receptor—
dependent calcium entry (Figure 14). However, after an addictive drug administration
increases the AMPA/NMDA ratio, this Hebbian protocol becomes inefficient (Figure 15)
(47). LTP can be induced, however, when an excitatory input is coupled with a
hyperpolarization of DA neurons, facilitating Ca2* entry through calcium-permeable GluA1
AMPA receptors (Figure 1¢). This form of synaptic plasticity is non-Hebbian (47).
Therefore, in addition to triggering LTP, stress and addictive drugs can alter subsequent
plasticity. That is, stress or drugs create a new initial state owing to metaplasticity of VTA
glutamatergic afferents.

DA neurons can be hyperpolarized under several conditions. For example, cocaine inhibits
the DA transporters and, consequently, may activate D2 autoreceptors that induce a rapid
hyperpolarization of DA neurons (73). Ethanol can hyperpolarize DA neurons via increased
GABAergic inputs (10, 11, 74). Interestingly, recent findings demonstrate that stress acting
via glucocorticoid receptors enhances ethanol-induced GABA receptor—-mediated
transmission onto VTA DA neurons (10, 11). Enhanced GABAergic input following stress
correlates with a long-lasting (>3 weeks) increase in alcohol self-administration. Ethanol
normally increases glutamatergic transmission onto DA neurons, and this effect is not
altered following stress (10, 11, 75). By pairing glutamatergic and GABAergic inputs,
ethanol dosing, subsequent to stress, may potentiate glutamatergic synapses onto DA
neurons via non-Hebbian mechanisms, as didactically illustrated in Figure 14 (47).

Mechanisms of Ethanol- and Stress-Mediated Induction of Long-Term Potentiation

How does ethanol induce LTP in the VTA and the NAc? Several studies point to the central
role of DA release: Optogenetic DA neuron stimulation mimics drug-driven AMPA receptor
subunit redistribution in the VTA (73), and D1 receptor inhibition prevents ethanol-induced
plasticity in the NAc (62). Ethanol-mediated DA release in the VTA and the NAc results
from ethanol-induced excitation of DA neurons (24). Interestingly, DA release in the VTA
retrogradely activates D1 receptors on presynaptic glutamate terminals and, consequently,
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promotes glutamatergic release onto DA neurons (75). Increased levels of glutamate activate
AMPA receptors on DA neurons, further promoting VTA DA release. This positive feedback
loop may significantly contribute to the initiation of ethanol-induced LTP in VTA DA
neurons.

Various addictive drugs, including nicotine, cocaine, and benzodiazepines, increase the
AMPA/NMDA ratio via activation of NMDA receptors (21, 42). However, the role of
NMDA receptors in ethanol-induced LTP remains unclear because numerous studies
indicate that ethanol inhibits NMDA receptors (76—78). An obvious contradiction arises
between ethanol-mediated inhibition of NMDA receptors and ethanol-induced LTP. One
possible explanation for this contradiction is that (depending on the brain region) ethanol
inhibition of NMDA receptors decreases following extended (10-15 min) ethanol exposure
and reverses to potentiation upon ethanol washout (77, 78). An alternative explanation is
offered by a study performed in the mPFC, where NMDA receptor inhibition results in a
rapid activation of mMTORC1, which upregulates the calcium-permeable GIuUA1 AMPA
receptor subunit (79). As mentioned above, ethanol-induced LTP in the NAc requires
activation of mMTORC1 (62), counterintuitively suggesting that this form of plasticity may be
triggered by NMDA receptor inhibition.

Similar to addictive drugs, stressors, including restraint, foot shock, needle injection, and
social defeat, increase DA activity within the mesolimbic system (80-84). This effect on DA
activity likely involves stress-induced release of CRF in the VTA, as administration of this
hormone increases DA neuron firing (85, 86). In addition to modulating DA neuron activity,
CRF potentiates NMDA receptor currents and increases the intracellular Ca2* concentration
in VTA DA neurons (87, 88). Orexin is another neuropeptide that participates in stress-
mediated responses. Orexin neurons project from the lateral hypothalamus to many brain
areas, including the VTA. Orexin effects on excitatory neurotransmission in the VTA are
similar to those of CREF, i.e., potentiation of NMDA currents onto DA neurons (89, 90).
Glucocorticoids may also increase glutamatergic release onto DA neurons and potentiate
NMDA receptor currents (91, 92).

Effects of Stress and Ethanol on NMDA Receptor Transmission

In addition to acutely modulating NMDA receptor channel function, ethanol promotes
synaptic plasticity of NMDA receptors in VTA DA neurons. Evoked synaptic excitation,
paired with burst activity of DA neurons, induces LTP of NMDA receptor-mediated
excitatory transmission (LTPnwmpa) (93). The plasticity requires burst-evoked Ca2* signals
in DA neurons that are amplified by preceding metabotropic glutamate receptor activity
(93). Repeated exposure to alcohol (over the course of 7 days) enhances LTPypmpa in the
VTA via potentiation of metabotropic (MGIuR) receptor-mediated Ca2* signaling (94). The
precise mechanisms for the Ca2* signal potentiation remain unclear but involve sensitization
of the IP3 receptor, which mediates Ca?* release from internal stores. This potentiation of
mGluR-mediated Ca2* signaling promotes conditioned place preference for addictive drugs,
suggesting that this plasticity contributes to associative learning (94-96).

Stress also modulates the plasticity of NMDA receptor-mediated transmission. Exposure to
CREF, repeated social defeat, and social isolation in adolescence all enhance LTPympa (17,
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94,95). The effect of stress is blocked by glucocorticoid receptor antagonist and, like the
effect of drugs of abuse, involves sensitization of IP3 receptors. The stressful experiences
promote alcohol-, cocaine-, and amphetamine-conditioned place preference in rodents (17,
95), which is consistent with this plasticity underlying associative learning.

Chronic Alcohol- and Stress-Induced Alterations in Glutamatergic Transmission

Acute ethanol increases glutamate release in the NAc (97). The elevated glutamate
concentration is short-lasting and is not observed 24 hours after the ethanol exposure (98). In
contrast, repetitive ethanol administration, prolonged voluntary self-administration, and
chronic intermittent ethanol exposure all increase basal glutamate levels following 24 hours
of withdrawal (98-100). Glutamate levels increase in both the NAc core and NAc shell, but
this effect does not persist into late withdrawal (98, 101). However, after ethanol dependence
is induced using chronic intermittent ethanol vapor, elevated basal glutamate concentrations
persist for >7 days (100). In a similar result, one session of restraint stress boosts the basal
glutamate concentration in the NAc core but not in the shell (67). The glutamate levels
remain elevated for at least 3 weeks. Although the exact mechanisms underlying these long-
lived increases in glutamate are not known, it is likely that glutamate reuptake is decreased
(66, 98, 99). These enduring elevations of glutamate can induce homeostatic synaptic scaling
in the NAc. This scaling arises from postsynaptic AMPA and NMDA receptor changes that
then modulate subsequent synaptic plasticity (34).

Low-frequency stimulation of NAc glutamatergic afferents triggers NMDA receptor—
dependent LTD specifically in D1 MSNSs. After repetitive intermittent ethanol exposure
induces metaplasticity at the NAc glutamatergic synapses, low-frequency stimulation
produces LTP in D1 MSNs for a day (102, 103). Protracted withdrawal from ethanol
disrupts both LTD and LTP in the NAc (64, 103), and evidence suggests that persistent
disruption of NAc synaptic plasticity is indicative of a drug-dependent state (104). NMDA
receptor expression and function parallel the ethanol-mediated changes in synaptic
plasticity: NMDA signaling increases early in withdrawal and decreases during protracted
withdrawal (64, 102). Opposing plasticity occurs in D2 MSNs in the NAc. In naive animals,
low-frequency stimulation has no effect on putative D2 MSNs, but similar stimulation
induces LTD after repetitive exposure to ethanol, suggesting potentiation of glutamatergic
inputs onto these neurons during withdrawal (102).

Different chronic stress protocols depotentiate glutamatergic synapses in the NAc and
reduce LTD selectively in D1-expressing MSNs, an effect associated with anhedonia (105,
106). In contrast to NAc D1 neurons, chronic social defeat increases excitatory synaptic
transmission onto D2 MSNs, and optogenetic stimulation of D2 MSNs promotes the
susceptibility to social defeat without inducing anhedonia (107). The effect of chronic stress
on synaptic transmission in the NAc is input specific. Chronic social defeat increases
glutamatergic pathways selectively from the ventral hippocampus to D1 MSNs but decreases
glutamatergic synaptic transmission from the mPFC (108). Thus, the interaction between
alcohol- and stress-induced synaptic plasticity has specificity at different pathways in the
NAc. Although results are not yet available for alcohol, a recent study compares synaptic
strength at the single-spine level for cocaine-induced and stress-induced neuroadaptations.
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The results suggest that stress and cocaine induce divergent changes in synaptic function in
the NAc (109).

STRESS, ALCOHOL, AND PLASTICITY AT INHIBITORY SYNAPSES

Most addiction studies focus on glutamatergic synaptic plasticity, but drugs of abuse and
stress also modulate inhibitory synaptic transmission (110, 111). Stress-induced changes to
inhibitory VTA synapses influence various drug-related behaviors (10, 11, 112, 113).
Although inhibitory synapses exhibit multiple forms of long-term synaptic plasticity, their
modulation by stress or alcohol has not been extensively studied. As it does at glutamatergic
synapses, high-frequency glutamatergic stimulation induces LTP at GABA 5 Synapses onto
VTA DA neurons (LTPgaga) (114). Inducing this form of LTP requires a NMDA receptor—
dependent increase in postsynaptic Ca2*. Therefore, LTPgaga is heterosynaptic: It requires
glutamatergic NMDA receptor activity, but GABAergic synaptic transmission is potentiated.
Ca?* entry through NMDA receptors activates the release of nitric oxide (NO), a diffusible
signal produced by VTA DA neurons. NO potentiates inhibitory synapses by increasing
GABA release from presynaptic terminals (114).

An alternative way to induce synaptic plasticity is to stimulate the presynaptic neuron
shortly before or shortly after stimulating the postsynaptic neuron. This form of synaptic
plasticity depends on the temporal correlation between the action potentials of pre- and
postsynaptic neurons, called spike timing—dependent synaptic plasticity (STDP). Compared
to other methods that induce synaptic plasticity, STDP protocols often more closely mimic
the natural neuronal activity that induces plasticity (38). STDP is also often bidirectional;
i.e., it can result in either LTP or LTD depending on the relative timing between pre- and
postsynaptic action potentials. For example, GABAergic synapses onto VTA DA neurons
undergo spike timing-dependent LTP when the presynaptic glutamatergic spike arrives
shortly (i.e., in the millisecond range) before the post-synaptic action potential, whereas the
same synapses exhibit spike timing—dependent LTD when the postsynaptic action potential
fires shortly before the presynaptic spike (115). This form of LTPgapa is also
heterosynaptic because it requires NMDA receptor activation. However, STDP in the VTA
does not alter presynaptic GABA release, suggesting that postsynaptic changes mediate this
form of plasticity (115).

Another form of GABAergic synaptic plasticity is mediated by shifts in the GABAx
receptor reversal potential. The GABA receptor reversal potential is the membrane
potential at which anionic current through GABA, receptor channels changes direction from
inward to outward. The current through GABAA, receptors is carried by chloride (CI7) and
bicarbonate (HCO3™) ions. Because the permeability for CI™ is higher than that for HCO3™
and the extracellular CI~ concentration is high, when GABAx channels open, the membrane
potential moves toward the CI™ reversal potential. The GABAA, reversal potential varies
depending primarily on the intracellular CI~ concentration because the extracellular CI~
concentration (as well as the HCO3™ concentration) is relatively constant. In adult neurons,
the intracellular CI~ concentration is low, keeping the GABA, reversal more negative than
the neuron’s resting potential. Low intracellular CI™ creates the driving force for ClI™ ions to
flow into the cell through the GABA receptor (Figure 24). This CI™ gradient underlies the
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normally hyperpolarizing, inhibitory action of GABAp receptor activity (116). In developing
neurons and under several pathological conditions, the intracellular CI~ concentration
becomes higher, shifting the GABA, reversal potential in the depolarized direction (117,
118). A depolarized GABAA reversal potential indicates a decreased ClI~ gradient and a
decrease in the strength of synaptic inhibition (Figure 26) (119, 120). Although the shifts in
the GABA reversal potential were originally discovered during development and
pathology, accumulating evidence demonstrates that they are triggered in the adult brain
during very high physiological GABAergic activity (11, 121, 122).

Shifts in the GABA reversal potential are often attributed to functional changes in the anion
transporters, which establish and maintain the CI™ gradient in neurons (123). Some of these
transporters load CI™ into the cell, and others extrude CI~. The Na*-K*-CI~ cotransporter,
NKCC1, and the CI"-HCO3~ exchanger, AE3, mainly accumulate Cl~ into neurons. The K*-
CI~ cotransporter, KCC2, is the main mechanism to extrude CI~ ions, but the Na*-dependent
CI™-HCO3™ exchanger, NDAE, also performs that function in neurons. Not all neurons
express all of these mechanisms. It is more common that a subset of these transporters
(possibly along with other mechanisms) controls the CI™ gradient of individual cells.

KCC2 is expressed specifically in neurons, where it moves CI~ out of the cell against its
gradient, maintaining low intracellular CI~ (Figure 24). Several studies report activity-
induced and Ca2*-dependent downregulation of KCC2 function, resulting in impaired CI~
extrusion and weakened GABAergic inhibition (121, 122, 124). When KCC2 efficacy is
decreased, strong GABA receptor activity leads to a smaller CI™ gradient (Figure 24). The
increased intracellular CI~ moves the reversal potential for GABA, in the depolarized
direction. Thus, the normally inhibitory GABAA synapse moves toward excitatory
depolarization (125). In contrast, enhancing KCC2 activity increases the strength of
inhibition owing to very low intracellular CI~, resulting in a more negative reversal potential
(11, 124, 126). It seems reasonable to hypothesize that modulation of transporters and
exchangers that control the CI™ gradient produces variations in the strength of GABAA
inhibition. This process may serve as a kind of plasticity that regulates the response of
circuits on both a fine and a broad scale.

Ethanol- and Stress-Mediated Plasticity at GABAergic Synapses in the Ventral Tegmental

Area

A single in vivo exposure to ethanol enhances GABAergic release onto VTA DA neurons
(11,74). Ethanol-induced synaptic potentiation is long lasting (>1 week) and correlates with
increased ethanol self-administration. In addition, ex vivo administration of ethanol in
midbrain slices increases GABAergic release onto DA neurons (10, 11, 127; but see 128).

A single pre-exposure to restraint stress (10-15 hours before ethanol exposure) increases
ethanol-induced midbrain GABAergic transmission onto DA neurons and ethanol self-
administration (11). The stress alone does not potentiate GABA transmission onto DA
neurons. Rather, stress increases the ethanol-induced excitation of VTA GABA neurons,
which arises because excitatory GABAergic inputs drive other GABA neurons. The CI™
gradient collapse in specific GABA neurons of the circuitry results in ethanol-induced
GABAergic excitation of GABA neurons that, in turn, project to DA neurons (Figure 2¢)
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(11). The shift in the GABAA, reversal potential arises owing to glucocorticoid-mediated
downregulation of KCC2 function. Importantly, in the VTA and substantia nigra (SN),
KCC2 is expressed exclusively in non-DA neurons, indicating the presence of another
chloride extrusion mechanism in DA neurons (11, 129, 130). The stress treatment enables
the ethanol-induced transition to excitatory GABA receptor signaling in some VTA GABA
neurons, but not in DA neurons (11). Because nicotine activates some aspects of the stress
axis, nicotine may act, at least in part, similarly to stress and produce comparable effects on
midbrain circuitry and alcohol self-administration in rats (10).

GABA neurons compose approximately one-third of VTA neurons and play an important
role in various drug-related behaviors (11, 113). VTA GABA neurons provide local
inhibition and project to other brain areas (113). Synaptic inputs onto VTA GABA neurons
also include projections from the NAc, lateral hypothalamus, and bed nucleus of the stria
terminalis (113, 131, 132). In VTA GABA neurons, the KCC2-dependent transition toward
depolarizing or excitatory GABA signaling occurs in response to morphine (129, 133). In
the neonatal brain, KCC2 expression is low, and activation of GABA receptors induces
depolarization, which activates NMDA receptors or voltage-gated calcium channels,
triggering Ca2* entry and, consequently, LTP or LTD at GABAergic synapses (134, 135). In
addition to its CI~ extrusion function, KCC2 plays a critical role in the development and
plasticity of glutamatergic synapses. Although the precise mechanisms are still unclear,
KCC2 interacts with the cytoskeleton, contributing to the formation of spines and to the
delivery of AMPA receptors to the membrane (136, 137). Therefore, stress-induced changes
in KCC2 function and in the GABA reversal potential could represent a form of
metaplasticity that modifies GABAergic and glutamatergic plasticity in VTA GABA
neurons. This metaplasticity then alters the circuit’s response to subsequent ethanol
exposures.

Stress and Ethanol Modulate Stimulus-Induced GABA Plasticity in the Ventral Tegmental

Area

A single in vivo or ex vivo exposure to ethanol inhibits LTPgaga induced by high-frequency
stimulation (138). Ethanol inhibits LTPgaga Via mu-opioid receptor-dependent intracellular
mechanisms downstream of NO signaling (114, 138).

Exposure to acute forced swim stress also blocks LTPgaga in the VTA (112). The effect of
stress on LTPgapa involves activation of glucocorticoid and kappa-opioid receptors (112). It
is noteworthy that kappa-opioid receptors do not mediate the stress-induced increase of the
AMPA/NMDA ratio at the excitatory synapses (112), indicating that stress induces distinct
forms of metaplasticity at GABAergic and glutamatergic synapses.

Early life stressors, such as maternal deprivation, also modify inhibitory neurotransmission
in the VTA (139). Maternal deprivation attenuates GABAergic signaling onto VTA DA
neurons when this signaling is measured several days later. In addition, maternal deprivation
impairs the ability of GABAergic synapses to exhibit normal bidirectional STDP. Early life
stress also induces abnormalities in GABAergic signaling through epigenetic modifications
in VTA DA neurons (139). Future experiments must determine how VTA GABAergic
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changes induced by maternal deprivation influence alcohol drinking behavior later in life
(140).

TOPOGRAPHICAL CONSIDERATIONS

Stress, nicotine, and ethanol trigger various forms of plasticity at multiple synapses within
the VTA and the NAc. As observed at both excitatory and inhibitory synapses, stress,
ethanol, and other drugs of addiction often converge in potentiating or depressing similar
pathways, but the mechanisms can be different. It is important to understand how these
pathways contribute to the acquisition and expression of various alcohol-related behaviors
and, eventually, induce addiction. The anatomical layout of the midbrain DA system offers
clues to the function of the mesolimbic pathways.

Anatomical studies indicate that the midbrain (VTA and SN) and the striatum (NAc and
dorsal striatum) are connected in a spiraling manner (Figure 3) (141, 142). Many medial DA
neurons in the VTA project to the medial shell of the NAc (54). D1 MSNs from the medial
shell project back, via interneurons, to DA neurons in the more lateral part of the VTA (132).
Those lateral DA neurons, in turn, project to the more lateral core of the NAc. MSNSs in the
core connect to DA neurons in the most lateral parts of the VTA and SN (143). DA neurons
in the SN project to the dorsal striatum (Figure 3). It has been suggested that the gradual
recruitment of more lateral parts of the VTA and SN complex, together with more dorsal
areas of the striatum, mediates the transition from goal-directed actions to habitual behaviors
during the progression of the addiction process (144, 145).

One influential hypothesis is that the initial synaptic plasticity in the medial part of the spiral
amplifies the connectivity within the spiral. This potentiation makes it easier to activate
more lateral parts of the spiral, thus promoting habitual behavior during the later stages of
addiction (146, 147). A progressive shift toward habitual ethanol self-administration has
been reported in human and animal studies (for a review, see 148). Similarly, exposure to
acute and chronic stress promotes habitual behaviors in humans and animals (149-151).
Future studies may determine whether the stress-induced escalation in drinking is mediated
through facilitation of habitual behaviors.

CONCLUSIONS

During the early stages of addiction, stress, nicotine, and alcohol often engage synaptic
plasticity in comparable areas of the brain that contribute to the addiction process. However,
few studies provide mechanistic insights into how stress- or nicotine-induced plasticity
modifies subsequent ethanol-induced plasticity. Among the many actions of nicotine is its
ability to activate, at least in part, the stress signaling axis, producing some similarities to
stress’s influences over mesolimbic circuitry. It will be important to determine input
specificity, i.e., whether individual synapses at DA neurons and MSNs are regulated
similarly by stress and alcohol. Given the different mechanisms involved in stress- and
alcohol-induced synaptic plasticity, it is unlikely that stress and alcohol act at identical
synapses via identical mechanisms. However, despite the possible difference in input
specificity, shared downstream mechanisms may contribute to the phenomenon of
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morbidity between stress (or nicotine) and alcohol. Although the synaptic alterations
scribed in this review often correlate with several alcohol-related behaviors, future studies
ould provide the direct causal link between changes in synaptic transmission and certain
haviors driven by alcohol. For now, we can only speculate that stress produces its most

powerful and long-lasting effects on alcohol-related behaviors via modulation of alcohol-
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Stress: threatening and harmful condition that culminates in the release of stress-
signaling molecules, including glucocorticoids, catecholamines, and neuropeptides

Metaplasticity: activity-dependent changes in neurons and synapses that modulate
subsequent synaptic plasticity; often referred as the plasticity of synaptic plasticity

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2019 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ostroumov and Dani Page 23

a Hebbian LTP b NoLTP € Non-Hebbian LTP

Ca?* ? Ca?t Ca2+
w & & Q —
our  UIUNmDA : GluAT GIuA1

OO Q

%
TGIu Glu Glu

Non-Hebbian LTP

cl- Ca2t
" GABA, GluA1
Q Q

Q Q
I GABA ‘ Glu
Figure 1.

Hebbian and non-Hebbian long-term potentiation (LTP) in the ventral tegmental area (VTA).
(a) Presynaptic glutamate (Glu) release activates postsynaptic AMPA and A-methyl-D-
aspartate (NMDA\) receptors. AMPA receptor—-mediated postsynaptic depolarization (p/us
sign) relieves the Mg2* block of NMDA receptors, enabling them to become the main source
of the increase in Ca2* that triggers Hebbian LTP. (5) GluA1 AMPA receptor subunits
provide another source of Glu postsynaptic Ca%*, which triggers plasticity independently of
NMDA receptors. However, when Glu release is paired with significant postsynaptic
depolarization, the decreased Ca2* entry via GIuA1 receptors then decreases the likelihood
of LTP. (¢) In contrast, pairing Glu release with postsynaptic hyperpolarization (minus sign)
permits Ca2* entry through GIuA1 AMPA receptors, thereby increasing the likelihood of
GIuA1l non-Hebbian LTP (47). (@) In addition to Glu projections, VTA dopamine neurons
receive inhibitory inputs from GABAergic neurons. Glu and GABA synapses (encircled on

©

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2019 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ostroumov and Dani

Page 24

the leff) on the dopamine neuron are expanded on the right. Postsynaptic GABA receptor
activation prevents membrane depolarization, promoting non-Hebbian LTP.
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Figure2.
Functional expression of the K*-CI~ cotransporter (KCC2) regulates neural circuitry in the

ventral tegmental area (VTA). (8) KCC2 mediates CI~ extrusion from neurons, maintaining
the concentration gradient that favors CI~ entry through the GABA receptor. (4) Decreased
KCC2 function leads to intracellular CI~ accumulation, resulting in an impaired CI~ gradient
and decreased synaptic GABA receptor inhibition. (¢) KCC2 mediates normal GABAergic
inhibition of VTA GABA neurons projecting onto dopamine (DA) neurons (/eft minus sign).
Exposure to stress downregulates KCC2 and shifts GABA receptor signaling toward
excitation of VTA GABA neurons (p/us sign). Excitation of VTA GABA neurons promotes
inhibition of DA neurons (right minus sign) (11).
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Figure 3.
A schematic representation of the connectivity between the ventral tegmental area (VTA)

and the nucleus accumbens (NAc). Connections between the midbrain and the striatum form
a spiral that emanates from medial parts of the VTA and NAc, moving toward lateral parts of
the substantia nigra (SN) and the striatum. Dopamine (DA) neurons from the VTA project to
GABAergic medium spiny projection neurons (MSNSs) in the NAc. D1 MSNs from the NAc
project back to VTA GABA and DA neurons. During early phases of addiction, exposure to
drugs of abuse, including alcohol, potentiates synaptic connectivity in the most medial parts
of the spiral. Repeated drug administration progressively activates more lateral parts of the
spiral in the SN, eventually recruiting the dorsal striatum, a brain region implicated in
habitual drug seeking. We hypothesize that stress promotes habitual drinking, in part via
modulation of alcohol-evoked synaptic plasticity within the spiral (147).
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