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Ethanol Modulation of Striatal Complex Disinhibition
Mary H. Patton, Doctor of Philosophy 2018
Dissertation directed by: Dr. Brian N. Mathur, Assistant Professor, Department of
Pharmacology

The brain dynamically interacts with the environment to ensure organism survival.
Underlying this dynamism are plastic changes at synapses in a brain region known as the
striatal complex that encodes the motivation to seek, and the motor skills required to obtain,
rewards. Historically, work in the striatal complex has largely focused on synaptic changes
at excitatory synapses. This is despite the ability for the major drug of abuse ethanol to
alter both excitatory and inhibitory signaling in the striatal complex to foster alcohol use
disorders. Using whole-cell electrophysiology in conjunction with ex vivo optogenetics and
a variety of ethanol exposure models, I tested the effects of ethanol on the induction and
maintenance of plastic changes at inhibitory synapses in the striatal complex. The work
presented in this dissertation is the first to demonstrate that acute and chronic ethanol
exposure in mice is capable of producing and enhancing long lasting inhibitory synaptic
changes as well as altering the population activity of inhibitory interneurons. Through this
work, I identify novel molecular targets to combat alcoholism and provide a clear path
forward for future work in the field.
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Chapter 1: Introduction

1.1 Dynamic changes in the brain
Today, activity dependent synaptic plasticity is viewed as the mechanism by which
the brain adapts to environmental stimuli. Almost a century before the most influential
theory of synaptic plasticity was first described by Donald Hebb in 1949, neuroanatomists
struggled to understand the basic building blocks of the brain. In 1873, Camillo Golgi
revolutionized the ability to study the histology of the nervous system through the creation
of a new staining method, which he called “la reazione nera” or the black reaction. This
method impregnates a sparse number of neurons with silver nitrate and allows the
visualization of neuronal cell bodies and corresponding dendrites (Golgi, 1873; 1874;
1875; for review see Pannese, 1999). After Golgi invented this stain, he classified new
types of cells and characterized a web of branches originating from somata. He argued that
these branches connect different cerebral areas and are therefore the main organ of the
nervous system (for review see Cimino, 1999). He further posited that these branches
communicated with each other through the transmission of electrical impulses.
In the late 1880s, the Golgi staining technique began to gain popularity, and Eugen
Bleuler, among other scientists, reported the absence of connections between cerebral
cortex cells of rabbits, providing evidence to support the hypothesis that the nervous system
is comprised of individual units, similar to the classic cell theory (Bleuler, 1886). In 1891,
Wilhelm Waldeyer termed brain cells as “neurons”, and shortly after, Santiago Ramon y
Cajal, using Golgi’s staining technique, confirmed that neurons are discrete entities from
each other (Ramon y Cajal, 1909; Fishman, 2007). These findings provided further support
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for the neuron doctrine, put forth by Waldeyer, for which Cajal strongly advocated. Despite
being the first scientists to share a Nobel Prize in 1906, Golgi and Cajal continued to
disagree, to the extent that Cajal commented “What a cruel irony of fate of pair, like
Siamese twins united by the shoulders, scientific adversaries of such contrasting
character!" (Fishman, 2007). The neuron doctrine prevailed, and in 1906 Charles
Sherrington termed the space between two neurons the “synapse” (Sherrington, 1906).
While these discoveries propelled the field forward, the question of how neurons
communicated with each other across the synaptic cleft remained. Since the 18th century,
from experiments by Luigi Galvani, it was known that electrically stimulating the sciatic
nerve innervating frog legs produced twitching in the leg. Thus, transmission between
neurons was thought to occur at least in part due to electrical transmission (Galvani, 1791).
In the early 1900s, John Newport Langley demonstrated the existence of “receptive
substances”, which have since become the cornerstone of pharmacology. Identifying
receptors on which specific chemical messengers act revolutionized the understanding of
how neurons communicate, but it wasn’t until the 1920s that Otto Loewi performed his
pivotal experiment in which he demonstrated that a chemical released from the vagus nerve
innervating the heart slows the activity of a second, denervated heart (Loewi, 1924). These
findings solidified the concept that nerves release chemicals and provided the basis of
electro-chemical transmission within the nervous system.
Despite understanding how neurons communicate, the functional relevance of
neuronal communication beyond motor reflexes remained elusive for decades. In 1949,
Donald Hebb published his book The Organization of Behavior, in which he postulated
that long-term changes in synaptic strength, also known as synaptic plasticity, underlie
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learning and memory. Hebb argued that repeated stimuli that occur before or at the same
time as a response will provide learning, a concept that Ivan Pavlov, among others also
hypothesized (Ramon y Cajal, 1907; 1913; Hebb, 1949). However, Hebb did not provide
any evidence for learning and memory mechanisms in the brain and it wasn’t until the late
1960s and early 1970s that seminal work in the sea slug Aplysia californica and the
hippocampus of the rabbit provided hard evidence supporting this concept (Thompson and
Spencer, 1966; Carew and Kandel, 1973; Lømo, 1966).
Aplysia exhibit habituation and sensitization to sensory stimuli. Habituation is an
adaptive behavior characterized by diminished response to innocuous stimuli (Thompson
and Spencer, 1966; Rankin et al., 2009). Sensitization, conversely, is a learned
enhancement of a naturally occurring reflex induced by strong or noxious stimuli (Carew
and Kandel, 1973). Eric Kandel showed that stimulating the sensory neurons responsible
for the gill withdrawal response with a stimulation pattern known to produce habituation
in the intact animal decreases the probability of transmitter release. This phenomenon is
now known as long-term synaptic depression (LTD) (Castellucci et al., 1970).
Alternatively, stimulating this synapse with a stimulation protocol that produces
sensitization in vivo enhances transmitter release from sensory neurons, producing a longterm synaptic facilitation of synaptic transmission (Castellucci et al., 1970). Concurrently,
Terje Lomo discovered long-term synaptic potentiation (LTP) in the hippocampus of the
rabbit and only a few years later, he and Tim Bliss were the first to describe this LTP in
detail (Bliss and Lømo, 1973; Lømo, 2017). These early studies provided the basis of the
current understanding of synaptic plasticity and laid the groundwork for the exceptionally
complex manner in which the brain is continually evolving.
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Since the characterization of LTP in the hippocampus of rabbits in 1973 (Bliss and
Lømo, 1973), several distinct forms of synaptic plasticity have been described in a number
of different brain regions (for review see Bear and Malenka, 1994; Malenka and Bear,
2004). While the specific molecular mechanisms underlying LTP and LTD may vary
drastically between brain regions and cell types, some similarities exist between them. For
instance, modifying synaptic strength occurs either by altering the probability of
transmitter release from the presynaptic terminal (presynaptic-expression), or by changing
the responsiveness of the postsynaptic neuron to transmitter release (postsynapticexpression, Atwood et al., 2014). Presynaptic activation of G-protein coupled receptors
(GPCRs) enhances or diminishes transmitter release. Gi/o coupled receptors generally
results in presynaptically expressed LTD, as these receptors are negatively coupled to
adenylyl cyclase, while activation of Gs coupled receptors, which activate adenylyl
cyclase, enhances transmitter release. Postsynaptically-expressed plasticity, however,
typically involves the insertion or removal of ionotropic receptors from the postsynaptic
membrane (Atwood et al., 2014b). In addition to inserting more of the same type of
receptors, postsynaptically expressed plasticity can also be achieved through the insertion
of new receptor subtypes (for example see Wolf and Ferrario, 2010).
Long-term synaptic changes can be divided into temporal phases: early- and latephases. Early-stage plasticity occurs immediately after the stimulus delivery, depends on
kinase activity and lasts approximately an hour. An influx of postsynaptic Ca2+ is necessary
for early-stage LTP induction (Lynch et al., 1983; Malenka et al., 1988, 1992). Further, a
number of intracellular signaling pathways are necessary for LTP induction as well as some
forms of learning and memory in vivo: calmodulin-dependent protein kinase II (CaMKII)
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(Lisman et al., 2002), protein kinase M-zeta (Hrabetova and Sacktor, 1996; Ling et al.,
2002), various extracellular signal-regulated kinases (ERK) (Sweatt, 2004; Thomas and
Huganir, 2004), phosphatidylinositol 3-kinase (PI3 kinase) and the tyrosine kinase Src
(Man et al., 2003; Salter and Kalia, 2004).
Late-stage plasticity requires protein synthesis, lasts for a number of hours and
begins a few hours following the induction stimulus (Huang, 1998; Malenka and Bear,
2004). The maintenance of LTP requires activity-dependent modifications to AMPA
receptors on the postsynaptic membrane (for review see Packard and McGaugh, 1992;
Bredt and Nicholl, 2003). These alterations to AMPA receptors include trafficking to the
membrane and direct modifications of AMPA receptors themselves, including
phosphorylation (Benke et al., 1998; Soderling and Derkach, 2000; Lee et al., 2003).
Interestingly, the recruitment of cAMP-protein kinase A (PKA) signaling is required for
long-term changes in synaptic strength in lower order organisms as well as mammals (Frey
et al., 1993; Bailey et al., 1996). This system activates cAMP-response element binding
protein (CREB), which induces new protein synthesis and gene transcription (Abraham
and Williams, 2003; Pittenger and Kandel, 2003; Lynch, 2004). Further, mice lacking
CREB demonstrate an impairment in spatial memory retention as well as shorter duration
LTP, highlighting the necessity of this signaling pathway in late-stage LTP maintenance
(Bourtchuladze et al., 1994; Bailey et al., 1996).
Late-stage long-term synaptic plasticity can be further characterized as being either
stable or labile (Atwood et al., 2014b). To test between these types of plasticity, an
antagonist to the receptor that induces the plasticity is applied following induction of the
plasticity. If the synapses remain depressed or potentiated in the presence of the antagonist,
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the plasticity is referred to as stable, but if the synapses return to baseline levels, the
plasticity is considered labile. The difference between these two forms of plasticity depends
on the requirement of the receptor agonist being present to induce the plasticity. Stable
plasticity no longer requires the activation of the receptor, as new protein synthesis has
likely occurred to keep the plasticity stable, whereas labile plasticity does.
Kandel’s work in the 1960s and ‘70s established that long-term changes in synaptic
strength underlie how an animal interacts with the environment. As seen in Aplysia, this
environmental interaction may be as simple as updating responses to innocuous stimuli.
However, synaptic plasticity can also underlie highly complex behaviors such as pairbonding mating behaviors (for one example see Dölen et al., 2013). A basic understanding
of the vastly diverse mechanisms through which brain regions undergo synaptic plasticity
allows neuroscientists to understand the capacity of the brain to encode changes that are
relevant to survival. While survival indeed requires reflexive responses to escape
potentially life-threatening stimuli as demonstrated in Aplysia, it also involves rewardbased actions such as acquiring nutrients and mating. In mammals this occurs through a
symphony of memory systems, for instance, declarative and procedural learning (Packard
et al., 1989; Packard and McGaugh, 1992).
Declarative learning encompasses explicit knowledge, or “text-book knowledge”.
In declarative learning, facts can be explicitly stated, while procedural learning is action
based, and therefore difficult to be verbally declared. Studies of amnesic and Parkinson’s
patients, conditions with damage in differing brain regions, demonstrate that separate brain
structures mediate declarative and procedural learning. Parkinsonian individuals, with
nigrostriatal degeneration, are unable to acquire a procedural-learning task, but perform a
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declarative memory task well, unlike amnesic patients with damage to the hippocampus
(Knowlton et al., 1996). These findings implicate the basal ganglia in action based learning
strategies. Action based learning strategies encompass both skill- and reward-based
learning, processes that are mediated by dorsal and ventral regions of the striatal complex.
These memory systems garner significant attention because they are the targets of drugs of
abuse. Therefore, the striatal complex provides insight not only into the dynamic function
of the brain in normal conditions, but also into how drugs pathologically shape the brain to
produce addictions.

1.2 The striatal complex as a model system to study synaptic plasticity
The striatal complex presents an ideal model to understand the brain as a whole because it
houses procedural memory systems. The dorsal striatum is necessary for action selection,
either goal directed or habitual action strategies, while the nucleus accumbens is necessary
for motivated behaviors. By studying the differences in synaptic plasticity between these
regions, we can understand how altering the global output of a structure produces profound
behavioral effects. Moreover, drugs of abuse affect the striatal complex differently, and as
such, these nuclei represent an ideal model to study drug-induced behavioral changes.
1.2.1 Common features of the striatal complex: D1- and D2-expressing MSNs.
The striatal complex consists of dorsal and ventral regions. Both subdivisions of the striatal
complex are comprised primarily of medium spiny projection neurons (MSNs) and are
heavily innervated by dopaminergic fibers arising from the midbrain (Gerfen, 1988; Bolam
et al., 2000; Yetnikoff et al., 2014). Dopamine released from the substantia nigra pars
compacta (SNc), or ventral tegmental area (VTA) acts on D1 or D2 type dopamine
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receptors on MSNs to modulate striatal output. D1-expressing MSNs are thought to
primarily project directly to basal ganglia output nuclei and may function as a “go” signal
that initiates voluntary movement. This circuitry is typically referred to as the direct
pathway. D2-expressing MSNs in striatum in general relay through the pallidum, and, as
MSNs release GABA, inhibit the output nuclei of the basal ganglia. Thus, D2-expressing
MSNs are thought to produce a “no-go” signal that suppresses movement, comprising a
critical component of the indirect pathway (Parent et al., 1984; Alexander and Crutcher,
1990; Gerfen et al., 1990; Smith et al., 1998). While there is much debate over the validity
of this overly simplified view of striatal output pathways, it appears a distinction between
D1 and D2 receptor expressing MSNs exists across the dorsoventral striatal complex.
1.2.2 Common features of the striatal complex: striosome and matrix
subcompartments.
The striatal complex is organized into compartments known as striosomes, or patches, and
matrix (Gerfen et al., 1987a, 1987b; Zahm and Brog, 1992). These compartments are
neurochemically distinct and characterized by an enrichment of mu opioid receptor
(MOR), dopamine transporter (DAT), acetylcholinesterase (AchE) and nucleus reporter 4a
(Nr4a) proteins in striosomal regions, with a lack of this enrichment in matrix
compartments (Graybiel and Ragsdale, 1978; Herkenham and Pert, 1981; Crittenden and
Graybiel, 2011; Davis and Puhl, 2011; Salinas et al., 2016). The matrix is thought to
comprise approximately 85% of the striatal complex and is possibly involved in limbic
circuits due to innervation patterns. In contrast, striosomes represent approximately 15%
of the striatal complex and likely participate in sensorimotor and associative processing
(Johnston et al., 1990; Mikula et al., 2009). Further, striosomes seem to be largely
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comprised of direct pathway MSNs, and some evidence suggests only striosomal MSNs
innervate the substantia nigra (Fujiyama et al., 2011; Watabe-Uchida et al., 2012). Matrix
MSNs appear to project out of the striatum through both the direct and indirect pathways
(Gerfen, 1984; 1992).
1.2.3 Common features of the striatal complex: interneurons.
In addition to MSNs, the striatal complex hosts a number of interneurons (Gerfen, 1988).
The most characterized interneuron populations include parvalbumin-containing fastspiking interneurons (FSI), low-threshold spiking, somatostatin, neuropeptide Ycontaining interneurons (LTSI) and large aspiny-cholinergic interneurons (CHI)
(Kawaguchi, 1993; Mallet, 2005; Pisani et al., 2007; Ding et al., 2010; Gittis et al., 2010;
Oldenburg and Ding, 2011).
The most highly characterized interneuron of the striatal complex is the FSI. FSIs
contain the Ca2+-binding protein, parvalbumin, are GABAergic and demonstrate fast-firing
frequencies (Kita et al., 1990; Kawaguchi, 1993, 1997; Kita, 1993; Kubota et al., 1993). In
awake animals, FSIs fire, on average between 10-30 Hz. FSIs receive input from sensory
and motor cortices (Lapper et al., 1992; Bennett and Bolam, 1994; Parthasarathy and
Graybiel, 1997), as well as dopaminergic inputs (Kubota et al., 1987) and GABAergic
inputs from the globus pallidus (GP) (Bevan et al., 1998). FSIs are connected by gap
junctions (Kita et al., 1990; Kita, 1993; Koós and Tepper, 1999) and also make synaptic
connections onto other FSIs (Gittis et al., 2010). FSIs are thought to be the principal
mediators of feed-forward inhibition onto MSNs (Kita et al., 1990; Bennett and Bolam,
1994; Koós and Tepper, 1999; Bolam et al., 2000), as they form “pericellular baskets”
around the somata of both direct and indirect pathway MSNs (Gittis et al., 2010; Planert et
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al., 2010). FSI activity corresponds to motor tasks, and therefore is hypothesized to be
important for the control of action selection (Gage et al., 2010; Gittis et al., 2011).
A second subclass of striatal interneurons is the GABAergic LTSI that expresses
somatostain, neuropeptide Y and releases nitric oxide (Kawaguchi et al., 1995; Kubota and
Kawaguchi, 2000). LTSIs demonstrate prolonged plateau potentials in response to
depolarization and fire action potentials at low thresholds (Kawaguchi, 1993). LTSIs
receive cholingeric and dopaminergic inputs as well as weak cortical inputs (Kubota et al.,
1988; Vuillet et al., 1989a, 1989b, 1992). Further, LTSIs are inhibited by GABAeric inputs
from GP (Bevan et al., 1998; Partridge et al., 2009; Gittis et al., 2010). Finally, this
population of interneurons synapse onto distal dendritic spines of MSNs (Difiglia and
Aronin, 1982; Aoki and Pickel, 1988; Vuillet et al., 1989a, 1989b; Kubota and Kawaguchi,
2000), make contact with CHIs but not themselves (Vuillet et al., 1989a; 1989b; 1992).
In contrast to the other two populations of interneurons, CHIs are not GABAergic,
but release acetylcholine onto MSNs (Centonze et al., 1999; Calabresi et al., 2000; Koos
and Tepper, 2002; Partridge et al., 2002; Kimura et al., 2003). CHIs synapse directly and
indirectly onto MSNs through a synaptic connection with FSIs (Kimura et al., 2003).
Further, CHIs are aspiny and have characteristic large somata (20-50 µm; Kimura et al.,
1980; Kawaguchi, 1993). CHIs receive cortical, thalamic and dopaminergic input and are
tonically active, firing at approximately 5 Hz in vivo (Centonze et al., 1999). Finally, CHI
activity is involved in reward-associated stimuli and aversive-associated stimuli (Apicella,
2002), suggesting an involvement in the striatal cholinergic system in sensory processing.
There are a number of additional and sparse interneuron types in the striatal
complex such as tyrosine hydroxylase positive neurons (TH+) and novel GABAergic
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interneurons that may represent a subset of MSNs. Striatal TH+ neurons were first
described by Dubach et al, in 1987 (Dubach et al., 1987). These neurons are multipolar,
very scarce and increase in number following dopamine denervation (Dubach et al., 1987;
Tashiro et al., 1989). There are possibly four types of striatal TH+ neurons (IbáñezSandoval et al., 2010; Tepper et al., 2010), however, these neurons are not dopaminergic,
but rather send GABAergic projections onto direct and indirect pathway MSNs (Xenias et
al., 2015). Finally, Cuzon Carlson et al (2011) identified two subsets of striatal GABAergic
neurons that are identified by somata shape and firing patterns. These cell types are
preferentially in the dorsolateral striatum and colocalize with striosomal markers.
While there are clear anatomical similarities between the dorsal and ventral striatal
complex nuclei, each region subserves distinct behavioral roles. The dorsal striatum,
located immediately ventral to the cortex and corpus callosum white matter tracts in the
rodent brain, is necessary for action selection (Knowlton et al., 1996; Packard and
McGaugh, 1996; Packard, 1999; Yin et al., 2004, 2005; Quinn et al., 2013). The ventral
striatum, mainly comprised of the nucleus accumbens (NAc) in the rodent, surrounds the
anterior commissure and is important for motivated behaviors (Carlezon et al., 1995; RoddHenricks et al., 2002; Kalivas and McFarland, 2003; Sellings and Clarke, 2003; Ikemoto,
2007). These regions both have unique innervation patterns and send projections out to
distinct target structures. The dorsal striatum is a key integration center of the basal ganglia
loop, while the NAc is important for integrating inputs in the “limbic basal ganglia loop”.
The differences in dorsal versus ventral synaptic plasticity and behavioral outputs will be
described in detail in the following sections.
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1.3 The structure and function of the dorsal striatum
1.3.1 Synaptic plasticity in the dorsal striatum.
The dorsal striatum is the input nucleus of the basal ganglia, receiving glutamatergic inputs
from sensorimotor regions of the cortex and the thalamus to drive the principal cell type,
the MSN (Bolam et al., 2000). In addition to excitatory afferents, the dorsal striatum is also
heavily innervated by dopaminergic fibers from the sSNc. Dopamine released from the
SNc acts on D1 or D2 type dopamine receptors on MSNs to modulate striatal output. D1expressing MSNs project largely to the substantia nigra pars reticulata (SNr), while D2expressing MSNs project to the external segment of the GP. As described above, these two
parallel circuits are traditionally referred to as the direct and indirect pathways and are
thought to underlie action initiation and termination (Parent et al., 1984; Alexander and
Crutcher, 1990; Gerfen et al., 1990; Smith et al., 1998). In addition to the excitatory and
modulatory inputs that shape dorsal striatal MSN output, MSNs are inhibited by a number
of sources. FSIs, LTSI, CHIs and neighboring MSNs provide local inhibitory tone onto
dorsal striatal MSNs, while inhibitory inputs into the region also arise from the globus
pallidus (Gerfen, 1988; Kawaguchi, 1993; Mallet, 2005; Pisani et al., 2007; Tepper et al.,
2008; Ding et al., 2010; Gittis et al., 2010; Oldenburg and Ding, 2011; Koos, 2004). MSNs
also target neighboring MSNs, and the inhibitory input provided by neighboring MSNs is
localized to distal dendrites (Wilson and Groves, 1980; Bolam et al., 1983; Kawaguchi et
al., 1990; Czubayko and Plenz, 2002; Tunstall et al., 2002; Guzmán et al., 2003; Tepper et
al., 2004). For review, see Figure 1.1.
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Figure 1.1 The innervation of dorsal striatal MSNs. Left: The dorsal striatum receives excitatory
inputs (black) from sensorimotor regions of the cortex, the thalamus and the amygdala. Right: A
closer look in the dorsal striatum reveals direct and indirect pathway projecting neurons receive
dopaminergic inputs (purple), GABAergic input (red) as well as synaptic contacts from CHIs,
LTSIs, FSIs as well as neighboring MSNs. Ctx: cortex, DS: dorsal striatum, Thal: thalamus. Amyg:
amygdala, CHI: cholinergic interneuron, LTSI: low-threshold spiking interneuron, FSI: fastspiking interneuron, MSND/ID: direct and indirect pathway projecting medium spiny neuron.
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The predominant forms of synaptic plasticity at excitatory and inhibitory inputs
onto dorsal striatal MSNs is fairly well characterized in the literature. The principal form
of plasticity at excitatory synapses is endocannabinoid (eCB)-mediated LTD (Calabresi et
al., 1992; Lovinger et al., 1993; Walsh, 1993; Gerdeman et al., 2002). The two canonical
types of eCBs are anandamide and 2-arachidonoylglycerol (2-AG), both of which act
retrogradely on presynaptically expressed, Gi/o-coupled CB1 receptors (Devane et al.,
1992; Sugiura et al., 1995; Stella et al., 1997; Gerdeman and Lovinger, 2003; Alger and
Kim, 2011). Corticostriatal LTD requires CB1 receptors and postsynaptic elevations in
Ca2+ levels. Further, postsynaptic loading with the eCB anandamide recapitulated
corticostriatal LTD, suggesting anandamide is the eCB responsible for this LTD
(Gerdeman et al., 2002). eCB-mediated LTD occurs at corticostriatal synapses, but not
thalamostriatal synapses (Wu et al., 2015), despite thalamic inputs into striatum being
glutamatergic (Choi and Lovinger, 1997a, 1997b).
Similar to excitatory LTD in the dorsal striatum, the predominant form of inhibitory
LTD in the dorsal striatum is mediated by eCB signaling through CB1 receptors (Adermark
and Lovinger, 2007; Mathur et al., 2013). Inhibitory LTD of the dorsal striatum is
postsynaptic membrane voltage dependent. Striatal MSNs undergo bistable membrane
voltages, in which the resting membrane potential cycles from a hyperpolarized downstate
to a depolarized upstate where the MSN is able to fire action potentials (O’Donnell and
Grace, 1995; Wilson and Kawaguchi, 1996; Kerr, 2004). Mathur et al. (2013) determined
that LTD elicited when MSNs are in the upstate occurs at the MSN-MSN synapse and is
mediated by 2-AG signaling, whereas LTD induced while MSNs are in the downstate
occurs at both the MSN- and FSI-MSN synapses and is putatively mediated through
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anandamide. Further, upstate LTD occurs onto both D1- and D2-expressing MSNs, while
downstate LTD only occurs onto direct pathway MSNs. These findings demonstrate the
complexity of synaptic plasticity even within this one brain structure.
LTP of excitatory inputs onto dorsal striatal MSNs is less characterized and far
more controversial due to the difficulty in reliably eliciting the plasticity. LTP requires the
depolarization of MSNs to remove the Mg2+ block of NMDA receptors, and specifically
requires the involvement of the GluN2A subunit (Evans et al., 2012). These subunits allow
Ca2+ entry into the postsynaptic MSN, another critical component to induce LTP (Fino et
al., 2010; Evans et al., 2013). Further, excitatory inputs onto MSNs undergo spike-timing
dependent plasticity (STDP; Shen et al., 2008). In this induction protocol, theta burst
stimulation is paired with postsynaptic depolarization that either precedes or follows the
presynaptic stimulation. When stimulation precedes depolarization (a pre-post protocol),
LTP is produced, but when stimulation follows depolarization (post-pre), LTD occurs. At
D1-expressing MSNs, dorsal striatal LTP requires D1 receptors, while adenosine A2A
receptors are necessary at D2-expressing MSNs (Shen et al., 2008). Additionally, the
activity of CB1 receptors and TRPV1 receptors are necessary for the expression of
bidirectional long-term plasticity at corticostriatal synapses (Cui et al., 2015, 2016).
Although the underlying mechanisms of LTP remain largely unexplored, signaling through
protein kinase A, C (PKA, PKC) and ERK is required (Hawes et al., 2013; Cui et al., 2016).
1.3.2 The behavioral relevance of the dorsal striatum.
As reviewed above, the basal ganglia, and specifically, the dorsal striatum is central to
procedural learning. This form of learning encompasses two different behavioral strategies:
habitual and goal-directed learning (Packard et al., 1989; Packard and McGaugh, 1992;

15

Dickinson et al., 2002). Procedural learning is initially guided by goal-directed strategies
and progresses to habit formation, which is defined as repetitive actions that persist in the
face of reward devaluation. Unlike goal-directed behaviors, habits require little conscious
thought, freeing up valuable cognitive resources for novel circumstances that may require
attention while executing a habitual action (Gasbarri et al., 2014). Habits can be beneficial.
For instance, driving the same route to work each day allows the driver to pay attention to
other cognitively demanding tasks such as writing a dissertation, instead of consciously
deciding which road to take at each turn. Occasions in which habits become awry, however,
can lead to neuropsychiatric disorders such as addiction.
In a seminal study, Packard and McGaugh (1996)(Packard and McGaugh, 1996)(Packard and
McGaugh, 1996)

demonstrated that activity in the dorsolateral subregion of the striatum (DLS),

specifically, is necessary for habitual responses using a T-maze paradigm. While it was
understood the dorsal striatum is involved in action selection (Knowlton et al., 1996), the
exact role remained elusive. In the T-maze, animals are trained to make a turn at the end
of a runway to obtain a reward. Animals may use extra-maze cues to employ a spatial
learning strategy, a response that is largely mediated by the hippocampus, or animals may
update their choices based on the behavioral responses from previous trials to get rewarded.
Following training, animals are probed to see which behavioral response strategy is being
used. When tested early in training, animals preferentially employ a place strategy, and
probing on a later day shows animals respond in a habitual manner. DLS inactivation
abolishes the use of habitual responses and promotes the use of place strategies, indicating
that a functional DLS is necessary for a habitual response (Packard and McGaugh, 1996).
Habit learning can be shifted in multiple directions when manipulating the DLS:
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inactivating and activating the region diminishes and enhances habit formation,
respectively (Packard, 1999). Glutamatergic activation of the DLS promotes response
learning at an earlier time point than controls on the T-maze, indicating activity in the DLS
bidirectionally controls habit formation. Further, neural activity of principal MSNs in the
DLS is correlated with speed and accuracy of running a T-maze (Barnes et al., 2005).
During the initial learning of the T-maze, overall neural activity is high in the DLS and not
synchronized to specific events, as if all parts of the task are salient. As training progresses,
MSN activity redistributes to occur at the beginning and end of the maze runs.
Additionally, when behavior is extinguished on the maze, striatal neurons increase firing
to the same degree as when the animal first learned the task.
While the DLS is involved in habit learning, the dorsomedial striatum (DMS)
appears to mediate goal-directed learning (Yin et al., 2004, 2005; Quinn et al., 2013). With
sufficient repetition, a goal-directed behavior eventually shifts to form a habit, but learning
occurs simultaneously in both systems (Dezfouli and Balleine, 2012). Thus, during the
initial acquisition of a task, both dorsal striatal subdivisions are believed to process actions
in parallel, despite behavior being predominantly goal-directed. In an elegant study, Yin
and colleagues (2004) demonstrated that both action strategies are encoded simultaneously
in rats. In the task, rats are over-trained to press a lever for a reward. In order to probe what
type of response strategy is being used, the reward is devalued and the resulting behavior
is used to infer the strategy: goal-directed animals will stop responding for a devalued
reward, but habitual animals will not. Animals trained on this task received DMS or DLS
lesions, and following the lesions rewards were devalued and the behavioral strategy was
assessed. Animals with DMS lesions continue to respond for the devalued reward,
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indicating a habit response, while DLS lesions stopped responding for the reward, despite
overtraining (Yin et al., 2004). These results give insight into the functional separation
between subregions of the dorsal striatum and underscore the belief that the transition from
a goal-directed to a habit strategy occurs on a continuum. The transfer between goaldirected and habitual behaviors relies on other brain regions such as the prefrontal cortex
or orbitofrontal cortex to execute the shift (Killcross and Coutureau, 2003; Gremel and
Costa, 2013). Importantly, the transition from goal-directed to habit can be expedited by
drugs of abuse like alcohol (Dickinson et al., 2002; Lesscher et al., 2010; Corbit et al.,
2012).
1.3.3 The effects of acute alcohol on the physiology of the dorsal striatum.
In the following sections, the effects of acute and chronic ethanol exposure on dorsal
striatal physiology are reviewed. It should be noted that ethanol exposure exerts a number
of effects on molecular signaling in the dorsal striatum in addition to physiological
changes, but these findings will not be discussed here (for review, see Ron and Jurd, 2005;
Asatryan et al., 2011; Nam et al., 2013a; Logrip et al., 2015).
Because the dorsal striatum is involved in goal directed actions and habitual action
strategies, it is important to understand how chronic and acute exposure to ethanol alters
the physiology in this region. Ethanol interacts with other biomolecules through weak
hydrophobic interacts and hydrogen bonding, and thus exerts a myriad of effects on
different systems and at different concentrations. The acute effects of ethanol on dorsal
striatal physiology range from no effect (Choi et al., 2006), to inhibiting LTP expression
of excitatory synapses (Yin et al., 2007; Xie et al., 2009), to inducing a number of changes
in intrinsic membrane properties of the various cell types in the striatum (Blomeley et al.,
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2011). Additionally, ethanol exerts differential effects in the two subdivisions of the dorsal
striatum: the DMS and the DLS. For instance, in the DMS, a range of ethanol
concentrations (40, 50 and 100 mM) decreases NMDA receptor-mediated excitatory
postsynaptic potentials (EPSP) and excitatory postsynaptic current (EPSC) amplitudes
(Blomeley et al., 2011). Additionally, different concentrations of ethanol dose dependently
inhibit LTP expression at DMS excitatory synapses, while 50 mM ethanol reverses LTP to
LTD (Yin et al., 2007; Xie et al., 2009). In the DLS, however, ethanol exerts differential
developmental effects: in adolescents and juveniles, 50 mM ethanol decreases DLS output,
while the same concentration of ethanol in adults increases DLS output (Adermark, 2011).
Further, Clarke and Adermark (2010) demonstrate that acute application of ethanol dose
dependently eliminates disinhibition of the DLS. Long lasting disinhibition of the DLS is
induced through low- to moderate-frequency electrical stimulation, and the presence of 20
or 50 mM ethanol eliminates this disinhibition (Clarke and Adermark, 2010). Additionally,
50 mM ethanol application decreases inhibitory postsynaptic current (IPSC) amplitudes
onto MSNs in the DLS (Blomeley et al., 2011), suggesting ethanol disinhibits the DLS.
Because acute application of ethanol exerts a myriad of synaptic changes in the
dorsal striatum, it is important to understand how ethanol changes the physiology of each
cell type in this region. Blomeley et al. (2011) conducted a thorough investigation of the
effects of ethanol on the primary cell types of the striatum: MSNs, FSIs, CHIs and LTSIs.
Application of 50 mM ethanol hyperpolarizes MSN and LTSI membrane potentials,
decreases input resistance in MSNs and decreases LTSI firing rate. In contrast, ethanol
depolarizes FSI membrane potentials and induces bursts of action potentials in this
population. Finally, 50 mM ethanol application decreases the firing rate of the tonically
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active CHIs (Blomeley et al., 2011). These findings demonstrate the complexity of ethanol
induced changes at the various synapse and cell types in the dorsal striatum, with the
implication that acute ethanol application appears to enhance DLS signaling while
decreasing DMS output. For a review of the effects of acute ethanol application on dorsal
striatal function, see Table 1.1.
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Table 1.1 Physiological effects of acute ethanol on the dorsal striatum.
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1.3.4 The effects of chronic alcohol on the physiology of the dorsal striatum.
Alcoholism is characterized by excessive levels of drinking and increased vulnerability to
relapse (Edwards and Gross, 1976). The development of animal models to study these
characteristic features were historically hindered by a lack of ethanol self-administration
that was sufficient to attain intoxicating blood alcohol levels (Becker and Ron, 2014). Thus,
ethanol exposure protocols that accurately model the disease have been developed and now
include oral self-administration, systemic administration and passive exposure through
vapor chambers. Each of these types of exposure protocols can be delivered in a chronic
intermittent protocol (CIE) or a chronic continuous protocol (Becker, 2013; BarkleyLevenson and Crabbe, 2014; Thiele and Navarro, 2014; Vendruscolo and Roberts, 2014;
Vengeliene et al., 2014; Becker and Ron, 2014; Bell et al., 2014; Carnicella et al., 2014;
Griffin, 2014; Hopf and Lesscher, 2014; Lopez and Becker, 2014; McBride et al., 2014;
Colombo et al., 2017). CIE alternates periods of alcohol access with periods of withdrawal
over weeks (Wise, 1973; Wayner et al., 1972), whereas a continuous exposure protocol
does not include these periods of abstinence. In contrast to the continuous exposure
protocol, the CIE administration schedule increases ethanol consumption and preference
in rodents. As such, this approach is largely used in chronic ethanol exposure studies
because it simulates various aspects of alcohol addiction such as binge-drinking, alcohol
seeking and relapse, and relevant neuroadaptations that foster these behaviors (Carnicella
et al., 2014).
Given the variability in the types and durations of ethanol exposure methods
described above, and the range of effects that ethanol exerts on various brain circuits, the
results of chronic ethanol exposure are understandably complicated. For instance, CIE of
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ethanol through oral self-administration over a period of 3 years in non-human primates
increases MSN excitability and spine density in the putamen (the primate correlate to the
rodent DLS) (Cuzon Carlson et al., 2011b). This self-administration paradigm additionally
increases mini EPSC (mEPSC) frequency and decreases mini IPSC (mIPSC) frequency
and amplitude in this brain region. These findings, coupled with a lack of change of
dendritic spine density on caudate (the rodent DMS correlate) MSNs following CIE,
suggest chronic ethanol administration preferentially activates the DLS over the DMS
(Cuzon Carlson et al., 2011b).
Interestingly, utilizing a specific CIE protocol called drinking-in-the-dark (DID;
Rhodes et al., 2005) in mice, yields slightly different results from those obtained in nonhuman primates. Mice exposed to 6 weeks of DID escalate ethanol drinking to levels that
result in blood alcohol concentrations (BAC) that are above the legal limit of intoxication
in humans. Further, chronic DID decreases mIPSC frequency onto MSNs in both striatal
subregions (Wilcox et al., 2014). Additionally, chronic ethanol drinking in mice did not
alter excitatory transmission onto DMS or DLS MSNs, nor did it change MSN spine
density in the DLS, as was seen in the putamen of non-human primates (Cuzon Carlson et
al., 2011b; Wilcox et al., 2014). These findings likely differ due to differences in the species
tested as well as the duration of ethanol exposure. In addition to decreasing mIPSC
frequency onto DLS MSNs, chronic oral self-administration of ethanol eliminates longlasting disinhibition of MSNs as well as excitatory LTD in the DLS (Adermark et al.,
2011b).
The aforementioned findings occur following elective self-administration of
ethanol. However, passive exposure to ethanol through vapor chambers or systemic
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administration is also known to produce physiological changes in the striatum. For
instance, DePoy et al. (2013) demonstrate that 2-4 weeks of chronic intermittent vapor
chamber exposure increases the number and length of MSN dendritic branches and
eliminates corticostriatal LTD. Further, chronic systemic administration of ethanol via an
intraperitoneal injection (2 g/kg) increases EPSC amplitude in DMS MSNs and facilitates
corticostriatal LTP in this region (Wang et al., 2010, 2012).
Collectively, the results for the effect of chronic ethanol treatment on the DMS are
somewhat mixed. Wilcox et al. (2014) report no change in glutamatergic transmission in
this striatal subregion, whereas Wang et al. (2012; 2010) demonstrate that repeated ethanol
exposure enhances excitation onto MSNs. Alternatively, CIE treatment increases
glutamatergic transmission in the DLS of non-human primates (Cuzon Carlson et al.,
2011a), but has no effect in mice (Wilcox et al., 2014). On the inhibitory side, GABAergic
transmission within the DMS and DLS is reduced across species (Cuzon Carlson et al.,
2011b; Wilcox et al., 2014). Thus, it is currently hypothesized that chronic ethanol
exposure has an overall activating effect in the dorsal striatum, with a relative preference
for disinhibiting the DLS over the DMS. For a review of the effects of chronic ethanol
exposure on dorsal striatal function, see Table 1.2.
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Table 1.2 Physiological effects of chronic ethanol exposure on the dorsal striatum.
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1.3.5 Alcohol and the dorsal striatal-mediated behaviors.
Alcohol and other drugs of abuse slide behavioral responses on the action-selection
continuum toward habitual responses, a mechanism that likely contributes to the addictive
nature of these substances. When trained to lever press for food pellets or ethanol in an
instrumental conditioning task, rats respond less frequently for devalued food pellets but
continue to respond for the devalued ethanol (Dickinson et al., 2002). These findings
indicate that the animals form a habit for alcohol consumption before forming a habit for
food. Corbit et al. (2012) similarly demonstrate that ethanol intake promotes habit
formation by training rats to press for ethanol or sucrose and testing their response
strategies at various time points during training. Animals stop responding for ethanol and
sucrose with limited training (2 weeks) following devaluation of each substance. With
continued training (4-8 weeks), however, devaluing ethanol does not decrease responding,
unlike devalued sucrose. These findings suggest that increased exposure to ethanol leads
to habitual consumption of this substance. Animals that drink more are less sensitive to
ethanol devaluation, further demonstrating that increased ethanol exposure promotes the
shift to habit formation.
Repeated ethanol exposure also causes inflexible ethanol drinking behaviors.
Inflexible consumption is measured by adding quinine, a bitter and aversive flavor to
ethanol to create a conditioned taste aversion. Control animals are initially sensitive to the
bitter taste of quinine and will stop consuming it (Whitney and Harder, 1994; Fachin-Scheit
et al., 2006; Lesscher et al., 2010). However, when mice are given a two-bottle choice test
between ethanol-only and ethanol plus quinine, animals that had access to ethanol for 8
weeks prior no longer preferentially choose the ethanol-only bottle, rather they do not
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discriminate at all (Lesscher et al., 2010). This finding suggests that greater ethanol
exposure leads to an increase in habitual ethanol consumption, despite the addition of an
aversive substance. Additionally, adding quinine to ethanol does not decrease overall
ethanol consumption and this indifferent drinking behavior occurs even after 2 weeks of
ethanol exposure (Lesscher et al., 2010).
Studies in human patients with alcohol dependence report similar findings as rodent
studies. For example, heavy drinkers show an increase in dorsal striatal activation using
functional magnetic resonance imaging (fMRI) following alcohol cue-induced activity as
compared to light drinkers (Vollstädt-Klein et al., 2010). Additionally, activity decreases
in the ventral striatum as drinking becomes compulsive, supporting the hypothesis that
activity shifts in a ventro-dorsal manner in the striatum during the progression of addiction
(Vollstädt-Klein et al., 2010). Importantly, an overreliance on habitual responding is also
seen in alcoholics. Sjoerds et al. (2013) demonstrate an altered balance of activity between
goal-directed and habit regions using fMRI scans in alcohol dependent participants.
Specifically, they show that recruitment of the ventromedial prefrontal cortex and anterior
putamen, brain regions commonly associated with goal-directed learning, is decreased
while there is an increased engagement of habit centers such as the posterior putamen
during an instrumental learning task (Sjoerds et al., 2013).
The shift from goal-directed to habitual actions is also associated with a shift in
activity of the principal MSNs of the dorsal striatum in rodents. Electrophysiological single
unit recordings of activity from MSNs in the DMS and DLS during various training
schedules for ethanol self-administration in rats reveals DMS firing is time-locked to the
delivery of ethanol while DLS activity remains elevated throughout the task (Fanelli et al.,
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2013). Thus, activity in the DMS is associated with goal-directed behaviors; increased
firing rate is time-locked with the presentation of the lever associated with ethanol reward.
The lack of time-locked neural activity in the DLS during instrumental conditioning
denotes the importance of this region for stimulus-response actions, as habitual behaviors
are not strongly associated with outcomes.
Manipulations of various molecular and transmitter systems in the dorsal striatum
provide some insight into the necessary components underlying alcohol’s ability to shift
goal-directed behaviors to habitual actions. For example, AMPA and dopamine D2
receptors in the DLS are necessary for increased self-administration of ethanol in rodents
(Corbit et al., 2014). Following training on ethanol self-administration, inhibiting AMPA
or D2 receptors in the DLS at the time of ethanol devaluation shifts behavior to be goaldirected in a paradigm that normally produces habitual behavior. This finding indicates
that excitatory inputs from the cortex or thalamus, as well as dopaminergic inputs from the
SNc are necessary for compulsive ethanol responding. These data are further supported by
previous work demonstrating a lack of habitual responses in a Parkinson’s disease model
in which dopaminergic projections from the SNc to the dorsal striatum are compromised
(Knowlton et al., 1996; Faure et al., 2005).
These studies provide evidence that glutamatergic and dopaminergic signaling is
important for habitual ethanol consumption, but it is not the complete picture.
Pharmacologically blocking adenosine A2A receptors in the DMS increases ethanol
consumption compared to controls (Nam et al., 2013b). Furthermore, knocking out the
equilibrative nucleoside adenosine transporter in mice also causes a compulsive ethanol
drinking phenotype, suggesting that adenosine signaling may be important for promoting
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goal-directed ethanol consumption, which is an important early step in habit formation
(Nam et al., 2013b). While those effects are specific to the subregions of the dorsal
striatum, pharmacological blockade of delta opioid receptor (DOR) signaling in the entire
dorsal striatum decreases ethanol consumption even after six weeks of ethanol exposure in
rodents (Nielsen et al., 2012). Furthermore, injecting an agonist to DOR increases ethanol
consumption in these animals. Finally, blocking DOR in the dorsal striatum before chronic
exposure to ethanol prevents high ethanol consumption, providing strong support for this
receptor’s role in ethanol self-administration (Nielsen et al., 2012). In addition to the
various receptors that are shown to be necessary for ethanol consumption, selfadministration of ethanol increases levels of the modulatory neurotransmitter brain-derived
neurotrophic factor (BDNF) in the DLS but not in the DMS (Jeanblanc et al., 2009).
Decreasing BDNF levels in the DLS using siRNA decreases ethanol but not sucrose
consumption (Jeanblanc et al., 2009). Taken as a whole, these studies suggest a multitude
of transmitter and molecular systems are in play to promote the habitization of ethanol
consumption.

1.4 The structure and function of the nucleus accumbens
1.4.1 Synaptic plasticity in the NAc.
Like the dorsal striatum, the NAc primarily consists of D1- and D2-expressing MSNs that
project to distinct nuclei, and also contains FSIs, CHIs, and LTSI (Kawaguchi et al., 1995;
Le Moine and Bloch, 1995). NAc MSNs receive glutamatergic inputs from the medial
prefrontal cortex (mPFC), the hippocampus, the thalamus, and the amygdala, and are
inhibited by local interneurons described above, projections from the ventral pallidum, and
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GABA released from the midbrain (Mogenson et al., 1980; Groenewegen et al., 1996;
Sesack and Grace, 2010). Further, MSNs in the ventral striatum send collateral projections
onto neighboring MSNs, similar to the dorsal striatum (Wilson and Groves, 1980; Bolam
et al., 1983; Kawaguchi et al., 1990; Czubayko and Plenz, 2002; Tunstall et al., 2002;
Guzmán et al., 2003; Tepper et al., 2004). Midbrain dopaminergic inputs to the NAc arise
from the ventral tegmental area (VTA) and D1-expressing MSNs in the NAc primarily
project to this region, while D2-expressing MSNs relay through the ventral pallium before
projecting out of the limbic basal ganglia (Nicola et al., 2000; Ikemoto, 2007). For review,
see Figure 1.2.
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Figure 1.2 The innervation of NAc MSNs. Left: The NAc receives excitatory inputs (black) from
the medial prefrontal cortex, the thalamus, the hippocampus and the amygdala. Right: A closer look
in the NAc reveals direct and indirect pathway projecting neurons also receive dopaminergic inputs
(purple), GABAergic inputs (red), as well as synaptic contacts from CHIs, LTSIs, FSIs as well as
neighboring MSNs. mPFC: medial prefrontal cortex, NAc: nucleus accumbens, Thal: thalamus.
Amyg: amygdala, HPC: hippocampus, CHI: cholinergic interneuron, LTSI: low-threshold spiking
interneuron, FSI: fast-spiking interneuron, MSND/ID: direct and indirect pathway projecting
medium spiny neuron.
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Excitatory inputs onto MSNs undergo synaptic plasticity in a manner distinct from
the dorsal striatum. Excitatory transmission onto MSNs undergoes both LTP and LTD
following high frequency stimulation (HFS). Accordingly, glutamatergic basolateral
amygdalar (BLA) inputs onto MSNs demonstrate heterogeneous plasticity that depends on
the location of the MSN in the NAc complex. Specifically, BLA inputs onto rostral NAc
MSNs primarily exhibit LTD, while HFS of these inputs onto caudal NAc MSNs produces
LTP (Gill and Grace, 2011). Further, tetanizing hippocampal inputs onto NAc MSNs
produces LTP of this synapse (Belujon and Grace, 2008; Belujon et al., 2014). Similar to
the cortico-dorsal striatal synapse, plasticity at the prefrontal cortico-accumbal synapse is
likely to be long-term synaptic depression. Interestingly, different stimulation protocols
elicit distinct forms of LTD in the NAc. For instance, a low frequency stimulation (LFS)
of mPFC inputs to MSNs produces an NMDA receptor-dependent LTD (Thomas et al.,
2000, 2001), while HFS of these inputs induces a presynaptically-expressed mGluR2/3dependent LTD (Robbe et al., 2002a). Similar to dorsal striatal corticostriatal LTD, a
moderate stimulation protocol of 13 Hz for 10 minutes induces LTD of the prelimbic inputs
onto MSNs that is also eCB mediated (Robbe et al., 2002b). This plasticity can also be
induced by LFS and occurs at D2-expressing MSNs. Consistent with eCB-mediated
plasticity, NAc LTD requires CB1 receptor activation, but also requires postsynaptically
expressed transient receptor potential vanilloid 1 (TRPV1) channels and likely results from
the endocytosis of AMPA receptors (Grueter et al., 2010).
Synaptic plasticity at inhibitory inputs onto NAc MSNs is far less characterized. A
recent report, however, describes an eCB-mediated LTD at the FSI-MSN synapse in the
NAc. Wright et al (2017) recorded unitary IPSCs elicited from CB1 receptor-expressing
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FSIs in MSNs, and found that LFS of this subpopulation of FSIs induces a membranevoltage dependent LTD that is eCB dependent. Unlike downstate LTD in the dorsal
striatum, eCB-mediated LTD of the FSI-MSN synapse in the NAc occurs when MSNs are
held in the depolarized upstate. Further distinguishing this membrane-state dependent form
of LTD from dorsal striatal LTD is the involvement of TRPV1 channels, which are known
postsynaptic targets for eCBs. Blockade of both CB1 receptors and TRPV1 channels
completely eliminates FSI-MSN eCB-mediated LTD in the NAc. In addition to this form
of inhibitory LTD, Ishikawa et al (2013) demonstrated that activation of GABAergic
projections from the VTA do not induce synaptic plasticity onto NAc MSNs, but
stimulating neighboring dopaminergic projections produces heterosynaptic depression of
inhibitory inputs. Thus, during salient events, dopaminergic neurons increase firing rate,
and can induce contingent LTD of VTA-NAc inhibitory transmission. In this way,
dopaminergic inputs act as more than neuromodulators of synaptic strength by regulating
plasticity directly (Ishikawa et al., 2013). While these findings are an important first step
in characterizing the likely diverse mechanisms of inhibitory synaptic plasticity in the NAc,
substantial work is still required to understand the predominant forms of plasticity here.
1.4.2 The behavioral relevance of the NAc.
Like the functional separation of dorsal striatal subregions described above, the NAc also
contains distinct subsections: the core and shell (Zahm and Brog, 1992; Jongen‐Rêlo et al.,
1994; Sesack and Grace, 2010). These two regions underlie specific behaviors, with
activity in the NAc core underlying reward seeking and acquisition, and activity in the NAc
shell involved in emotional associations between cues and rewards (Carlezon et al., 1995;

33

Rodd-Henricks et al., 2002; Kalivas and McFarland, 2003; Sellings and Clarke, 2003;
Ikemoto, 2007).
In order to understand the neural underpinnings of motivated behavior, a form of
associative learning termed Pavlovian conditioning is employed. In Pavlovian
conditioning, a naturally reinforcing stimulus such as food is paired with a previously
unconditioned stimulus, such as a tone. During training, animals associate the presentation
of the conditioned stimulus (CS, tone) with the unconditioned stimulus (US, food), and
following sufficient training will produce a conditioned response (CR) upon presentation
of the CS alone. Work from Blaiss and Janak (2009) demonstrates that activity in the NAc
as a whole is necessary for normal expression of conditioned appetitive behavior during
CS presentation, but is not necessary for the consolidation of Pavlovian conditioning.
Further, for animals to learn the association between the CS and US, the NAc core must be
intact.
During Pavlovian conditioning, approximately one-third of animals demonstrate a
propensity to physically orient toward the CS, also known as sign-tracking behavior. Signtracking is considered an index of the motivational salience attributed to the cue. Another
one-third of subjects exhibit goal-tracking behavior, operationally defined as a fixation on
the eventual site of reward delivery (Flagel et al., 2009; Robinson and Flagel, 2009). Both
of these behavioral strategies require the NAc (Parkinson et al., 1999, 2002; Blaiss and
Janak, 2009; Flagel et al., 2011), and disruptions in each of these behavioral strategies
occurs following acute or chronic exposure to drugs of abuse such as ethanol, cocaine and
nicotine (Simon et al., 2009; Palmatier et al., 2013; Saddoris et al., 2016). Specifically,
exposure to drugs of abuse enhances the preoccupation with drug-related cues, promoting
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sign-tracking behaviors and possibly providing a mechanism for cue-induced relapse of
drug taking. Thus, because sign-tracking depends on NAc activity, these findings
underscore the importance of the NAc as a motivational hub that can drive substance abuse.
Further information on the functions of the NAc core and shell come from lesion
studies. In contrast to Pavlovian conditioning, instrumental conditioning involves the
strengthening or weakening of behaviors through reinforcement or punishment. Typically,
when a reward associated with an instrumental response is devalued through satiety or
pairing with an aversive stimulus, an animal will decrease responding to obtain that reward,
as it no longer holds much value. Lesions to the NAc core render an animal insensitive to
this devaluation, providing evidence that this subregion is required for outcomerepresentation guided behavior (Corbit et al., 2001). In contrast, lesions to the shell produce
a deficit in stimulus guided action selection (Corbit et al., 2001). Finally, the division
between core and shell and behavioral strategies involves distinct classes of opioid
receptors: MOR and DOR respectively. For instance, blocking the activity of MOR in the
core decreases outcome guided responses, while DOR activity in the shell is necessary for
cue guided actions (Laurent et al., 2012). The NAc core and shell are both involved in
different aspects of reward seeking behaviors, and therefore understanding native and druginduced plasticity in these subregions will provide insight into treating disorders associated
with pathological motivation, such as addiction.
1.4.3 The effects of acute alcohol and the physiology of the NAc.
In the NAc shell, ethanol alone does not induce synaptic plasticity, but appears to modulate
eCB signaling to alter the expression of preexisting NAc plasticity (Jeanes et al., 2011,
2014; Renteria et al., 2017). The presence of ethanol (40 mM) reduces depolarization

35

induced suppression of excitation (DSE), an eCB-mediated phenomenon (Renteria et al.,
2017). Additionally, acute application of ethanol inhibits a form of excitatory LTD (Jeanes
et al., 2011; Renteria et al., 2017). In the ethanol-naïve state, this LTD occurs onto D1expressing MSNs and, thus, requires the activation of D1 and NMDA receptors. Ethanol
dose dependently inhibits the expression of this LTD (Jeanes et al., 2011). Further,
following an acute exposure of ethanol CIE (4 days), excitatory LTD is no longer present
at D1-MSNs, but is present at D2-expressing MSNs (Jeanes et al., 2011, 2014). The
suppression of excitatory LTD by ethanol is rescued by increasing eCB signaling, however
this new form of LTD is TRPV1-dependent, not NMDA receptor dependent (Renteria et
al., 2017). Finally, the return to normal LTD expression in D1-MSNs requires at least 2
weeks of withdrawal from ethanol vapor exposure (Jeanes et al., 2014).
In addition to modulating synaptic plasticity in the NAc, ethanol induces conflicting
effects on the mesolimbic dopamine system. Fast-scan cyclic voltammetry results indicate
that acute application of ethanol to NAc slices or administration to anesthetized animals
decreases evoked dopamine release in the NAc (Ericson et al., 1998; Zinebi et al., 2001;
Yorgason et al., 2014). However, in vivo microdialysis from freely moving animals
suggests that ethanol consumption increases extrasynaptic dopamine levels. This increase
in accumbal dopamine occurs if ethanol is ingested (Ericson et al., 1998), administered
systemically (Di Chiara and Imperato, 1988; Blomqvist et al., 1993; Campbell and
McBride, 1995), or infused locally into the NAc (Yoshimoto et al., 1992; Adermark et al.,
2011a). Further, position emission topography (PET) studies demonstrate that dopamine
release is associated with alcohol consumption in humans (Boileau et al., 2003). Thus,
while the effects of ethanol on accumbal dopamine release remain varied likely due to
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species or ethanol concentration differences, it is evident that the mesolimbic dopamine
system plays a part in the reinforcing effects of ethanol consumption (Doyon et al., 2003).
In contrast to the dorsal striatum in which ethanol application increases the firing
rate of FSIs (Blomeley et al., 2011), ethanol decreases FSI firing rate in the NAc (Burkhardt
and Adermark, 2014). Using extracellular, single-unit recordings in freely-moving awake
animals, Burkhardt and Adermark (2014) demonstrate that ethanol administration dose
dependently decreases the firing rate of FSIs in the NAc and VTA. Further, ethanol
intoxication increases dopamine neuron firing rates in the VTA, and a decrease in FSI firing
rate was not a prerequisite for this increase. These findings may provide a mechanism for
the reported ethanol-induced increases in accumbal dopamine levels and highlight the
physiological differences that ethanol produces in various brain regions. For a review of
the effects of acute ethanol on NAc function, see Table 1.3.
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Table 1.3 Physiological effects of acute ethanol exposure on the NAc.
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1.4.4 The effects of chronic alcohol and the physiology of the NAc.
Using similar chronic exposure techniques as those described above, chronic ethanol
exposure induces significantly changes in NAc output. For instance, CIE causes LTD at
D1-MSNs to switch to LTP and produces NMDA receptor-dependent LTD at D2-MSNs
(Jeanes et al., 2011; Renteria et al., 2017). Further, CIE increases the excitability of MSNs
and increases the frequency of spontaneous EPSC events onto D1 MSNs (Renteria et al.,
2017). The function of the NMDA receptor is increased in D1-MSNs and decreased in D2MSNs following CIE, suggesting a potential mechanism for ethanol dependence. CIE also
increases excitability in D1-MSNs compared to air controls, without affecting D2-MSN
excitability (Renteria et al., 2017).
In addition to changes in NAc synaptic strength, NAc core MSN firing rate is
enhanced following 3-5 weeks of forced abstinence from 42-50 days of continuous access
to ethanol (Hopf and Lesscher, 2014). This increase in firing rate is compared to animals
undergoing forced abstinence of sucrose drinking. Further, chronic ethanol exposure
preferentially enhances NAc core excitability through a decrease in the expression and
function of SK-type potassium channels, which potently regulate action potential firing
(Bennett et al., 2000). Further, activating SK channels in the NAc core decreases ethanol,
but not sucrose, seeking behaviors, demonstrating a critical role for NAc core excitability
in ethanol-reward behaviors (Hopf et al., 2010).
Marty and Spiegelman (2012) investigated the effect of short-term and long-term
CIE treatment in rats followed by protracted withdrawal on NAc MSN intrinsic
excitability. In the long-term administration paradigm, rats drank 25% ethanol (w/v) every
other day for the first 5 doses and then switched to a 30% ethanol in water solution every
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other day for the subsequent 55 doses. The short-term administration protocol was similar,
but rats received 12.5% ethanol in water every other day for the first 5 doses, then 15%
ethanol for the next 7 doses. MSNs demonstrate an increase in inward rectification and a
decrease in input resistance following short-term and long-term CIE. Accordingly, CIE
treatment increases the expression of inward rectifying K+ (KIR) channels on MSNs. KIR
channels regulate the inward rectification of MSNs (Uchimura et al., 1989; Nisenbaum and
Wilson, 1995), and as such, increased expression of these channels could account for the
decrease in the input resistance of MSNs following CIE. Finally, the amplitude and
conductance of mEPSCs in MSNs is enhanced following CIE and is likely caused by an
increase in GluA2-lacking AMPA receptors on MSNs (Marty and Spigelman, 2012).
Taken together, these findings suggest an overall increase in NAc excitability by chronic
and acute exposure to ethanol, providing a possible mechanism for ethanol-induced
enhancement of motivated behavior. For a review of the effects of chronic ethanol exposure
on NAc function, see Table 1.4.
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Table 1.4 Physiological effects of chronic ethanol exposure on the NAc.
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While ultimately beyond the scope of this dissertation, it is important to note that
withdrawal from ethanol exposure exerts a number of physiological changes in the NAc.
For instance, following 72 hours of withdrawal in ethanol-dependent mice, the density of
mature mushroom spines in NAc core MSNs is decreased, with no change in the total spine
density (Uys et al., 2016). In contrast, following 7 days of withdrawal, the length and
branching of NAc core MSN dendrites exceed that of control animals, demonstrating a
time-dependent effect of withdrawal on MSN spine morphology (Peterson et al., 2015).
Finally, 12 hours following a chronic diet of ethanol decreases postsynaptic density-95
immunoreactivity and spine density of NAc shell MSNs. Moreover, acute withdrawal from
ethanol attenuates LTD of excitation onto MSNs, an effect that is not seen in intoxicated
animals (Spiga et al., 2014).
1.4.5 Ethanol and NAc-mediated behaviors.
Due to the strong link between NAc activity and motivated behavior, increased activity in
the NAc could drive a hypermotivated state to increase alcohol seeking and/or serve as a
mechanism that in part underlies relapse. Alcohol craving can be triggered by previously
neutral environmental stimuli that have acquired motivational salience through association
with alcohol (Tiffany and Conklin, 2000). In a detoxified state, the presentation of these
and other stimuli elicits cravings for the positive effects of alcohol consumption, and
therefore increases the likelihood of relapse (Heinz et al., 2009). In addition to external
cues, internal stimuli such as emotions and memories associated with alcohol intoxication
can also act as conditioned cues (Verheul et al., 1999; Drummond, 2000; Heinz et al., 2003,
2009). As the NAc functions as an integration center in the limbic basal ganglia, disruptions
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in the output of this structure could very likely lead to the inappropriate attribution of
internal states to environmental cues to drive relapse.
Testing the question of which NAc subregions are important for ethanol-seeking
behaviors, Chaudhri et al. (2009) trained rats to associate cues and environments with
ethanol intake and tested for conditioned responding to ethanol-related cues in either the
ethanol-context or in an ethanol naïve context. When tested in the ethanol-related context,
animals increase the number of port entries to receive ethanol during extinction,
demonstrating context-induced renewal of ethanol seeking. Lesioning both the NAc core
and shell diminishes this effect. However, when animals are placed into a context in which
they have never consumed ethanol, a functionally intact core but not shell is necessary to
maintain responding to the ethanol-associated cue. These findings suggest the NAc core
may be more involved in behavioral responding to ethanol-related cues and less involved
in context cues, while the activity in the NAc shell is important for contextual stimuli.
The NAc is a critical site for mediating the rewarding properties of drugs including
alcohol (Koob, 1992; Wise, 1996). Recent studies have begun to characterize the role of
excitatory inputs into the NAc in alcohol seeking behavior. Keistler et al (2017) used a
combination of a retrogradely transported Cre virus and a virus encoding diptheria toxin
receptor flanked by loxP sites to selectively ablate mPFC or BLA projections into the NAc
by systemically injecting diptheria toxin. When mPFC-NAc projections are eliminated,
cue-induced reinstatement of ethanol seeking is disrupted. However, when BLA inputs into
the NAc are ablated, animals are less likely to extinguish ethanol-seeking despite not
receiving the reward. These findings demonstrate differential roles for excitatory inputs to
the NAc in regulating ethanol-seeking behaviors (Keistler et al., 2017).
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Various molecular mechanisms in both subregions of the NAc are implicated in
ethanol self-administration. For instance, blocking D1 receptors in the NAc shell, but not
the core decreases ethanol seeking, while activating D1 receptors in the shell enhances
ethanol seeking (Hauser et al., 2015). Moreover, activating mGluR2/3 in the NAc core
decreases ethanol-seeking behaviors (Windisch and Czachowski, 2018). However, chronic
ethanol exposure decreases mGluR2 expression in the infralimbic to NAc shell projection
and this reduction is responsible, at least in part, for cue-induced ethanol seeking behaviors
(Meinhardt et al., 2013).
In addition to the dopaminergic and glutamatergic systems, a link between the eCB
system and ethanol administration is demonstrated, although the exact interaction between
the two remain unclear (Naassila et al., 2004; Caille et al., 2007; Alvarez-Jaimes et al.,
2009). Chronic ethanol self-administration increases 2-AG levels in the NAc shell and
inhibiting accumbal CB1 receptors with pharmacology or genetic deletion decreases
ethanol self-administration (Basavarajappa et al., 2008), while others observe a decrease
in eCB signaling in the NAc following ethanol exposure (Ferrer et al., 2007; Rubio et al.,
2007). Malinen and Hyytia (2008) trained genetically inbred alcohol preferring rats to lever
press for oral ethanol. When the CB1 receptor antagonist, rimonabant is infused into the
NAc or VTA, rats decrease ethanol responding, but intra-NAc and VTA infusions of the
CB1 receptor agonist, WIN55,212-2 produce no effect on ethanol responses. Finally,
rimonabant decreases ethanol-induced dopamine release in the NAc, providing a possible
mechanism for the reinforcing effects of ethanol drinking (Cohen et al., 2002). CB1
receptors in the NAc are localized on presynaptic glutamatergic inputs that likely arise
from the cortex.
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Further evidence demonstrates that ethanol induces changes to glutamatergic
signaling in the NAc that is independent of the eCB system. For instance, ethanol drinking
changes NMDAR subtype composition by adding the NR2C subunit to corticoaccumbal
inputs selectively and the addition of this subunit is implicated in the ability for the mPFC
to drive drinking in the face of aversive consequences (Seif et al., 2013). Further,
chemogenetically inhibiting vSub-NAc projections decreased context-induced relapse
(Marchant et al., 2016). As a whole, it is evident that ethanol produces a myriad of changes
in glutamatergic signaling within the NAc and likely drives aberrant ethanol seeking
behaviors through these mechanisms.
In addition to the findings reviewed above in animal models of alcoholism, alcoholdependent human subjects also demonstrate altered accumbal activity. For instance,
alcohol-related olfactory cues increase blood oxygen level-dependent (BOLD) signals in
the NAc in high-risk drinkers relative to low-risk, social drinking controls. This increase
in BOLD signal selectively occurs in response to alcohol-related cues and not clean air
(Kareken et al., 2004). Further, using single-photon emission computed tomography
(SPECT) to measure cerebral blood flow, experimenter-induced and also naturally
occurring alcohol cravings increase blood flow to the NAc region in alcohol-dependent
subjects (Modell and Mountz, 1995). These findings suggest a functional role for the NAc
in mediating alcohol cravings in alcohol-dependent human subjects.

1.5 Public health relevance of alcoholism
Long term alcohol use leads to chronic health problems such as liver failure,
neurotoxicity, cognitive deficits and psychiatric symptoms. These health problems create
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the need for long-term medical treatment such as organ transplants and psychiatric care.
Further, chronic alcohol use and alcohol use disorders (AUD) generate large societal
burdens including loss of employment and long-term medical treatments (Rehm et al.,
2009). The World Health Organization estimates there are 3.3 million AUD related deaths
annually with an associated economic burden of approximately $250 billion in the US
alone (World Health Organisation, 2014).
Current treatment options for AUD include cognitive/behavioral therapies, mutualsupport groups, and medications. Mutual support groups such as alcoholics anonymous
(AA), and cognitive/behavioral therapies are effective for some recovering alcoholics.
Behavioral therapies include talking with a therapist to identify and subsequently avoid
cues that lead to alcohol drinking, ultimately seeking to diminish relapse or abate excessive
drinking patterns. Group therapies such as AA and other 12-step programs provide valuable
peer support that can help reduce relapse rates as well (Smart and Mann, 2000; Kelly and
Yeterian, 2011).
In addition to behavioral therapies, the FDA currently approves three medications
for AUD: naltrexone, Acamprosate, and disulfiram (Ross and Peselow, 2009). Each
medication helps combat certain symptoms of AUDs. Naltrexone, a pan opioid receptor
antagonist, decreases heavy drinking, while Acamprosate, which acts to inhibit glutamate
binding to NMDA receptors (al Qatari et al., 1998), diminishes the likelihood of relapse
following abstinence. Disulfiram blocks the metabolism of alcohol, creating unpleasant
symptoms associated with alcohol consumption. Despite the availability of these primary
treatment options, the relapse rate of AUD is still extremely high, with an estimation that
90% of diagnosed addicts will relapse (Dejong, 1994; Hughes and Cook, 1997; Snyder and
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Bowers, 2008), thus the need to better understand the underlying mechanisms of ethanol
on the striatal complex remains.
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1.7 Initial Hypotheses and Predictions
Overarching hypothesis: Ethanol disinhibits striatal MSNs to promote drinking behavior.

Hypothesis 1 (Chapter 2): Ethanol decreases inhibition onto dorsal striatal MSNs.
Prediction 1.1: Acute ethanol application will depress FSI and MSN transmission
onto MSNs.
Prediction 1.2: A decrease in the frequency and/or amplitude of spontaneous IPSC
events will occur following ethanol application.

Hypothesis 2 (Chapter 3): Activation of the Ca2+-sensitive PKCα isoform will attenuate
ethanol-induced LTD at FSI-MSN synapses.
Prediction 2.1: Delivering paired pulse stimulation to increase terminal Ca2+
concentrations will eliminate ethanol-induced LTD.
Prediction 2.2: Eliminating Ca2+ in the aCSF will abolish the protection against
ethanol-induced LTD.
Prediction 2.3: Blocking the interaction between PKCα and PICK1, the
scaffolding protein that localizes this isoform close to sites of Ca2+ entry will eliminate the
protection against ethanol-induced LTD.

Hypothesis 3 (Chapter 4): Ethanol exposure enhances FSI-FSI coordinated activity.
Prediction 3.1: FSI-FSI activity will be coordinated in striatal slices.
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Prediction 3.2: Acute and chronic ethanol exposure will enhance FSI-FSI
coordination.
Prediction 3.3: A heightened responsivity to cortical drive will underlie this
enhanced FSI-FSI coordination.

Hypothesis 4 (Chapter 5): Ethanol modulates inhibitory synaptic plasticity onto NAc
MSNs.
Prediction 4.1: Inhibitory inputs onto MSNs will undergo synaptic plasticity.
Prediction 4.2: Inducing this plasticity in vivo will be reinforcing.
Prediction 4.3: Ethanol exposure (both ex vivo and in vivo) will alter the expression
of this inhibitory plasticity.
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Chapter 2: Ethanol disinhibits dorsolateral striatal medium spiny neurons through
activation of a presynaptic delta opioid receptor
2.1 Introduction
The dorsolateral subregion of the striatum (DLS) mediates habits, such as ethanol
(EtOH) consumption in late-stage alcoholism, while the dorsomedial subregion (DMS)
mediates goal-directed action strategies (Balleine et al., 2009). Animals with DMS lesions
only express habit response strategies, while those with lesions to the DLS exclusively use
a goal-directed action strategy (Yin et al., 2004, 2005). Thus, the relative output of one
striatal subregion over the other dictates the expression of its cognate action strategy.
Animals previously exposed to EtOH respond habitually for EtOH at earlier time points
than non-addictive substances such as food pellets or sucrose solution (Dickinson et al.,
2002; Corbit et al., 2012). Additionally, EtOH-drinking rats form habits for sucrose
solution more rapidly than EtOH-naïve animals (Corbit et al., 2012). However, a
mechanistic understanding of how EtOH may interact with the DLS to achieve this is
lacking.
The effects of acute and chronic EtOH exposure on dorsal striatal function provide
clues as to how this drug mediates a possible global activation of the DLS. Blomeley and
collegues (2011) as well as Wilcox et al., (2014) demonstrate that acute EtOH exposure to
striatal slices depresses inhibitory synaptic transmission onto principal medium spiny
neurons (MSNs) of the DLS. This acute EtOH effect may persist in chronic drinking
models as chronic EtOH consumption in rodents and non-human primates depresses
GABA release onto MSNs of the DLS/putamen (Cuzon Carlson et al., 2011b; Wilcox et
al., 2014). Despite the mounting evidence of EtOH-induced disinhibition of DLS MSNs,
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the microcircuit and molecular determinants of EtOH-induced MSN disinhibition remain
unknown.
MSNs receive a majority of inhibitory inputs from neighboring MSNs and
parvalbumin (PV)-containing fast-spiking interneurons (FSIs) (Koos, 2004; Tepper et al.,
2004). MSNs synapse upon the distal dendrites of other MSNs while FSIs form multiple
synapses upon MSNs perisomatically to powerfully regulate MSN output (Koos, 2004).
The FSI population increases in density laterally through the dorsal striatum (Schlösser et
al., 1999; Luk and Sadikot, 2001), positioning these cells to influence DLS output to a
greater extent than DMS output. FSIs and other striatal cell types, like MSNs, express a
host of presynaptically-localized Gi/o-coupled receptors such as the cannabinoid type 1
receptor (CB1) and 5-HT1b, among others (Mathur et al., 2011, 2013, Atwood et al.,
2014a, 2014b). When activated, these receptors dampen neurotransmitter release. As such,
EtOH may be acting through one of these receptors to dampen GABA release onto MSNs.
To examine this possible mechanism of action of EtOH on the depression of inhibitory
synapses on DLS MSNs, we use whole-cell patch-clamp electrophysiology and
optogenetics to isolate potential EtOH effects at either MSN-MSN or FSI-MSN synapses.
We show that EtOH induces LTD at MSN and FSI inputs onto MSNs, and that the
powerfully inhibitory FSI-MSN synapse is depressed through activation of a presynaptic
delta opioid receptor (DOR). Further, we identify adenylyl cyclase/cAMP as the signaling
pathway responsible for this novel form of EtOH-induced synaptic plasticity.

70

2.2 Methods
All experiments were performed in accordance with the United States Public Health
Service Guide for Care and Use of Laboratory and were approved by the Institutional
Animal Care and Use Committee at the University of Maryland, Baltimore and the
National Institute on Alcohol Abuse and Alcoholism. Mice were housed with littermates
(2-5 per cage) under a 12 hour light/dark cycle (lights on at 7am, off at 7pm) with ad libitum
access to food and water.
2.2.1 Viral-mediated channelrhodopsin (ChR2) expression.
To virally express ChR2 selectively in PV-containing FSIs or MSNs in the DLS, >2 month
old Pvalb-cre or RGS9-cre (C57BL/6 background) transgenic mice, respectively, were
stereotaxically injected with an AAV vector under an EF1a promoter containing a DIOChR2-mCherry or eYFP construct flanked by loxP sites (AAV-flox-DIO-ChR2mCherry/eYFP) at a volume of 400nL and a rate of 20nL/min into the DLS (AP +0.6 mm,
ML ± 2.25 mm, DV -2.4 mm from bregma), following our previously described methods
(14). To target FSIs for ChR2 expression and record from direct (MSN D) or putative
indirect (MSNID) MSNs, Pvalb-cre x Drd1a-tdTomato mice were injected with the same
viral construct. Animals recovered for a minimum of 3 weeks before brains were sliced for
electrophysiology experiments.
2.2.2 Brain slice preparation.
At least three weeks post-surgery, animals were anesthetized with isoflurane and brains
were dissected out and submerged in 95% oxygen, 5% carbon dioxide (carbogen)-bubbled
ice cold cutting solution (194 mM sucrose, 30 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 26
mM NaHCO3, 1.2 mM NaH2PO4 and 10 mM D-glucose). Brains were sliced coronally at
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250 µm with a vibratome (Leica VT 1200) and stored in carbogen-bubbled artificial
cerebrospinal fluid (aCSF; 124 mM NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 26
mM NaHCO3, 1.2 mM NaH2PO4 and 10 mM D-glucose). Sections were incubated at
32.4°C for 30 minutes before they were removed and stored at room temperature until
electrophysiological recordings were performed. Prior to recording, slices were hemisected
and were constantly perfused with carbogen-bubbled 29-31°C aCSF via a gravity perfusion
system throughout the experiment.
2.2.3 Whole-cell voltage-clamp recordings.
Injection sites of ChR2-mCherry/eYFP into the DLS were visualized through the
epifluorescent light path using a mercury bulb lamp (X-Cite series 120Q). Whole-cell
recordings were made from DLS MSNs receiving inputs from ChR2 infected cells as
described previously (Mathur et al., 2013). Optically evoked IPSCs (oIPSC) were recorded
using borosilicate glass pipettes with resistances in the 2-5 MΩ range. Pipettes were pulled
on a Flaming Brown micropipette puller (Sutter Instruments) and filled with a CsCl-based
internal solution (150 mM CsCl, 10 mM HEPES, 2 mM MgCl2, 0.3 mM Na-GTP, 5 mM
QX-314, 3 mM Mg-ATP and 0.2 mM BAPTA) with osmolarity ranging from 305-310
mOsm at a pH of 7.3. oIPSCs were evoked with blue light (473 nm) using epifluorescent
LED field illumination (Lumen Dynamics, XLED1). Blue light-evoked test pulses were
delivered every 20 seconds with a pulse duration of 2-4 ms. Blue light intensity was
adjusted to record oIPSCs with an average amplitude of 600 pA. Ultraviolet light (370 nm,
pulse width of 4 ms) was used to photo-uncage bath-applied caged GABA (CNB-GABA,
50 µM) to measure uncaged-IPSCs (uIPSC). Electrically evoked IPSCs (eIPSC) were
induced using a concentric bipolar stimulating electrode (World Precision Instruments)
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located locally in the DLS approximately 100 m from the recorded neuron. eIPSCs were
recorded with AP5 (50 µM) and NBQX (5 µM) present in the bath. MSNs were voltage
clamped at -60mV using a MultiClamp 700B amplifier (Molecular Devices) and recordings
were filtered at 2 kHz and digitized at 10kHz. Clampex 10.4.1.4 software (Molecular
Devices) was used for data acquisition. Cells were discarded from analysis if series
resistance changed by more than 15% throughout the course of the experiment.
2.2.4 Statistical analysis.
Mean IPSC amplitudes were measured in Clampfit 10.4.1.4 and analyzed using GraphPad
Prism 6.01. IPSC amplitudes were averaged per minute and expressed as a percent change
from baseline measurements. Average baseline IPSC amplitudes and amplitudes in the
final 5 minutes of recording were compared using a two-tailed paired t test. Changes in
IPSC amplitudes between experiments were analyzed using a two-tailed unpaired t test.

2.3 Results
2.3.1 EtOH depresses MSN- and FSI-MSN synapses.
The effect of ethanol (EtOH) on MSN- and FSI-MSN synaptic transmission was tested by
measuring optogenetically-evoked IPSC (oIPSC) amplitudes during and after 10 min acute
exposure to 50 mM EtOH, a concentration of EtOH that correlates to a blood alcohol
concentration (BAC) of 230 mg/dl in humans. This BAC is consistent with what late-stage
alcoholics achieve (Brick and Erickson, 2009). EtOH depressed oIPSC amplitude of MSN
inputs onto MSNs (MSN-MSN) to 75.69 ± 7.03% of baseline (t=4.06, df=4, p=0.02,
Figure 2.1a) in 5 out of 5 cells recorded. FSI inputs onto MSNs were depressed to 70.79
± 5.733% of baseline following EtOH application (t=5.1 df=18, p<0.001, Figure 2.1b).
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EtOH-induced depression at this synapse was not due to decreased sensitivity of ChR2 to
blue light during the 30 minute experiment, as the amplitude of FSI-MSN oIPSCs was
stable across 30 minutes of recording in the absence of EtOH (Figure 2.1b filled circles;
91.75 ± 9.76% of baseline, t=0.88, df=9, p=0.42). Further, EtOH-induced depression of the
FSI-MSN synapse was significantly different from the no drug control (t=2.9, df=27,
p=0.01). Unlike the MSN-MSN synapse in which 5/5 of the neurons demonstrated EtOHinduced LTD (EtOH-LTD), EtOH depressed FSI-MSN transmission in 14 out of the 19
cells recorded. Importantly, neither MSN-MSN nor FSI-MSN EtOH-LTD was due to a
change in postsynaptic neuron series resistance (Figure 2.1c, d). We next determined if a
range of EtOH concentrations that are achievable in vivo are capable of producing EtOHLTD at the FSI-MSN synapse. Both 10 mM and 80 mM EtOH (the corresponding BAC
values of which are 46 and 368 mg/dl, respectively) depressed the FSI-MSN synapse
(Figure 2.1e). Similar to 50 mM, 10 mM EtOH depressed FSI transmission onto MSNs to
73.72 ± 10.96% of baseline (t=2.4 df=8, p=0.04), while 80 mM EtOH depressed FSI-MSN
transmission to 79.93 ± 7.20% of baseline (t=2.79, df=8, p=0.02). To determine if the
heterogeneity of the EtOH response at the FSI-MSN synapse is due to direct pathway MSN
(MSND) or indirect pathway MSN (MSNID) DLS output specificity, we crossed Pvalb-cre
mice with bacterial artificial chromosome-transgenic mice expressing tdTomato under the
D1-dopamine receptor promoter. We recorded the effect of EtOH at FSI- D1-containing
(tdTomato positive) MSND or FSI-putative D2-expressing MSNID (tdTomato negative).
EtOH depressed FSI transmission onto both MSNsD and MSNsID; MSND oIPSC amplitude
decreased to 79.83 ± 8.76% of baseline, t=2.30, df=12, p=0.04; MSNID oIPSC amplitude
was 74.74 ± 6.69% of baseline, t=3.78 df=13, p=0.002 (Figure 2.1f), indicating EtOH-
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LTD is not pathway specific. The variation in the timing of onset of EtOH-LTD that occurs
between FSI-MSND and FSI-MSNsID could occur due to the percentage of cells in each
group that respond to the EtOH application. Alternatively, this difference may be a function
of the Pvalb-cre x Drd1a tdTomato genotype. Because FSIs are the sole source of
perisomatic synapses on MSNs (Koos, 2004; Tepper et al., 2004), they provide the most
powerful inhibitory influence of all sources of GABA onto MSNs and, thus, are positioned
to play a large role in EtOH effects on the disinhibition of the DLS. As such, we henceforth
concentrated on elucidating the mechanism of EtOH-LTD at the FSI-MSN synapse.
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Figure 2.1 Ethanol (EtOH) depresses medium spiny neuron (MSN) and fast-spiking
interneuron (FSI) transmission onto MSNs. (A) EtOH applitcation (10 min) depresses MSNMSN optically-evoked inhibitory postsynaptic current (oIPSC) amplitude (n=5 cells, p<0.05). (B)
EtOH depresses FSI inputs onto MSNs (open circles, n=19 cells, p<0.05). Changes in FSI-MSN
strength are not due to ChR2 rundown, as a no drug control does not change synaptic strength
(filled circles, n=10, p>0.05). (C) Top, raw data demonstrating that EtOH-induced depression of
the MSN-MSN synapse is not due to changes in series resistance (Rs, bottom). (D) Top, raw data
demonstrating that EtOH-induced depression of the FSI-MSN synapse is not caused by a change
in Rs, bottom. (E) 10 mM (open circles) and 80 mM (filled circles) EtOH depress FSI-MSN
synaptic strength (10 mM: n=9, p<0.05; 80 mM: n=9, p<0.05). (F) EtOH depresses FSI-directpathway MSN (MSND) synapses (filled circles, n=13 cells, p<0.05) and FSI-indirect-pathway MSN
(MSNID) synapses (open circles, n=14 cells, p<0.05). All scale bars represent 300 pA (vertical) and
100 ms (horizontal). All example traces depict baseline (dark) and last 5 mins of the experiment
(light). Schematics represent optogenetic activation of MSNs or FSIs and whole-cell patch-clamp
recordings from MSNs. All error bars indicate standard error of the mean (SEM).
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2.3.2 FSI-MSN EtOH-LTD is presynaptically expressed.
LTD of inhibitory synapses onto MSNs that is induced at a hyperpolarized or “downstate”
membrane voltage of -80 mV (iLTD) is present at FSI-MSN synapses and occurs through
activation of presynaptically localized CB1 (Mathur et al., 2013). To test if EtOH-LTD at
the FSI-MSN synapse is presynaptically expressed and, therefore, mutually occlusive with
eCB-LTD, low frequency electrical stimulation (LFS,1 Hz, 80 pulses) was locally
delivered while voltage clamping MSNs at -80 mV in the presence or absence of EtOH.
LFS depressed the FSI-MSN synapse, consistent with our previous findings (14; oIPSC
amplitude 79.17 ± 6.94% of baseline, t=3.00 df=5, p=0.03). Application of 50 mM EtOH
following iLTD induction did not further depress the synapse (iLTD amplitude = 79.17 ±
6.94% of baseline compared to EtOH-LTD amplitude = 80.38 ± 9.49% of baseline, t=0.42
df=5, p=0.69, Figure 2.2a). Additionally, induction of iLTD following the generation of
EtOH-LTD did not further depress the synapse (EtOH-LTD amplitude = 89.02 ± 5.73% of
baseline compared to iLTD amplitude = 83.70 ± 6.82, t=1.08, df=5, p=0.33, Figure 2.2b).
To further assess whether FSI-MSN EtOH-LTD is expressed pre- or
postsynaptically, we replaced CaCl2 in the aCSF with 2 mM SrCl2 to enable circuit
specific-asynchronous transmitter release. Changes in optically-elicited Sr2+-enabled
asynchronous IPSC (osIPSC) event frequency and amplitude were measured in the
presence of EtOH (Choi and Lovinger, 1997b). EtOH increased inter-event interval (IEI;
110.2 ± 7.47 ms in EtOH compared to control: 149.7 ± 13.06 ms, t=4.11, df=8, p=0.003)
but had no effect on event amplitude (EtOH: 23.93 ± 6.0 pA compared to control: 27.27 ±
7.7 pA, t=1.26, df=7, p=0.25, Fig 2.2c), further suggesting EtOH-LTD is expressed
presynaptically. We next tested if EtOH-LTD is caused by postsynaptic Ca2+-mediated
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processes that could result in either GABAA endocytosis or the production of a retrograde
transmitter (Della Rocca et al., 1999; Gerdeman et al., 2002) by loading the postsynaptic
cell with cell-impermeable BAPTA (20 mM). BAPTA loading did not block EtOH-LTD
(83.16 ± 6.3% of baseline, t=2.67 df=12, p=0.02, Figure 2.2d). To isolate potential changes
on the postsynaptic side, we elicited IPSCs by photo-uncaging the caged-GABA compound
CNB-GABA (50 µM). Photo-uncaged IPSC (uIPSC) amplitudes during EtOH application
did not depress in the presence of EtOH (uIPSC amplitude = 103.6 ± 3.91%, t=0.93, df=5,
p=0.40), unlike electrically-evoked IPSC (eIPSC) amplitudes in the same cell (eIPSC
amplitude = 70.47 ± 6.21%, t=4.76, df=5, p=0.01, Figure 2.2e), further suggesting EtOHLTD is presynaptically expressed. Electrically-evoked IPSC amplitude depression
following EtOH wash was significantly different from uIPSC amplitude (uIPSC amplitude
103.6 ± 3.91% compared to eIPSC amplitude 70.47 ± 6.21%, t=4.52, df=10, p=0.001).
Finally, to test if contributions from postsynaptic G-protein coupled receptors underlie FSIMSN EtOH-LTD, the G-protein receptor inhibitor GDP-β-S (500 µM) was included in the
internal pipette solution. EtOH wash in the presence of GDP-β-S depressed the synapse
(oIPSC amplitude = 71.20 ± 6.67% baseline, t=4.32, df=5, p=0.01, Figure 2.2f), indicating
that contributions of postsynaptic G-protein coupled receptors are not necessary for EtOHLTD.
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Figure 2.2 FSI-MSN EtOH-induced long-term depression (EtOH-LTD) is presynaptically
expressed. (A) EtOH-LTD is mutually occlusive with endocannabinoid-LTD. Delivering electrical
low frequency stimulation while voltage clamping MSNs at -80 mV (LFS, arrow) results in a
depression of the FSI-MSN synapse that is not further depressed by EtOH wash (last 15 min, n=6
cells, p>0.05). (B) EtOH wash depresses FSI-MSN synapses and is not further depressed by
electrical LFS (arrow, n=6 cells, p>0.05). (C) Left panel, optically-evoked, Sr2+ enabled IPSC
(osIPSC) inter-event interval (IEI) increases after EtOH wash (filled circles) compared to baseline
(open circles, n=9 cells, **p<0.01). osIPSC amplitude does not change following EtOH wash
(filled circles) compared to baseline amplitudes (open circles, n=8 cells, p<0.05). Right panel,
representative traces of osIPSC events during baseline (open circle) and EtOH wash (filled circle).
Black circles indicate osIPSC events. (D) Including 20 mM BAPTA in the internal pipette solution

79

does not eliminate FSI-MSN EtOH-LTD (n=13 cells, p<0.05). (E) EtOH depresses electrically
evoked IPSCs (eIPSC, open circles, n=5 cells, p<0.05) but does not depress CNB-GABA photouncaged IPSCs (uIPSC, filled circles, n=6 cells, p>0.05). (F) Inclusion of GDP-β-S into the internal
pipette solution does not eliminate EtOH-LTD (n=6 cells, p<0.05). Scale bars represent 300 pA
(vertical) and 100 ms (horizontal). Example traces depict baseline (dark) and the last 5 mins of the
experiment (light). All error bars represent SEM.
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2.3.3 FSI-MSN EtOH-LTD is delta opioid receptor-dependent.
Our data show that EtOH-LTD is mutually occlusive with iLTD in the DLS, which is
dependent upon activation of the presynaptically localized, Gi/o- coupled CB1 (Mathur et
al., 2013). To investigate if EtOH-LTD acts through this same CB1-dependent pathway,
we pre-incubated slices in the CB1 receptor antagonist AM251 (5 µM) for at least 35
minutes to ensure adequate blockade of receptors before washing EtOH onto the slice.
EtOH application in the presence of AM251 depressed both MSN and FSI transmission
onto MSNs (MSN-MSN: oIPSC amplitude = 71.31 ± 7.31% of baseline, t=3.81, df=4,
p=0.02; FSI-MSN: oIPSC amplitude = 66.90 ± 7.46% of baseline, t=4.44, df=3, p=0.021),
indicating EtOH-LTD is CB1-independent.
Like CB1-dependent LTD, several other forms of LTD are known to depend upon
activation of a presynaptically-localized Gi/o-coupled receptor (Atwood et al., 2014b).
Given the known interactions between EtOH and the opioid system (Volpicelli et al., 1992;
Drews and Zimmer, 2010), and that activation of these Gi/o-coupled opioid receptors is
capable of inducing striatal presynaptic LTD (Atwood et al., 2014a), we next assessed
whether EtOH-LTD occurs in an opioid receptor-dependent fashion. MSN-MSN EtOHLTD was not eliminated in the presence of naloxone, a pan opioid receptor antagonist
(oIPSC amplitude = 80.03 ± 6.94% of baseline, t=2.88, df=6, p=0.03, Figure 2.3a).
However, FSI-MSN EtOH-LTD was eliminated in the presence of naloxone (5 µM, oIPSC
amplitude = 97.87 ± 2.99, t=0.71, df=6, p= 0.50, Figure 2.3b) and was significantly
different from control EtOH-induced depression of oIPSC amplitude (EtOH-LTD oIPSC
amplitude = 67.51 ± 7.78% compared to naloxone oIPSC amplitude 97.87 ± 2.99%, t=3.28,
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df=14, p=0.01), indicating EtOH-LTD at the MSN- and FSI-MSN synapses are
mechanistically distinct.
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Figure 2.3 EtOH-LTD is delta opioid receptor (DOR)-dependent. (A) The pan opioid receptor
antagonist, naloxone, does not eliminate EtOH-LTD at the MSN-MSN synapse (n=7 cells, p<0.05).
(B) Naloxone eliminates EtOH-LTD at the FSI-MSN synapse (filled circles, n=7 cells, p>0.05),
compared to control artificial cerebrospinal fluid (aCSF) (open circles, n=9 cells, p<0.05). (C)
Blocking DOR with the antagonist naltrindole eliminates EtOH-LTD at the FSI-MSN synapse
(filled circles, n=8 cells, p>0.05), compared to controls (open circles, n=8 cells, p<0.05). (D) EtOHLTD is stable in the presence of naltrindole 15 minutes following EtOH washout (n=6, p<0.05).
(E) The DOR agonist, DPDPE depresses the FSI-MSN synapse (open circles, n=12 cells, p<0.05),
but the mu opioid receptor agonist, DAMGO, does not (filled circles, n=6 cells, p>0.05). (F)
DPDPE depresses both FSI-MSND (filled circles, n=9 cells, p<0.05) and FSI-MSNID synapses
(open circles, n=7 cells, p<0.05). (G) Incubating slices in the adenylyl cyclase activator forskolin
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eliminates DPDPE-induced LTD of the FSI-MSN synapse (filled circles, n=8 cells, p>0.05),
compared to control aCSF (open circles, n=8 cells, p<0.05). (H) Incubating slices in the cAMP
analog 8-bromo-cAMP also eliminates the DPDPE-induced LTD (filled circles, n=11 cells, p>0.05)
compared to control aCSF (open circles, n=8 cells, p<0.05). All scale bars indicate 300 pA (vertical)
and 100 ms (horizontal). Example traces represent baseline (dark) and the last 5 mins of the
experiment (light). Schematics depict optogenetic activation of MSNs or FSIs and whole-cell
patch-clamp recordings from MSNs. All error bars indicate SEM.
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To determine the specific opioid receptor involved in FSI-MSN EtOH-LTD, we
then incubated slices in the delta opioid receptor (DOR) specific antagonist naltrindole
(1µM) before applying EtOH. Naltrindole blocked EtOH-LTD at the FSI-MSN synapse
(oIPSC amplitude = 97.65 ± 7.32% of baseline, t =0.32, df=7, p=0.76, Figure 2.3c), and
the EtOH effect in this condition differed from control EtOH-LTD (control EtOH-LTD
oIPSC amplitude 66.67 ± 6.54%, t=3.16, df=14, p=0.01). In order to determine if this form
of LTD is labile or static (Atwood et al., 2014b), we applied naltrindole (1 µM) to slices
15 min after EtOH washout (Figure 2.3d). EtOH-LTD did not return to baseline in the
presence of naltrindole, suggesting this form of LTD is static (oIPSC following EtOH wash
= 75.95 ± 3.07% of baseline, t=6.23, df=5, p=0.02; oIPSC in naltrindole = 63.58 ± 9.91%
of baseline, t=3.58, df=5, p=0.02). Because EtOH-LTD appears to be presynaptically
expressed, and DOR, like CB1, may reside presynaptically, we hypothesized that DOR
resides on the FSI terminal. Supporting this idea, application of the DOR agonist DPDPE
(500 nM) depressed the FSI-MSN synapse (oIPSC amplitude = 81.98 ± 3.49% of baseline,
t=5.16, df=11, p=0.0003) but the mu opioid receptor agonist, DAMGO (2 µM) did not
(oIPSC amplitude = 99.50 ± 7.50% of baseline, t=0.12, df=5, p=0.91, Figure 2.3e). Using
PV-cre x Drd1a-tdTomato mice we determined that DPDPE-induced LTD of oIPSC
amplitude at the FSI-MSN synapse is not pathway specific; DPDPE depressed the FSIMSND synapse to 66.46 ± 8.36% of baseline (t=4.01 df=8, p=0.004) and depressed the FSIMSNID synapse to 79.19 ± 5.45% of baseline (t=3.82, df=6, p=0.01, Figure 2.3f). These
data suggest that DOR is present on FSI terminals impinging upon both MSND and MSNID.
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2.3.4 DOR-mediated depression of the FSI-MSN synapse is adenylyl cyclasedependent.
DOR is a Gi/o-coupled receptor that is known to decrease cAMP production when activated
(Al-Hasani and Bruchas, 2011). Therefore, we tested the prediction that activating adenylyl
cyclase, the enzyme responsible for catalyzing the conversion of ATP to cAMP, will block
DOR-induced LTD. Pre-incubating slices in 15 µM forskolin, an activator of adenylyl
cyclase, for at least 20 mins prior to DPDPE application indeed blocked DOR-induced
LTD of oIPSC amplitude (oIPSC amplitude 97.04 ± 5.10% of baseline, t=0.58, df=7,
p=0.58, Figure 2.3g) as compared to control aCSF (oIPSC amplitude 67.04 ± 10.65% of
baseline, t=3.10 df=7, p=0.02). To test the downstream target of adenylyl cyclase, we
incubated slices in the cell-permeable cAMP analog, 8-bromo-cAMP (160 µM) and
measured oIPSC amplitude following DPDPE wash. We found that DPDPE did not
decrease oIPSC amplitude in the presence of 8-bromo-cAMP (95.77 ± 9.67%, t=0.44,
df=10, p=0.67, Figure 2.3h), as it did in control aCSF (68.67 ± 5.51%, t=5.68, df=7,
p=0.001), which suggests that DPDPE-induced LTD occurs through a cAMP-dependent
signaling pathway. 8-bromo-cAMP blockade of DPDPE-induced LTD was significantly
different than control LTD (t=2.20 df=17, p=0.04).
2.3.5 DOR is located presynaptically on FSIs.
DOR is known to co-localize with a subset of GABAergic neurons in mouse dorsal striatum
(Scherrer et al., 2006), a finding that suggests co-localization onto a GABAergic
interneuron population as opposed to the principal GABAergic MSN. These findings are
consistent with our results that EtOH-LTD is presynaptically expressed and mediated
through DOR activation. Thus, we tested the prediction that DOR is located on presynaptic
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FSI terminals by measuring changes in asynchronous osIPSC amplitude and event
frequency in the presence of DPDPE. DPDPE application increased the IEI of osIPSC
events (baseline IEI 95.09 ± 2.81 ms; post-DPDPE IEI 130.1 ± 7.60 ms, t=4.35, df=15,
p=0.001, Figure 2.4a). DPDPE wash also depressed osIPSC amplitude (baseline amplitude
20.61 ± 1.50 pA; post-DPDPE amplitude 16.47 ± 1.90 pA, t=3.65, df=14, p=0.003, Figure
2.4a). These data suggest that DPDPE lowers GABA release probability from FSIs.
Additionally, there is either a possible postsynaptic effect of DPDPE on GABAA
availability or the reduction in probability of release reduces synchronous spontaneous
event probability, which would in turn reduce event amplitude. To rule out contributions
of postsynaptic DOR to FSI-MSN DPDPE-induced LTD, GDP-β-S (500 µM) was included
in the internal pipette solution to disrupt G protein signaling in the postsynaptic cell.
DPDPE application reliably depressed oIPSC amplitudes with GDP-β-S present (oIPSC
amplitude = 70.08 ± 10.75% baseline, t=2.78, df=8, p=0.02, Figure 2.4b). Finally, to test
if DPDPE-induced LTD results in the generation and liberation of a Ca2+-induced
retrograde signaling molecule that could signal presynaptically, we chelated postsynaptic
Ca2+ using a high BAPTA internal pipette solution (20 mM) and measured changes in
oIPSC amplitude following DPDPE application. 20 mM BAPTA in the postsynaptic cell
did not block the DPDPE-induced LTD (82.37 ± 7.27% of baseline, last 5 mins, t=2.43,
df=10, p=0.04, Figure 2.4c), suggesting postsynaptic Ca2+ is not necessary for this LTD.
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Figure 2.4 Delta opioid receptors are located on FSI terminals. (A) Left panel, DPDPE
increases IEI of osIPSCs and decreases the amplitude of osIPSC events (filled circles) compared
to baseline (open circles, n=16 cells, ***p<0.001, **p<0.01). Right panel, representative traces of
osIPSC events before DPDPE wash (open circle) and after (filled circle). Black circles indicate
detectable events. (B) The G-protein coupled receptor blocker GDP-β-S does not eliminate
DPDPE-induced LTD at the FSI-MSN synapse (n=9 cells, p<0.05). (C) Postsynaptic calcium
chelation with BAPTA does not eliminate DPDPE-induced LTD at the FSI-MSN synapse (n=11
cells, p<0.05). Scale bars represent 300 pA (vertical) and 100 ms (horizontal). All example traces
depict baseline (dark) and the last 5 mins of the experiment (light). All error bars represent SEM.
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2.4 Discussion
The data presented here describe a novel, EtOH-induced, DOR-dependent LTD of
FSI-MSN synaptic transmission that, in conjunction with EtOH-LTD at MSN-MSN
synapses, likely contributes to the increase in DLS output that occurs following EtOH
exposure. We show that DOR-induced LTD at the FSI-MSN synapse occurs through the
canonical adenylyl cyclase/cAMP pathway downstream of DOR activation (Figure 2.5).
The discovery that DOR is positioned to regulate FSI-MSN synaptic transmission
implicates the opioid system in the physiological expression of habit learning (Wassum et
al., 2009) and other striatal-dependent behaviors. Finally, EtOH also reliably depresses the
MSN-MSN synapse. Although additional work is necessary to unveil the mechanism
underlying this effect, our data thus far suggest a presynaptic locus of expression of this
form of LTD that functions independently of both CB1 and opioid receptors.
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Figure 2.5. Proposed mechanism of EtOH-LTD. EtOH depresses FSI-MSND and -MSNID
transmission by activating DOR (green) on presynaptic FSI terminals. DOR activation decreases
adenylyl cyclase (AC) activity, which in turn decreases cAMP levels. This form of DOR-mediated
synaptic plasticity occludes CB1 receptor-mediated LTD (gray receptor, grayed out inhibition of
AC). FSIs (red circles, right) are more prevalent in the dorsolateral striatum (DLS) than the
dorsomedial striatum. EtOH-LTD of FSI-MSN synapses is thus positioned to promote a global
disinhibition of the dorsolateral striatum.
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We demonstrate that EtOH-LTD is mutually occlusive with a form of eCB-LTD at
the FSI-MSN synapse but is not mediated through CB1 receptors (Figure 2.5). These
findings are in line with previous work demonstrating that EtOH blocks eCB-mediated
disinhibition of the DLS in a CB1-independent manner (Adermark and Lovinger, 2009;
Clarke and Adermark, 2010). This full blockade of eCB-mediated DLS disinhibition by
EtOH also suggests that the mechanism of action of EtOH-LTD at the MSN-MSN synapse
is activation of a presynaptically localized Gi/o-coupled receptor capable of occluding CB1
activation-induced depression of GABA release. Given the present findings that EtOHLTD occludes CB1-mediated LTD, this suggests that both MSN-MSN and FSI-MSN
synapses are normally under manifold control by multiple presynaptically-localized Gi/ocoupled receptors. In the presence of EtOH, however, the DOR-mediated pathway
overrides physiological opioid and eCB control of this synapse, possibly contributing to
acute intoxication and/or lasting disinhibition of the DLS over time. Yet other presynaptic
Gi/o-coupled receptors, such as the kappa opioid receptor may also reside on the FSI
terminal and the possible occlusion of their effects by EtOH will also have to be examined
in future studies in order to gain a complete picture of the disruption of physiological
control over FSI-MSN synapses by EtOH.
The mechanisms through which EtOH induces release of an endogenous DOR
agonist and the cellular source of this release remain unknown. A potential candidate for
the source is MSNsID; opioids are known to act as Ca2+-dependent retrograde signaling
molecules (Iremonger and Bains, 2009; Cusulin et al., 2013) and MSNsID contain preproenkephalin, the precursor for the most efficacious endogenous agonist of DOR (Gerfen
et al., 1990; Surmeier et al., 1996). However, we found that EtOH depresses FSI
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transmission onto both MSNsD and MSNsID and this depression is not eliminated with a
postsynaptic Ca2+ chelator. Therefore, it is unlikely that EtOH induces release of a
retrograde opioid signal from postsynaptic MSNs. It is possible that another source
providing the endogenous DOR agonist is recruited by EtOH. One candidate is the external
segment of the globus pallidus (GPe). This structure sends GABAergic projections to both
MSNs and FSIs in the dorsal striatum (Bevan et al., 1998; Mallet et al., 2012; Mastro et
al., 2014) and these projections express pre-proenkephalin (Mallet et al., 2012). Given that
the variability in the induction of EtOH-LTD at the FSI-MSN synapse is not explained by
differences in FSI-MSND and FSI-MSNID pathways, and that DPDPE application
consistently induces FSI-MSN synaptic depression, the heterogeneous expression of FSIMSN EtOH-LTD may be due to the variability in the EtOH-induced release of the
endogenous DOR agonist.
While our results specifically describe the effects of EtOH on GABAergic
transmission in the DLS, Wilcox and colleagues (2014) report that acute EtOH exposure
and chronic EtOH drinking induces a higher frequency of basal miniature IPSC (mIPSC)
events in the DMS, and a lower frequency of mIPSC events in the DLS. This DMS to DLS
response difference may be explained by the higher expression of FSIs in the DLS
(Schlösser et al., 1999; Luk and Sadikot, 2001), as the majority of mIPSCs onto MSNs
arise from FSIs (Koos, 2004). Taking the DOR-mediated depression of FSI-MSN synapses
in the DLS following acute EtOH exposure together with the reported increase in GABA
transmission onto DMS MSNs, EtOH appears to shape the global output of the striatum by
modulating GABA synapses. Indeed, the importance of the presently described mechanism
in drinking is supported by the findings of Nielsen et al., (2012) that show striatal DOR
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blockade decreases repeated EtOH intake in rats, while activating striatal DOR increases
consumption. In light of this, additional studies are necessary to understand the effects of
EtOH on DOR-mediated depression of the FSI-MSN synapse in the DLS following a
chronic drinking paradigm.
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Chapter 3: An activity-dependent synaptic switch for rapid protection against
synaptic inhibition by ethanol is evolutionarily conserved
3.1 Introduction
Pioneering studies in the sea mollusk Aplysia californica provide the foundation
for our understanding of the neural basis of learning and memory (Thompson and Spencer,
1966; Castellucci et al., 1970; Carew et al., 1972; Rankin et al., 2009). Examination of the
changes in strength at the siphon sensory neuron-to-gill motor neuron synapse underlies
the ability for Aplysia to sensitize or desensitize to sensory stimuli in order to mount an
appropriate defensive withdrawal reflex; sensitization to sensory stimuli is associated with
an increase in neurotransmitter release probability at this synapse whereas a decrease in
release probability occurs with desensitization (Castellucci et al., 1970). These seminal
findings solidified that learning and memory is encoded in the nervous system by plastic
changes at synapses and established Aplysia as a powerful tool for unveiling evolutionarily
conserved principles of synaptic plasticity (Thompson and Spencer, 1966; Castellucci et
al., 1970; Carew et al., 1972; Man et al., 2003; Rankin et al., 2009).
More recent work in Aplysia uncovered a sensitive homosynaptic activitydependent mechanism for protecting the siphon sensory neuron presynaptic terminal from
the depression of neurotransmitter release that is responsible for reflex desensitization
(Wan et al., 2012). This mechanism is triggered by burst firing (2-4 action potentials) of
the presynaptic element and, thus, is termed “burst-dependent protection” (BDP). BDP is
initiated by calcium influx into the presynaptic terminal and the activation of protein kinase
C (PKC), which is localized by the postsynaptic density-95 disc-large zona occludens 1
(PDZ) binding domain of PICK1 (Baron et al., 2002; Leitges et al., 2004; Wan et al., 2012).
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Given the predictive value of Aplysia for uncovering conserved synaptic plasticity
principles, it is likely that BDP-like mechanisms exist in other species. However, the
presence of BDP in other animals, including mammals, has yet to be explored.
In both Aplysia and mammals, decreases in the probability of neurotransmitter
release leading to both short-term and long-term synaptic depression (LTD) are commonly
initiated by the activation of presynaptically localized Gi/o-coupled receptors (Atwood et
al., 2014b). These forms of plasticity are prevalent across the central nervous system
(Huang et al., 1999, 2013; Kobayashi et al., 1999; Robbe et al., 2002b; Mathur et al., 2011;
Patton et al., 2016). Indeed, several neurotransmitter systems employ presynaptic Gi/ocoupled receptors to homosynaptically or heterosynaptically decrease neurotransmitter
release probability, including serotonin 1b receptors (Mathur et al., 2011; Dölen et al.,
2013), dopamine D2 receptors (Shen et al., 2008), metabotropic glutamate 2/3 receptors
(Robbe et al., 2002b), cannabinoid type 1 receptors (Calabresi et al., 1992; Lovinger et al.,
1993; Gerdeman et al., 2002; Mathur et al., 2013) and opioid receptors (Atwood et al.,
2014b; Patton et al., 2016) among others. As such, presynaptically-expressed Gi/o-coupled
receptor activation-initiated synaptic depression represents a potential mammalian
candidate for undergoing BDP.
In the dorsolateral striatum (DLS), a region critical for habit learning (Packard and
McGaugh, 1996; Packard, 1999; Yin et al., 2004), we recently discovered that activation
of the presynaptic, Gi/o-coupled delta opioid receptor induces LTD (DOR-LTD) at a key
inhibitory synapse: the fast-spiking interneuron (FSI) - to - medium spiny projection
neuron (MSN) synapse (see Chapter 2 and Patton et al., 2016). FSIs are critical for habit
formation (O’Hare et al., 2017), which is facilitated by drugs of abuse such as ethanol
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(Dickinson et al., 2002; Lesscher et al., 2010; Corbit et al., 2012). Ethanol induces DORLTD at the FSI-MSN synapse (Patton et al., 2016) and intrastriatal infusion of a DOR
antagonist dampens ethanol drinking (Nielsen et al., 2012). As such, DOR-LTD at the FSIMSN is a presynaptically-expressed form of synaptic plasticity with translational potential
and is a candidate for interaction with BDP. Exploring the potential interaction of BDP and
DOR-LTD in the mouse, we demonstrate that the elicitation of two presynaptic FSI action
potentials (20 Hz) blocks the expression of DOR-LTD as induced by a DOR agonist or
ethanol. Moreover, we find that BDP at this synapse, like Aplysia, is PKC-, calcium-, and
PICK1-dependent. These results indicate the discovery of an evolutionarily conserved
molecular mechanism for the regulation of synaptic depression in mammals by an
exquisitely sensitive homosynaptic activity-dependent mechanism.

3.2 Methods
3.2.1 Animal Care.
All procedures and experiments performed were approved by both the United States Public
Health Service Guide for Care and Use of Laboratory and the Institutional Animal Care
and Use Committee at the University of Maryland, Baltimore. Mice were housed under a
12h light/dark cycle (lights on from 0700 hours to 1900 hours) with 2-5 littermates and
given ad libitum access to food and water. Female and male mice were used for all
experiments and no effect of sex was found.
3.2.2 Stereotaxic Surgery and Channelrhodopsin (ChR2) Expression.
Parvalbumin (PV) cre transgenic mice (> 2 months old, C57BL/6 background) were
injected stereotaxically with an AAV vector driven by an EF1a promoter containing a DIO-
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ChR2-mCherry or eYFP construct flanked by loxP sites into the dorsolateral striatum
(DLS, coordinates from bregma: A/P +0.6, M/L ±2.25, D/V -2.4 from brain) at a rate of 20
nL/minute with a total injection volume of 300 - 450 nL per striatal side. Animals were
given at least 3 weeks post-surgery to allow for viral expression before use in ex vivo
electrophysiological experiments.
3.2.3 Brain Slice Preparation.
Following deep isoflurane anesthetization, brains were dissected and kept in an ice cold
cutting solution (194 mM sucrose, 30 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 26 mM
NaHCO3, 1.2 mM NaH2PO4, and 10 mM D-glucose) bubbled with 95% oxygen, 5%
carbon dioxide (carbogen). 250 μm coronal sections were sliced via vibratome (Leica VT
1200) and allowed to incubate at approximately 32.4°C in carbogen bubbled artificial
cerebral spinal fluid (aCSF; 124 mM NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
26 mM NaHCO3, 1.2 mM NaH2PO4, and 10 mM D-glucose) for 30 minutes. Slices were
then stored at room temperature for the remainder of the day before being hemisected and
transferred to the recording chamber. Slices were constantly bathed in temperature-control,
carbogen-bubbled aCSF (29-31°C) via a gravity perfusion system for the duration of
experiments.
3.2.4 Whole-Cell Voltage-Clamp Recordings.
Expression of ChR2-mCherry at injection sites in the DLS was assessed with an
epifluorescence light path using a mercury bulb lamp (X-Cite series 120Q). Medium spiny
neurons (MSNs) within the DLS receiving inputs from fast spiking interneurons (FSIs)
expressing ChR2 were targeted for whole cell recordings (Mathur et al., 2013). To
optogenetically evoke inhibitory postsynaptic currents (oIPSC), blue light (473 nm) was
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delivered via LED field illumination (Lumen Dynamics, XLED1) or through local
illumination by a fiber optic cable (Thor Labs). Single or paired (20 Hz) blue-light evoked
test pulses (pulse duration of 2-4 ms) were delivered every 20 s. For a subset of
experiments, local electrical stimulation was delivered through a concentric bipolar
stimulating electrode (World Precision Instruments). Borosilicate glass pipettes (resistance
range of 2 – 5 MΩ) were used to record oIPSCs (Narishige, PC-100) and were filled with
a CsCl-based internal solution (150 mM CsCl, 10 mM HEPES, 2 mM MgCl2, 0.3 mM NaGTP, 5 mM QX-314, 3 mM Mg-ATP, and 0.2 mM BAPTA, osmolarity ranging from 307
to 313 mOsm, pH approximately 7.3). A multiclamp 700B amplifier (Molecular Devices)
was used to voltage clamp MSNs at -60 mV throughout the duration of all experiments.
Recordings were filtered at 2 kHz and digitized at 10 kHz. If the series resistance changed
by more than 15% throughout the duration of the recording, the recording was discarded
from further analysis.
3.2.5 Aplysia californica electrophysiology.
Following an injection of isotonic MgCl2, Aplysia abdominal ganglia were dissected and
superfused with high-divalent saline at 22-24°C ((6× normal Ca2+, 1.6× normal Mg2+)14
to reduce spontaneous synaptic activity: 328 mM NaCl, 10 mM KCl, 66 mM CaCl2, 88
mM MgCl2, 10 mM Na-HEPES, pH 7.6, supplemented with nutrients (7 mM glucose,
MEM essential and non-essential amino acids (0.2× normal concentration, Invitrogen), and
MEM vitamin solution (0.7× normal concentration, Invitrogen)) (Jiang and Abrams, 1998;
Wan et al., 2012). 12-20 MΩ microelectrodes containing 2 M potassium acetate and 0.4 M
KCl were used to record from or stimulate siphon sensory and motor neurons, respectively.
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Action potentials in siphon neurons were elicited by injected 2 ms depolarizing current
pulses. The intertrial interval was 20 s to mimic mouse experiments.
3.2.6 Statistical Analysis.
Mean amplitudes of oIPSCs were measured in Clampfit 10.4.1.4 and analyzed via
GraphPad Prism 6.01. Mean oIPSC amplitudes were averaged per minute and expressed
as a percentage relative to the average baseline amplitude. A two-tailed paired t test was
used to compare the average baseline oIPSC amplitudes and oIPSC amplitudes from the
last 5 minutes of recording. A two-tailed unpaired t test was used to compare changes in
IPSC amplitudes between experiments. A repeated measure ANOVA was performed in
SPSS to compare trial number x burst stimulation parameter for Aplysia experiments. All
data are represented as mean ± SEM.
3.2.7 Drugs.
Where indicated, aCSF with 2 mM SrCl2 (2 mM) replacing CaCl2 was used. In a subset
of experiments, slices were incubated in blocking or control peptides (1 µM) for 30 minutes
before being transferred to the recording chamber and bathed in regular aCSF for the
duration of the experiment. All other drugs were dissolved into the aCSF and constantly
perfused over the slice. DPDPE, Go 6976, and Bisindolylmaleimide I (BIM-1) were
purchased from Tocris Bioscience. BAPTA was purchased from Molecular Probes. TATPKC-CT

(RQIKIWFQNRRMKWKKGfvhpilqsav)

and

TAT-PKCdeltaCT

(RQIKIWFQNRRMKWKKGfvhpil) were purchased from BioSynthesis Inc. All other
drugs were purchased from Sigma-Aldrich.
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3.3 Results
3.3.1 Paired pulse stimulation prevents delta-opioid receptor-induced long-term
depression (DOR-LTD).
As a control experiment, we first used a single pulse of light every 20 s to elicit
optogenetically-evoked inhibitory postsynaptic currents (oIPSCs) at FSI-MSN synapses
(Figure 3.1a). We found that a 10 min application of the delta opioid receptor (DOR)
agonist DPDPE (500 nM) induced LTD (DOR-LTD) of FSI-MSN oIPSC amplitude (70.29
± 7.87% of baseline, t=3.77, df=4, p=0.02, Figure 3.1b), as we have previously reported
(Chapter 2, Patton et al., 2016). However, when we switched from a single pulse to a
paired light pulse (50 ms inter-pulse interval; IPI) delivered every 20 s to track FSI-MSN
oIPSC amplitude over time, we found that DPDPE (500 nM) application no longer induced
DOR-LTD (oIPSC amplitude = 104.7 ± 9.19% of baseline, t=0.51, df=6, p=0.63, Figure
3.1b). This was significantly different from the single pulse stimulation condition: t=2.69,
df=10, p=0.02, unpaired t test. Previous work demonstrated that a similar electrical
stimulation protocol (2 or 4 pulses at 20 Hz) protects against synaptic depression in the sea
mollusk Aplysia californica (Wan et al., 2012). To examine if the protection against
DPDPE-induced synaptic depression in mice is evolutionarily conserved in Aplysia, we
tested whether a 50 ms IPI paired electrical pulse stimulation or 4 pulses at 20 Hz would
also induce BDP. We show delivering a single pulse stimulation to the siphon sensory
neuron indeed induces homosynaptic depression of the siphon sensory neuron-to-motor
neuron synapse in Aplysia (Figure 3.1c). Eliciting 2 action potentials in the sensory neuron
attenuated this depression, and delivering 4 electrical stimuli eliminated it (F(28, 140) =
2.45, p<0.001, Burst x Trial Number interaction, repeated measures ANOVA, Figure
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3.1c). For the remainder of the experiments described, a mouse model was used. To test
the possibility that paired pulse stimulation of FSI terminals potentiates the FSI-MSN
synapse of the mouse striatum to nullify DPDPE-induced synaptic depression, we
delivered paired pulse light stimulation (every 20 s) after a baseline of single pulse light
stimulation (every 20 s). We show that paired pulse stimulation does not on its own produce
synaptic plasticity (oIPSC amplitude = 91.89 ± 8.58, t=0.39, df=5, p=0.39, Figure 3.1d).
To test if paired light stimulation protocol requires the activity of the Ca2+ sensitive PKCα
isoform, as BDP in Aplysia does, we incubated slices in the general PKC inhibitor
bisindolylmaleimide I (2 µM, BIM-1). BIM-1 incubation prevented DPDPE (500 nM)
application from inducing synaptic depression at the FSI-MSN synapse (oIPSC amplitude
= 72.31 ± 8.85% of baseline, t=3.13, df=4, p=0.04, Figure 3.1e).
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Figure 3.1. Paired pulse light stimulation eliminates delta-opioid receptor-induced long-term
depression (DOR-LTD). (A) Schematic of the recording configuration. Voltage-clamp recordings
were made from dorsolateral striatal (DLS) medium spiny neurons (MSNs). Channelrhodopsin was
expressed in fast-spiking interneurons (FSI) and optically-evoked inhibitory postsynaptic currents
(oIPSC) were recorded in MSNs. (B) Delivering paired optical pulses (50 ms inter-pulse interval
with each pair delivered every 20 seconds) blocked DPDPE (500 nM)-induced LTD at FSI-MSN
synapse (blue) compared to single light pulse interrogation of the synapse (black). Scale bars = 200
pA, 200 ms. (C) Left: Single pulse interrogation of the Aplysia siphon sensory neuron-to-motor
neuron synapse results in depression (black). This depression is attenuated with 2 bursts of action
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potentials (light blue) and eliminated with bursts of 4 action potentials (dark blue). Right:
Representative postsynaptic potentials (PSPs) from each condition. (D) Paired pulse stimulation
(blue shaded region) following a 5 minute baseline of single pulse stimulation did not produce
lasting synaptic plasticity. Insets are representative traces from the first (dark) and last 5 minutes
(light) of the experiments. Scale bars = 400 pA, 200 ms. (E) Incubating slices in BIM-1 (2 µM)
eliminated the protection against DOR-LTD (blue). Control paired pulse data from (B) are
represented as mean ± SEM in black. Scale bars = 200 pA, 200 ms. Data are represented as mean
± SEM. * p < 0.05.
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3.3.2 Paired pulse stimulation protection against DOR-LTD requires the Ca2+
sensitive PKCα isoform.
Aplysia BDP requires the activity of a Ca2+-sensitive isoform of PKC in the presynaptic
terminal (Wan et al., 2012). To test if our paired stimulation paradigm also requires Ca2+,
we replaced Ca2+ in the artificial cerebrospinal fluid (aCSF) with 2 mM Sr2+, which
supports neurotransmitter release but in a Ca2+-independent asynchronous fashion (Choi
and Lovinger, 1997a). Replacing aCSF Ca2+ with Sr2+ blocked the ability of paired pulse
light stimulation to protect against DOR-LTD (oIPSC amplitude = 62.02 ± 6.34% of
baseline, t=5.99, df=9, p=0.0002, Figure 3.2a). Testing whether paired light pulse
stimulation protects against DOR-LTD by selectively recruiting the PKCα and β isoforms,
we incubated slices in the selective PKCα and β isoform inhibitor Go 6976 (3 µM). This
manipulation restored DOR-LTD (oIPSC amplitude = 70.48 ± 10.90% of baseline, t=2.71,
df=6, p=0.04, Figure 3.2b). PKCα is localized near Ca2+ channels through an interaction
with the PDZ binding domain on the scaffolding protein PICK1 (Baron et al., 2002; Leitges
et al., 2004; Wan et al., 2012). To test the role of PICK1 in paired light pulse protection
against DOR-LTD, we incubated slices in a peptide designed to block the PKCα-PICK1
interaction (1 µM) (Baron et al., 2002; Leitges et al., 2004; Wan et al., 2012). This
manipulation restored DOR-LTD (oIPSC amplitude = 65.41 ± 9.96 % of baseline, t=3.47,
df=7, p=0.01, Figure 3.2c), while incubating in a truncated version of the peptide lacking
the PDZ binding domain, did not (1 µM, oIPSC amplitude = 103.7 ± 14.95% of baseline,
t=0.25, df=4, p=0.81, Figure 3.2c). The experimental and control peptide conditions were
significantly different from each other (t=2.29, df=11, p=0.04, unpaired t test). Finally, to
verify that the PICK1 blocking peptide alone did not depress FSI-MSN synaptic
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transmission, we incubated slices in the blocking peptide and repeated the experiment
without applying DPDPE. Incubation in the blocking peptide without DPDPE application
did not result in synaptic depression (oIPSC amplitude = 102.9 ± 8.76% of baseline, t=0.33,
df=4, p=0.76, Figure 3.2d).
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Figure 3.2. Paired pulse protection against DOR-LTD requires the Ca2+ sensitive PKCα
isoform. (A) Delivering paired light pulses in artificial cerebrospinal fluid where Ca2+ was replaced
with 2 mM Sr2+ eliminated the protection against DOR-LTD. (B) Including the PKC inhibitor Go
6976 in the aCSF similarly eliminated the protection against DOR-LTD. (C) Incubating slices in a
peptide that interrupts the binding of PKCα to the scaffolding protein PICK1 (blue) eliminated
paired pulse protection against DOR-LTD, but this protection was intact following incubation in a
control, truncated peptide (black). (D) Incubation in the blocking peptide did not lead to synaptic
depression in the absence of DPDPE. Insets are representative traces from the first (dark) and last
5 minutes (light) of the experiments. Scale bars = 200 pA, 200 ms. Data are represented as mean ±
SEM.
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3.3.3 Paired pulse light stimulation blocks ethanol-induced LTD at the FSI-MSN
synapse.
While assaying FSI-MSN synaptic strength with single pulse light stimulation every 20 s,
application of ethanol (50 mM) induces LTD of this synapse in a DOR-dependent manner
(Patton et al., 2016). To serve as a positive control, we repeated this by applying 50 mM
ethanol for 10 min to striatal slices and observed an ethanol-induced LTD of the FSI-MSN
synapse (oIPSC amplitude = 66.49 ± 12.32% of baseline, t=2.72, df=8, p=0.03, Figure
3.3a). However, delivering paired pulse light stimulation (50 ms IPI) every 20 s prevented
this ethanol-induced LTD (oIPSC amplitude = 110.2 ± 13.06% of baseline, t=0.78, df=6,
p=0.47, Figure 3.3a). To determine if additional Ca2+ entry through the Ca2+ permeable
channelrhodopsin (ChR2) is contributing to the protection against ethanol-induced LTD
we alternated optogenetic and electrical stimulation with a 50 ms IPI every 20 s. We found
that alternating electrical and light stimulation pulses also prevents ethanol-induced LTD
(oIPSC amplitude = 102.3 ± 8.59% of baseline, t=0.26, df=4, p=0.81, Figure 3.3b).
However, when we lengthened the IPI between light and electrical pulses to 9.5 s, the
protection against ethanol-induce LTD is eliminated, suggesting this protection is
frequency dependent (oIPSC amplitude = 80.5 ± 7.56% of baseline, t=2.58, df=7, p=0.04,
Figure 3.3c). Finally, incubating slices in the global PKC inhibitor, BIM-1 (2 µM),
eliminated the paired light pulse stimulation protection against ethanol-induced LTD
(oIPSC amplitude = 71.71 ± 10.93% of baseline, t=2.59, df=8, p=0.03, Figure 3.3d).
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Figure 3.3. Paired light stimulation eliminates ethanol-induced LTD at the FSI-MSN synapse.
(A) Delivering paired pulse stimulation eliminated ethanol (EtOH)-induced LTD (blue) that
occurred when delivering single pulse light stimulation (black). (B) Alternating light and electrical
stimulation with a 50 ms inter-pulse interval (IPI) similarly eliminated EtOH-induced LTD. (C)
However, providing a 9.5 s IPI between light and electrical stimulation pairs did not affect EtOHinduced LTD. Scale bars = 600 pA, 400 ms. Dashes indicate a break in the representative traces.
(D) In the presence of BIM-1 (2 µM) in the aCSF while delivering a paired light pulse stimulation
in the aCSF eliminated EtOH-induced LTD (blue). Control paired pulse data from (A) is
represented as mean ± SEM (black). Insets are representative traces from the first (dark) and last 5
minutes (light) of the experiments. Scale bars = 200 pA, 200 ms, unless otherwise noted. Data are
represented as mean ± SEM.
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3.4 Discussion
These data support the existence of a highly sensitive, activity-dependent
presynaptic mechanism for protection against synaptic depression initiated by a
presynaptically expressed, Gi/o-coupled receptor in a mammalian synapse. Delivering
paired, rather than a single, stimulation pulse to evoke GABA release from dorsal striatal
FSIs eliminates LTD induced by DOR agonist application or by ethanol, which was
previously shown to induce DOR-LTD (Patton et al., 2016). We find that this activitydependent protection against presynaptic depression of neurotransmitter release is Ca2+-,
PKCα-, and PICK1-dependent (Figure 3.4). This mechanism is strikingly similar to BDP
previously demonstrated in Aplysia (Wan et al., 2012), which suggests that this activity
dependent synaptic switch may be evolutionarily conserved.
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Figure 3.4. Schematic depicting the proposed mechanism of paired pulse protection against
DOR-LTD. The activation of PKCα by paired pulse-facilitated additional Ca2+ influx interacts with
downstream effectors of DOR to eliminate FSI-MSN DOR-LTD. PKCα is localized close to Ca2+
channels by interacting with the scaffolding protein, PICK1. Because EtOH produces LTD at the
FSI-MSN synapse through the activation of DOR, PKCα activity also eliminates EtOH-induced
LTD.

112

BDP in Aplysia requires trains of 2-4 action potentials delivered to presynaptic
siphon sensory neurons to eliminate the synaptic depression that underlies behavioral
habituation (Wan et al., 2012). These bursts of action potentials heighten intra-terminal
Ca2+, which in turn activates Ca2+ sensitive PKC isoforms such as PKCα. PKCα is localized
close to sources of Ca2+ through an interaction with the scaffolding protein PICK1 (Baron
et al., 2002; Leitges et al., 2004; Wan et al., 2012). Similar to BDP, in mouse striatum we
find that our paired pulse stimulation of FSIs protects against FSI-MSN DOR-LTD and
this requires PKCα binding to PICK1. While we have not tested whether trains of stimuli
(3 or more pulses) block DOR-LTD in the DLS, we do show that BDP in Aplysia is induced
by the same paired pulse stimulation protocol (50 ms IPI) that we used to achieve protection
against DOR-LTD in mouse. In light of our findings that paired pulse stimulation with a
9.5 s IPI does not protect against DOR-LTD expression, we conclude that, like Aplysia,
protection against synaptic depression in mouse is frequency-dependent.
Importantly, we show that protection against DOR-LTD is not achieved through
induction of synaptic potentiation that simply occludes our ability to detect a synaptic
depression. We previously showed that DOR-LTD is initiated by activation of DOR, which
decreases adenylyl cyclase activity to dampen cAMP levels (Patton et al., 2016). How
exactly the BDP-like phenomenon we describe here interacts with this downstream DOR
signaling pathway requires further exploration. Like DOR, group II metabotropic
glutamate receptors (mGluR2) reside presynaptically, couple to Gi/o, and upon activation
reduce neurotransmitter release probability (Baskys and Malenka, 1991; Lovinger, 1991).
Synaptic depression induced by mGluR2 is inhibited by activation of PKC in hippocampus
and striatum (Lovinger et al., 1993; Swartz et al., 1993), and evidence exists supporting
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the idea that PKC decouples mGluR from GTP-binding proteins (Macek et al., 1998, 1999;
Zhang and Schmidt, 1999). Alternatively, DOR downstream signaling may be negatively
regulating presynaptic N-type voltage-gated Ca2+ channels (Sher et al., 1996) that may be
competitively modulated by PKC activity (Swartz et al., 1993; Luo et al., 2015). While
activation of PKC is known to potentiate neurotransmitter release (Malenka et al., 1986),
why the paired pulse stimulation employed here does not alone induce synaptic
potentiation requires further investigation.
BDP in Aplysia is necessary to protect against homosynaptic depression that occurs
following repeated biologically innocuous stimuli. Wan and colleagues (2012) argue that
BDP, and specifically the activation of PKCα, is a necessary interruption from the
development of synaptic depression that would allow Aplysia to remain attentive to
behaviorally relevant environmental information. In light of the widespread expression of
Gi/o-coupled receptors that are presynaptically localized to negatively modulate
neurotransmitter (Atwood et al., 2014b), the BDP-like mechanism described herein is
positioned to serve as an exquisitely sensitive activity-dependent switch protecting against
synaptic depression at multiple synapse types. Within the context of the striatal FSI-MSN
synapse, protection against DOR-LTD under physiological conditions may serve to shape
inhibitory control of DLS MSN output, wherein very active FSIs impinging upon MSNs
would be protected from depression induced by DOR activation. Given that in vivo ethanol
exposure depresses inhibitory synapses on MSNs in the DLS (Cuzon Carlson et al., 2011b;
Wilcox et al., 2014) likely through a DOR-dependent mechanism (Patton et al., 2016),
ethanol-induced DOR-LTD may manifest at some FSI-MSN synapses while activitydependent protection against DOR-LTD at others may exist. In light of the critical role of
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FSIs in habit formation (O’Hare et al., 2017) and the enhancement of habit learning by
ethanol (Dickinson et al., 2002; Lesscher et al., 2010; Corbit et al., 2012), a complex
interplay between ethanol-induced DOR-LTD and activity-dependent protection against
DOR-LTD may shape MSN ensemble activity (Cui et al., 2013; Barbera et al., 2016; Klaus
et al., 2017) in favor of habitual actions expression.
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Chapter 4: Coordinated firing amongst striatal fast-spiking interneurons is
enhanced by ethanol
4.1 Introduction
The principal neuron type of the striatum is the medium spiny projection neuron
(MSN), which receive powerful feedforward inhibition from striatal parvalbuminexpressing fast-spiking interneurons (FSIs; Koos, 2004; Tepper et al., 2004). MSNs and
FSIs alike receive excitatory drive from cortical input. However, the pattern of cortical
innervation onto MSNs and FSIs is not the same. FSIs receive more convergent input from
the cortex than MSNs (Ramanathan et al., 2002) and demonstrate distinct AMPA receptor
subunit expression at synapses formed by cortical inputs as compared to MSNs (Gittis et
al., 2011). These differences in innervation suggest that FSI activity should not be assumed
to mirror that of MSNs, which encode complex features of actions (Graybiel, 1998; Jin and
Costa, 2010; Klaus et al., 2017) and kinematic properties of movement (Barbera et al.,
2016; Yttri and Dudman, 2016).
Beyond differences in the cortical innervation of FSIs and MSNs, FSIs form
electrical synapses with each other (Kita et al., 1990; Koós and Tepper, 1999) whereas
MSNs do not. Computational models of FSI population activity suggest that FSI electrical
coupling enables FSI population synchrony (Hjorth et al., 2009; Zhang et al., 2014).
However, connexin-36, the pore protein that comprises FSI gap junctions (Cummings et
al., 2008), decreases in expression into adulthood (Belluardo et al., 2000) and, thus,
whether FSIs electrically couple in adult animals remains unknown. Reflecting this
uncertainty over possible FSI co-activation, in vivo single unit recordings of genetically
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unidentified FSIs suggest that FSIs fire idiosyncratically (Berke, 2008), while other data
provide evidence that FSIs fire in a coordinated fashion (Bakhurin et al., 2016).
FSIs increase in density laterally through the dorsal striatum (Gerfen et al., 1985;
Luk and Sadikot, 2001) and as such, are hypothesized to be important for habit formation.
Drugs of abuse such as EtOH expedite the transition to habit formation (Dickinson et al.,
2002; Lesscher et al., 2010; Corbit et al., 2012), and ethanol exposure disinhibits the DLS
relative to the DMS (Cuzon Carlson et al., 2011b; Wilcox et al., 2014). Acute EtOH
application to striatal slices alters intrinsic FSI excitability (Blomeley et al., 2011) as well
as synaptic properties (Patton et al., 2016), but the question of how acute and chronic EtOH
exposure affects FSI population activity remains. Thus, we developed a neural synchrony
assay to measure FSI-FSI coordination using ex vivo optogenetics and slice
electrophysiology in chronic intermittent EtOH and air exposed mice. We provide evidence
that high responsivity of FSIs to cortical drive underlies synchronous activation in this
interneuron population. We also find that chronic EtOH exposure enhances FSI-FSI
coordinated activity, which is associated with a shift toward increased excitation and
decreased inhibition onto FSIs. Our findings suggest that EtOH may enhance the
performance of the DLS through an increase in cortical noise filtering and may provide
insight into the nature of habit formation in normal and pathological conditions such as
alcoholism.
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4.2 Methods
4.2.1 Animals.
All procedures were performed in accordance with the United States Public Health Service
Guide for Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee at the University of Maryland Baltimore. Mice were
housed with littermates (2-5 per cage) under a 12-h light/dark cycle (lights on at 0700
hours, off at 1900 hours) with ad libitum access to food and water. A total of 74 Pvalb-cre
(Tanahira et al., 2009) and 18 Pvalb-cre x floxedTdTomato (Madisen et al., 2010) female
and male transgenic mice (C57BL/6 background) were used for this study.
4.2.2 Stereotaxic surgery and viral vectors.
At the time of surgery, mice were 6-10 weeks old. Mice were anaesthetized with isoflurane
(induction 5%; maintenance 1-2%) and placed into a stereotaxic frame (David Kopf
Instruments). A heating pad was used to maintain body temperature, and mineral oil was
applied to the eyes to prevent desiccation during surgery. Carprofen (5 mg/kg) was injected
subcutaneously for analgesia. A midline incision was made along the scalp and a small 0.5
- 1.0 mm craniotomy was performed above the injection site. Following viral injection (see
below) the needle was slowly withdrawn and the skin was sutured together. Mice were
monitored twice daily for 3 days and administered carprofen (5 mg/kg, subcutaneously)
when needed to minimize postoperative discomfort. All slice electrophysiology
experiments were conducted >4 weeks following viral injections to ensure optimal viral
construct expression. To target cortical afferents into the striatum for optogenetic
stimulation in acute slices, 200 nL of viral construct expressing ChR2 (AAV5-hSyn-ChR2eYFP) was pressure injected into the primary (+1.78 mm AP, ±1.2 mm ML from bregma,
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-0.8 mm DV from brain surface) and secondary motor cortices (+1.18 mm AP, ±1.25 mm
ML from bregma, -0.75 mm DV from brain surface) in Pvalb-cre x floxedTdTomato mice.
4.2.3 Acute slice electrophysiology.
Mice were anesthetized with isoflurane (vaporized, 5%) and brains were extracted and
submerged in 95% oxygen, 5% carbon dioxide (carbogen)-bubbled ice cold cutting
solution (in mM: 194 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4,
and 10 D-glucose). Extracted brains were sliced at 250 μm with a vibratome (Leica VT
1200) and transferred to carbogen-bubbled artificial cerebrospinal fluid (aCSF; in mM:
124 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose).
Brain slices were incubated at 32.4 °C for 30 min before they were removed and stored at
room temperature until recordings were performed.
To record, brain slices were hemisected, and transferred to a recording bath where
they were constantly perfused with carbogen-bubbled aCSF (29–31 °C) via a gravity
perfusion system throughout the experiment. All whole-cell experiments were recorded
using borosilicate glass pipettes with resistances in the 2–7 MΩ range and were pulled on
a Flaming Brown micropipette puller (Sutter Instruments). Cells were voltage clamped or
current clamped using a MultiClamp 700B amplifier (Molecular Devices) and Clampex
10.4.1.4 software (Molecular Devices) was used for data acquisition. All recordings were
filtered at 2 kHz and digitized at 10 kHz.
tdTomato-positive FSIs in the dorsal striatum were visualized and targeted for
whole-cell current-clamp recordings through the epifluorescent light path of a mercury
bulb lamp (X-Cite series 120Q). Micropipettes were filled with a K-Gluconate internal
solution (in mM: 126 K-Gluconate, 4 KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, and 10
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Phosphocreatine; osmolarity ranging from 290 to 295 mOsm; pH 7.3). For voltage-clamp
recordings, FSIs and MSNs were clamped at -60mV with pipettes filled with a CsCl-based
internal solution (in mM: 150 CsCl, 10 HEPES, 2 MgCl2, 0.3 Na-GTP, 5 QX-314, 3 MgATP, and 0.2 BAPTA; osmolarity ranging from 305 to 310 mOsm; pH of 7.3).
4.2.4 Cortical afferent stimulation experiments.
Following >6 weeks post viral transfection surgery, Pvalb-cre x floxedTdTomato mice
expressing ChR2 in the primary and secondary motor cortices were anesthetized and brains
removed for whole-cell electrophysiological recordings. Optically-evoked action
potentials or optically-evoked EPSCs were elicited in FSIs and MSNs or two FSI pairs in
paired recordings. To determine FSI-FSI coordination, two FSIs were recorded from
simultaneously and action potentials were elicited in both using optogenetic stimulation of
cortical terminals. The resultant action potentials across 30 sweeps were reduced to 2.5 ms
bins, rasterized based on action potential height, and cross correlated. The time to peak for
both FSI and MSN action potentials was calculated as the average delay in action potential
peak following the termination of the blue light pulse (4 ms pulse width, 470 nm). Action
potential firing fraction for cortical responsivity was calculated as the number of action
potentials elicited by blue light stimulation out of 10 pulses, averaged across 10 sweeps.
Action potential firing fraction in the presence or absence of ethanol was calculated as the
number of action potentials elicited out of 5 pulses, averaged across 30 sweeps. Input
resistance was calculated by measuring the average voltage deflection following -150 pA
hyperpolarizing steps. The action potential threshold was calculated as the average
membrane voltage at which the first action potential detonated while delivering a ramp of
depolarizing current. The maximum firing rate was determined by delivering sequential
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depolarizing current steps until the neuron could not fire anymore. Paired pulse ratios were
calculated as the amplitude of the second EPSC over the first EPSC amplitude. Rise and
decay times were calculated as time to reach 90% of the peak EPSC magnitude and time
to subsequently reach 10% of the peak EPSC magnitude, respectively. To control for viral
expression differences between animals, paired pulse ratio, rise, and decay time values
were averaged across animals and statistical significance was determined by a paired t test.
4.2.5 Vapor chamber exposure.
Custom vapor chambers were constructed according to (Morton et al., 2014). One week
following ChR2 stereotaxic surgery, mice were randomly assigned to air or ethanol (EtOH)
vapor chamber exposure. For 4 consecutive days, mice were placed in vapor chambers for
14 hours (1800-0900 h), then experienced 3 days of forced withdrawal. After 3 weeks of
this vapor chamber exposure, mice were injected with a cocktail of 68.1 mg/kg pyrazole in
saline with 20% EtOH in saline, or a pyrazole and saline mixture for air controls each night
prior to vapor chamber exposure. This cycle was repeated for an additional 3 weeks for a
total of 6 weeks of CIE. Following at least 3 days of abstinence, mice were used for slice
electrophysiology experiments.
4.2.6 Statistical analyses.
Data analyses were performed using GraphPad Prism (La Jolla, CA) or R (v 3.2.3; Vienna,
Austria; www.R-project.org) statistical packages. All specific statistical tests are noted in
the Results and Figure Legends. Significance was set at p < 0.05 unless otherwise stated
and parameter values are reported as mean ± SEM. All data were collected in a minimum
of 3 mice per experiment. A Fisher’s z transformation was applied to maximal crosscorrelation coefficients within a ±20 ms time lag for slice recordings. Transformed
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coefficients were averaged for all FSI-FSI cross-correlations within a mouse before
performing one-sample t-tests to determine significance at the group level. In order to
minimize false-positive cross-correlations a threshold of p < 0.001 was used.

4.3 Results
4.3.1 Acute EtOH application enhances FSI-FSI coordinated activity.
To determine if striatal FSI firing is coordinated in the slice, we developed an ex vivo neural
synchrony assay wherein action potentials resulting from cortical afferent optogenetic
activation were elicited in two FSIs, no more than 200 µm apart, being recorded in current
clamp simultaneously (Figure 4.1a). FSI coordinated activity was measured by cross
correlating the timing of the evoked action potentials. We found that in the presence of
normal aCSF such FSI-FSI firing was significantly coordinated in time in response to a
train of light pulses activating cortical afferents (Figure 4.1b, c, f; t = 3.58, n = 8 pairs, p
= 0.009, one sample t test). Acute application of 50 mM EtOH in the aCSF significantly
enhanced FSI-FSI coordinated firing in response to this same activation pattern (Figure
4.1d-f; average Fisher z transformation in aCSF: 0.29 ± 0.08, average Fisher z
transformation in EtOH: 0.62 ± 0.12, t = 2.33, df = 15 pairs, p = 0.03, unpaired t test). This
change in FSI coordinated firing was not due to an increased number of evoked action
potentials in EtOH (Figure 4.1g; action potential firing fraction (the number of evoked
action potentials out of 5 pulses averaged across 30 trials) in aCSF: 0.48 ± 0.04, in EtOH:
0.61 ± 0.07, t = 1.43, df = 55, p = 0.16, unpaired t test), resting membrane potential (Figure
4.1h; in aCSF: -66.24 ± 1.53, in EtOH: -63.51 ± 2.97, t = 0.84, df = 95, p = 0.4, unpaired t
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test) or the maximum firing rate of FSIs (Figure 4.1i; in aCSF: 191.6 ± 11.78, in EtOH:
164.8 ± 9.6, df = 86, p = 0.26, unpaired t test).
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Figure 4.1 Acute ethanol (EtOH) application enhances fast-spiking interneuron (FSI) to-FSI
coordinated activity. (A) Schematic representing the experimental configuration. (B) Crosscorrelogram of FSI-FSI action potentials demonstrates that FSI is moderately coordinated in striatal
slices (mean ± SEM, shaded region). Dotted line demonstrates level of significance, p < 0.001. (C)
Example raster plot of action potentials recorded simultaneously from two FSIs. Arrows indicate
the time of optical stimulation. (D) Cross correlogram demonstrates that acute EtOH application
(50 mM) enhances FSI-FSI coordinated activity. (E) Representative raster of FSI action potentials
in EtOH. (F) Average Fisher z transformation of mean FSI-FSI cross-correlation r values in
artificial cerebrospinal fluid (aCSF) and 50 mM EtOH. * p < 0.05. (G-I) There is no difference in
action potential (AP) firing fraction, resting membrane potential (RMP) or maximum firing rate of
FSIs in aCSF or acute EtOH.

127

4.3.2 Chronic intermittent ethanol exposure (CIE) enhances FSI-FSI coordinated
activity in the slice.
To determine the effect of chronic in vivo EtOH exposure on coordinated FSI activity, we
exposed mice to 6 weeks of EtOH CIE, a length of EtOH exposure that enhances voluntary
EtOH consumption, or air CIE before performing the ex vivo neural synchrony assay
(Figure 4.2a). We found that FSI-FSI coordination in the slice was significantly enhanced
following EtOH CIE, compared to air CIE (Figure 4.2 b,c ; average Fisher z transformation
in air CIE: 0.26 ± 0.09, average Fisher z transformation in EtOH CIE: 0.93 ± 0.22, t = 2.46,
df = 15 mice, p = 0.03, unpaired t test). Further, EtOH CIE enhanced excitatory
transmission onto FSIs compared to air CIE (Figure 4.2d; F(9, 40) = 1.09, p < 0.0001,
One-way ANOVA), and decreased inhibition onto FSIs (Figure 4.2e; F(19, 40) = 0.08, p
< 0.0001, One-way ANOVA). The changes in FSI-FSI coordination were not due to a
difference in the resting membrane potential following EtOH CIE (Figure 4.2f; air CIE: 66.24 ± 1.53, EtOH CIE = -66.2 ± 1.49, t = 0.02, df = 149 cells, p = 0.99, unpaired t test).
However, EtOH CIE enhanced the maximum firing rate of FSIs compared to air controls
(Figure 4.2g; air CIE: 191.6 ± 11.78; EtOH CIE: 229.8 ± 11.21, t 2.35, df = 138 cells, p =
0.02, unpaired t test).
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Figure 4.2 Chronic intermittent ethanol exposure (CIE) and FSI-FSI coordinated activity in
the slice. (A) Schematic representing the experimental configuration. (B) Cross correlogram
demonstrates FSI-FSI coordination was enhanced following chronic EtOH exposure (mean ± SEM,
shaded region). Dotted line demonstrates level of significance, p < 0.001. (C) Average Fisher z
transformation of mean FSI-FSI cross-correlation r values in air (blue) and EtOH CIE (red). * p <
0.05. (D) EtOH CIE enhanced excitatory transmission onto FSIs relative to air CIE. **** p <
0.0001. (E) Inhibitory transmission onto FSIs diminished after EtOH CIE compared to air controls.
**** p < 0.0001. (F) There is no difference in FSI RMP following EtOH CIE. (G) EtOH CIE
enhances the maximum firing rate of FSIs. * p <0.05.
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4.3.3 FSI synaptic properties predict FSI-FSI coordinated activity.
As both FSIs and MSNs receive cortical inputs (Ramanathan et al., 2002), we performed
dual recordings of FSIs and MSNs, the latter of which do not coordinate activity in vivo,
to explore the differences in cortical responsivity in these two cell types to test a possible
mechanism driving FSI-FSI coordinated firing. We found that FSI action potential
discharge followed M1/M2 cortical afferent optogenetic activation more faithfully than
MSN firing in response to 10 Hz light pulse trains at 10 Hz across several light intensities
(Figure 4.3a; firing fraction for MSNs at 0.4 mW: 0.0 ± 0.0, for FSIs: 0.17 ± 0.11, p >
0.99; firing fraction for MSNs at 2.2 mW: 0.1 ± 0.1, for FSIs: 0.45 ± 0.15, p = 0.14; firing
fraction for MSNs at 3.8 mW: 0.13 ± 0.07, for FSIs: 0.84 ± 0.12, p = 0.005; firing fraction
for MSNs at 6.3 mW: 0.11 ± 0.06, for FSIs: 0.82 ± 0.11, p = 0.002, n = 12 FSIs, n = 13
MSNs, Kruskal-Wallis).
To examine how cortico-FSI or cortico-MSN properties contribute to the activation
of FSIs or MSNs by corticostriatal drive, we optogenetically activated cortical afferents
while recording postsynaptic currents (PSCs) in FSIs and MSNs in voltage clamp mode.
We found that compared to MSNs, FSIs exhibited larger amplitude PSCs (Figure 4.3b;
PSCs for FSIs: 441 ± 11 pA, n =8 cells, for MSNs 212 ± 76 pA, n = 8 cells, t = 4.55, p =
0.003, paired t test), and these FSI PSCs displayed faster rise and decay times (Figure 4.3c;
rise times for FSIs: 1.43 ± 0.14 ms, n = 8 cells, for MSNs 1.83 ± 0.42 ms, n = 8 cells, t =
4.78, p = 0.003, paired t test; decay times for FSIs: 9.63 ± 1.7 ms, n = 8 cells, for MSNs
17.10 ± 2.0 ms, n = 8 cells, t = 7.52, p = 0.0003, paired t test). Charge transfer (area under
the curve; AUC) of a single PSC was not different between FSIs and MSNs (Figure 4.3d;
FSI AUC: 2884 ± 709.8, n = 7 cells, MSN AUC: 2519 ± 963.5, n = 7 cells, t = 0.84, p =
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0.43, paired t test). Further, there was no difference in cortical release probability onto FSIs
and MSNs (Figure 4.3e; paired pulse ratio for FSIs: 0.378 ± 0.06, n = 6 cells, for MSNs
0.317 ± 0.05, n =6 cells, t =1.77, p = 0.137, paired t test).
Consistent with the larger amplitude PSCs onto FSIs relative to MSNs but
equivalent charge transfer, detonation of action potentials in response to optogenetic
cortical activation occurred more rapidly in FSIs (Figure 4.3f; average time to peak for
FSI: 3.47 ± 0.3 ms, n = 13 cells; for MSN: 5.34 ± 0.54 ms, n = 8 cells; t = 3.27, p = 0.004,
unpaired t test). Further suggesting efficient dendritic integration in FSIs compared to
MSNs, the latency to fire difference was abolished when a modeled excitatory postsynaptic
current waveform was applied to both FSIs and MSNs (Figure 4.3g; average time to peak
for FSI: 1.58 ± 0.31 ms, n = 9 cells; for MSN: 1.67 ± 0.15 ms, n = 8 cells, t = 0.26, p =
0.79, unpaired t test).
FSIs and MNSs did not differ in the following: input resistance, action potential
threshold and resting membrane potential (Figure 4.3h, i). Input resistance for FSI: 56.28
± 3.53 MΩ, n = 21 cells, for MSN: 63.5 ± 3.5 MΩ, n = 25 cells, t = 1.44, p = 0.16, unpaired
t test (Figure 4.3h). Action potential threshold for FSI: -38.54 ± 1.56 mV, n = 19 cells, for
MSN: -42.8 ± 2.25 mV, n = 25 cells, t = 1.45, p = 0.15, unpaired t test (Figure 4.3i). Resting
membrane potential for FSI: -70.84 ± 1.36 mV, n = 23 cells, for MSN: -67.18 ± 5.73 mV,
n = 26 cells, t = 0.59, p = 0.56, unpaired t test (Figure 4.3i). However, consistent with
known differences between the cell types, FSIs demonstrated a higher firing rate compared
to MSNs (Figure 4.3j; maximum firing rate for FSI: 183.3 ± 14.54 Hz, n = 20 cells,
maximum firing rate for MSN: 55.95 ± 1.7 Hz, n = 24 cells, t = 9.53, p < 0.0001, unpaired
t test) and had a decreased membrane resistance (Figure 4.3h; membrane resistance for
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FSI: 50.95 ± 3.27 MΩ, n = 23 cells, for MSN: 88.39 ± 6.28 MΩ, n = 26 cells, t =5.09, p <
0.0001, unpaired t test; (Taverna et al., 2007; Gertler et al., 2008).
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Figure 4.3 Faithful fast-spiking interneuron (FSI) action potential (AP) firing in response to
corticostriatal activation. (A) Left: Schematic of dual FSI and MSN recording parameters.
Middle: Representative traces of dual recordings from FSI and MSN activity in response to 470 nm
10 Hz optogenetic stimulation (AAV-ChR2) of cortical inputs. Scale bars: 30 mV, 10 ms. Right:
The fraction of 470 nm 10 Hz light pulses that elicited APs for FSIs was significantly greater than
for MSNs at light intensities of 2.2 mW, 3.8 mW, 6.3 mW. ** p < 0.005. (B) Inset: Representative
current traces of postsynaptic currents from an FSI (red) and MSN (gray) in response to 470 nm
paired pulse optogenetic stimulation of cortical inputs. Scale bars: 200 pA, 50 ms. Bottom: The
postsynaptic current magnitude in response to cortical afferent stimulation was greater in FSIs
compared to MSNs. ** p < 0.05. (C) Postsynaptic currents in FSIs exhibited significantly faster
rise times and decay times compared to MSNs. ** p < 0.005, *** p < 0.001. (D) The area under
the curve (AUC) of optogenetic cortical input activation onto FSIs and MSNs was not different.
(E) No difference was observed in paired pulse ratio (PPR) between optogenetic paired-pulse
activation of cortical inputs onto FSIs and MSNs. (F) Left: On average, the time to AP peak in
response to optogenetic activation of cortical inputs was shorter for FSIs compared to MSNs. Right:
Representative traces of FSI (red) and MSN (gray) action potentials in response to optogenetic
activation of corticostriatal inputs. Scale bars: 30 mV, 500 ms. ** p < 0.005. (G) Left: The time to
AP peak for FSIs and MSNs was similar when depolarizing current that models an EPSP was
injected into the cells. Right: Representative traces of FSI and MSN in response to a modeled
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excitatory postsynaptic potential (EPSP). (H) FSIs had a lower membrane resistance (Rm)
compared to MSNs. There was no difference in input resistance (Rin) between FSIs and MSNs.
**** p < 0.0001. (I) There was no difference in AP threshold or resting membrane potential (RMP)
between FSIs and MSNs. Scale bars: 30 mV, 10 ms. (J) FSIs demonstrated a faster maximum firing
rate compared to MSNs. **** p < 0.0001.
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While electrical synapses are already implicated in promoting FSI synchrony
(Hjorth et al., 2009; Zhang et al., 2014), we examined whether the observed high
responsiveness of FSIs to shared cortical afferent stimulation predicts a degree of FSI
coordination alone. To test this, we generated a model system wherein three separate
cortical areas converge onto three FSIs (Figure 4.4a). We selected three cortical areas
because of recent work showing dense innervation overlap of 2-4 cortical areas at midstriatal sections (Hunnicutt et al., 2016), and we modeled FSIs receiving input from at least
two of these cortical areas based on work illustrating synapses from multiple cortical areas
converging onto individual FSIs (Ramanathan et al., 2002). We tested the ability for this
model to generate correlated firing among the three FSIs under the following conditions
that are derived from our slice electrophysiology data: 1) action potential firing fraction by
FSIs in response to cortical input based on observed FSI results in Figure 4.3a (P = 0.7)
and 2) action potential firing fraction by FSIs that resembles results derived from MSN
recordings from Figure 4.3a (P = 0.2). The firing probability of each cortical neuron was
set to P = 0.5 for both states. Running ten replicates of 1000 trials through this model we
found greater correlations for each FSI pair in the P = 0.7 condition than the P = 0.2
condition (Figure 4.4a), and the mean correlation across the ten replicates for the three
FSI-FSI pairs was significantly greater for the P = 0.7 condition compared to the P = 0.2
condition (Figure 4.4b; mean z for P = 0.7 condition = 0.29 ± 0.008, mean z for P = 0.2
condition = 0.09 ± 0.006, t = 17.18, n = 10, p < 0.0001, unpaired t test).
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Figure 4.4 Model for FSI ensemble generation and encoding. (A) Top: Cortical inputs (C1, C2
and C3) onto FSIs (F1, F2 and F3) were modeled using two different probabilities of a cortical AP
detonation leading to a FSI detonation: high probability (P = 0.7) and low probability (P = 0.2).
Pairwise FSI-FSI correlations were simulated under these conditions given a probability of cortical
AP of P = 0.5 for ten replicates of 1,000 trials. Bottom: each possible FSI-FSI pair (F1-F2; F1-F3;
F2-F3) demonstrated higher correlation for the ten replicates in the P = 0.7 condition (black bars)
compared to the P = 0.2 condition (pink bars). (B) Mean of the Fisher z transformation of the three
FSI-FSI correlations was significantly greater in the P = 0.7 condition compared to the P = 0.2
condition. **** p < 0.0001. (C) Top: Striatal FSIs (red circles) receive convergent inputs from
widespread areas of motor cortex (black triangles). Bottom: Due to this heterogeneous innervation
pattern and the high fidelity of firing in response to cortical activation (black tick marks), we
hypothesize that FSIs form ensembles that increase responsivity following EtOH exposure to
enhance dorsal striatal performance (FSI AP depicted in red).
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4.4 Discussion
We provide here a novel mechanism underlying striatal FSI-FSI coordinated firing
and demonstrate EtOH exposure enhances this coordination (Figure 4.4c). Our data
support a model of FSI coordinated firing in which a vast array of cortical inputs converge
onto a number of striatal FSIs. Further, because our findings demonstrate that chronic
EtOH exposure shifts the excitatory/inhibitory balance onto FSIs, enhanced population
coordinated firing likely occurs due to changes at the cortico-FSI synapse. Thus, it is
possible that both acute and chronic exposure to EtOH induces synaptic plasticity changes
at these synapses.
We show that chronic EtOH exposure induces long term intrinsic changes in FSIs,
namely an enhancement of FSI firing rate. This change could be due to alterations in inward
rectifying potassium (KIR) channels. Indeed, Blomeley et al. (2011) demonstrate acute
EtOH application suppresses potassium currents in FSIs, possibly mediated by the KIR
channel family. In addition to intrinsic changes of FSIs, chronic EtOH produces possible
synaptic changes onto this interneuron population. EtOH CIE enhanced excitatory
transmission onto FSIs, suggesting a potentiation of this synapse. Further enhancing the
powerful cortical drive onto striatal FSIs could provide a mechanism for enhanced FSI
coordination. Finally, we show that EtOH CIE strongly diminishes inhibition onto FSIs,
also likely through synaptic plasticity changes. We have demonstrated previously that
acute EtOH application depresses FSI transmission onto MSNs (Patton et al., 2016) and
FSIs are known to synaptically target each other (Gittis et al., 2010). Therefore, it seems
likely that FSI-FSI transmission (or other sources of GABA onto FSIs) is dampened
following chronic EtOH exposure. In this way, EtOH produces a multiprong enhancement
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of striatal FSI firing, with the end result being increased synchrony and diminished
inhibition onto MSNs.
In summary, we propose a model by which distributed, shared cortical inputs drive
FSI firing that are generated, in part, by a low FSI activation threshold (Figure 4.4c). This
model supports the concept that a temporally summated FSI inhibitory blanket over MSNs
is required to allow only convergent or selected corticostriatal signals to MSNs, which are
generated in part by corticostriatal synaptic plasticity mechanisms (Gerdeman et al., 2002;
Shen et al., 2008; Mathur et al., 2011; Atwood et al., 2014b). Although this study presents
a model focused on the impact of corticostriatal input for FSI-FSI coordination, future work
will be necessary to also appreciate the role of FSI electrical synapses, excitatory thalamic
input, input from MSNs, acetylcholine, dopamine, and other neuromodulators in FSI-FSI
coordination. Given the postmortem data linking FSI dysfunction to movement disorders
(Kalanithi et al., 2005; Kataoka et al., 2010; Reiner et al., 2013) and targeting of FSIs by
drugs of abuse (Wiltschko et al., 2010; Blomeley et al., 2011; Patton et al., 2016), FSI
ensemble encoding is positioned as a metric for dorsolateral striatal performance that may
be disrupted in a variety of neuropsychiatric disorders such as alcoholism.
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Chapter 5: TrkB-dependent disinhibition of the nucleus accumbens contributes to
ethanol reward
5.1 Introduction
MSNs of the NAc encode motivated behavior through a dynamic interplay of
excitatory, inhibitory, and modulatory synaptic inputs (Russo et al., 2009; Sesack and
Grace, 2010; Grueter et al., 2012; Schultz, 2016). Drugs of abuse such as cocaine and EtOH
alter various forms of NAc excitatory synaptic plasticity to modulate drug seeking (Thomas
et al., 2001; Boudreau and Wolf, 2005; Martin et al., 2006; Conrad et al., 2008; Huang et
al., 2009; Lüscher and Malenka, 2011; Pascoli et al., 2012). Despite the heavy influence of
GABAergic transmission on MSNs (Nisenbaum and Berger, 1992), which arise from
several intrinsic and extrinsic sources (Russo et al., 2009), the predominant native form of
inhibitory synaptic plasticity in the NAc remains unsolved.
Gating synaptic plasticity events across the striatal complex are membrane voltage
states. MSNs exhibit bi-stable membrane potentials: the depolarized “up state” (~-60mV)
and hyperpolarized “down state” (~-80 mV; O’Donnell and Grace, 1995; Wilson and
Kawaguchi, 1996; Kerr, 2004). These distinct voltage states activate various voltage-gated
calcium channels (Carter and Sabatini, 2004) and as a result, enable voltage-dependent
forms of synaptic plasticity (Kreitzer, 2005; Mathur et al., 2013). For instance, at inhibitory
synapses onto MSNs in the dorsal striatum, distinct forms of voltage-dependent iLTD exist:
up state iLTD is mediated by the endocannabinoid (eCB) 2-arachydoynylglyerol (2-AG)
while down state iLTD is putatively mediated by the eCB anandamide (Mathur et al.,
2013). Given that eCB-mediated iLTD represent the predominant forms of plasticity at
dorsal striatum inhibitory synapses, this raises the possibility that eCBs also modulate NAc
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synapses in a voltage-dependent manner. Accordingly, a form of up state iLTD that is eCBmediated and induced by unitary activation of FSIs alone does exist in the NAc (Wright et
al., 2017). However, the expression of the type 1 cannabinoid receptor, CB1, is much lower
in the NAc than the dorsal striatum. This suggests that other modulatory transmitters
present in the NAc, including neuropeptides, monoamines, or gasses may support the
predominant form of NAc inhibitory synaptic plasticity.
In this study we used whole-cell voltage-clamp recordings in combination with
optogenetics in acute mouse slice to discover a voltage-dependent inhibitory long-term
depression (NAc-iLTD) onto MSNs that is mediated by activation of the brain derived
neurotrophic factor (BDNF) receptor tropomyosin receptor kinase B (TrkB). Testing an
interaction for this system with the drug of abuse EtOH, NAc-iLTD is enhanced in the
presence of EtOH and eliminated following acute in vivo EtOH vapor exposure. Further,
we find that conditions consistent with in vivo induction of NAc-iLTD is rewarding and
that conditional deletion of TrkB from the NAc reduces EtOH preference and decreases
escalations in EtOH drinking. These findings support the notion that plastic control of NAc
inhibition encodes reward and is recruited by EtOH.

5.2 Methods
Experiments were carried out in accordance with the United States Public Health Service
Guide for Care and Use of Laboratory Animals and approved by the University of
Maryland, School of Medicine Institutional Animal Care and Use Committee.
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5.2.1 Mice.
Heterozygous mice expressing cre-recombinase (cre) under the dopamine transporter
(DAT-cre; Zhuang et al., 2005) were used. Homozygous floxed-TrkB (Flx-TrkB) mice
were maintained on a mixed C57Bl/6 x FVB/N background (Luikart et al., 2003). Drd1atdTomato mice were bred on a C57Bl/6 x SJL background (Jackson Laboratories). All
other mice used for slice electrophysiology experiments were on a C57Bl/6 background.
Animals were housed with littermates (2-5 per cage) under a regular light/dark cycle (lights
on at 0700, off at 1900 hours) with ad libitum access to food and water, unless noted. All
experiments used female and male mice that were at least 2 months old.
5.2.2 Optogenetics.
DAT-cre mice were injected with a cre-dependent channelrhodopsin (ChR2)-expressing
virus in the ventral tegmental area (VTA; stereotaxic coordinates: A/P -3.08 mm from
bregma, M/L ± 0.5 mm from midline, D/V -4.25 mm from top of brain). In brief, mice
were anesthetized with isoflurane gas and underwent stereotaxic surgery. 300 nL of an
adenoassociated, double floxed, inverted-ChR2 viral construct (AAV5-hSyn-DIO-ChR2mCherry, UPenn Vector Core) was injected bilaterally into the target brain region. In a
subset of mice, bilateral indwelling optical fibers were implanted into the NAc (A/P + 1.5
mm, M/L - 0.8 mm, D/V -3.5 mm and with a 24° angle: A/P +1.35mm , M/L +2.13 mm,
D/V -3.07 mm). Mice recovered for at least 6 weeks to allow for adequate expression of
virus at terminals before being used for acute slice experiments or in vivo behavioral
experiments.
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5.2.3 6-OHDA lesions.
Wildtype mice were given unilateral injections of 5 mg/mL 6-hydroxydopamine (6OHDA) in 0.02% ascorbate acid in the NAc (Kravitz et al., 2010; 300 nL; A/P + 1.5 mm
from bregma, M/L + 0.8 from midline, D/V -3.5 from top of brain). Thirty minutes prior
to the lesion, mice were given an i.p. injection of desipramine (2.5 mg/kg) and
postoperative care was closely monitored. Mice recovered for a week before slice
physiology experiments. Neurobiotin (3-5%) was included in the internal pipette solution
for 6-OHDA recordings to verify recordings were made in the lesioned area.
5.2.4 Acute slice preparation.
Mice were deeply anesthetized with isoflurane before rapid decapitation and brain removal.
250 µm thick coronal slices were prepared in ice cold, 95% oxygen, 5% carbon dioxide
(carbogen)-bubbled modified artificial cerebrospinal fluid (aCSF; in mM: 194 sucrose, 30
NaCl, 4.5 KCl, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose) before incubating
at 32°C for 30 minutes in regular aCSF (in mM: 124 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 26
NaHCO3, 1.2 NaH2PO4, and 10 D-glucose). Slices were stored at room temperature for the
remainder of the day.
5.2.5 Whole-cell voltage-clamp electrophysiology.
Slices were hemisected, placed into a recording chamber, and received constant perfusion
of carbogen-bubbled aCSF containing 50 µM DL-AP5 sodium salt and 5 µM NBQX
disodium salt or CNQX disodium salt that was temperature controlled to 29-31°C. MSNs
in the NAc were visually targeted using Q-Capture Pro 7 software. MSNs were voltage
clamped at -60 mV using a MultiClamp 700B Amplifier (Molecular Devices) throughout
the experiment unless noted. Inhibitory postsynaptic currents (IPSCs) were recorded using
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boroscillate glass pipettes (2-5 MΩ resistance) filled with CsCl-based internal pipette
solution (in mM: 150 CsCl, 10 HEPES, 2 MgCl2, 0.3 Na-GTP, 5 QX-314, 3 Mg-ATP, and
0.2 BAPTA, osmolarity ranging from 305-310 mOsm, pH approximately 7.3). IPSCs were
evoked every 20 seconds using a concentric bipolar stimulating electrode (World Precision
Instruments) located approximately 100 µm away from the recording electrode. Signals
were filtered at 2 kHz, digitized at 10 kHz and acquired using Clampex 10.4.1.4 software
(Molecular Devices). Electrical low frequency stimulation (eLFS; 1 Hz, 240 pulses) was
delivered after acquiring a stable baseline while holding MSNs at -80mV (down state). To
induce NAc-iLTD in the down state, the holding potential of the MSN was decreased from
-60 mV to -80 mV by -4 mV increments every 4 seconds during the last 20 seconds before
eLFS began. MSNs were returned to the up state (-60 mV) by reversing the protocol during
the first 20 seconds of the post-LFS file. If the series resistance changed more than 15%
throughout the course of the experiment cells were discarded from analysis.
For some experiments, optically-evoked IPSCs were elicited using field
illumination through an epifluorescent LED system (Lumen Dynamics, XLED1).
Optogenetically evoked IPSCs were elicited from ChR2-expressing terminals using 473
nm light (pulse width between 2-6 ms). Optogenetic low frequency stimulation (oLFS) was
induced identically to eLFS but with 470 nm light delivery instead of electrical current. All
optogenetic experiments were performed with 50 µM DL-AP5 sodium salt and 5 µM
CNQX disodium salt in the aCSF.
5.2.6 Conditioned Place Preference (CPP).
6 weeks following bilateral ChR2-injection into the VTA and bilateral indwelling optical
fiber implants into the NAc, DAT-cre mice were habituated to the CPP arena (overall
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dimensions: 70 x 30 x 25 cm; each zone: 30 x 29.3 cm, neutral zone: 11.5 x 10 cm). Both
zones of the arena were labeled with distinct shapes on the walls (a combination of circles,
vertical stripes, triangles, horizontal wavy lines, solid black bars, or diamonds). The
animal’s movements were tracked using EthoVision XT Software. At this time, mice were
also habituated to intraperitoneal (i.p.) injections of saline (2 injections separated by 90
minutes) and optical patch cords. Baseline measurements of time spent in both zones were
taken to determine the preferred zone. On day 2 of the protocol, mice were injected with
either cyclotraxin B attached to a TAT-signal to allow for brain penetration (TAT-CTX-B,
2 x 20 mg/kg in saline, i.p., 90-minute interval, BioSynthesis) or a peptide containing TAT
alone (vehicle) (2 x 20 mg/kg in saline, i.p., Anaspec) 30 minutes before being restricted
to the non-preferred zone (Cazorla et al., 2010; Constandil et al., 2012; Heller et al., 2016;
Joffe et al., 2017). oLFS was delivered twice for 4 minutes, separated by 11 minutes
without stimulation. At least 3 hours later, mice were given access to the full arena and the
amount of time spent in each zone was measured.
5.2.7 In vivo EtOH exposure.
Acute EtOH vapor exposure was induced in custom made vapor chambers (Morton et al.,
2014). Home cages were placed in the chamber with ad libitum access to food and water 1
hour before the start of the dark cycle and removed 2 hours into the light cycle (1800 hours
– 0900 hours). EtOH chamber levels were set to approximately 0.23 g/dl at the start of the
night and recorded again at the cessation of the exposure using an Alco-Sensor IV
(Intoximeters Inc.). Mice were injected with 68.1 mg/kg of the alcohol dehydrogenase
inhibitor pyrazole and supplemented with 20% EtOH in saline via an i.p. injection (Smith
et al., 2016b). Air exposed mice were given i.p. injections of pyrazole and saline as a
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control. Immediately after removal from the chamber, mice were anesthetized, decapitated
for slice physiology and trunk blood was collected for serum EtOH concentration (SEC)
analysis.
5.2.8 In vivo drinking experiments.
Bilateral stereotactic injections of AAV9-hSyn-cre-enhanced green fluorescent protein
(eGFP; UPenn) or AAV5-hSyn-enhanced yellow fluorescent protein (eYFP; UPenn) into
the NAc (A/P +1.5 mm from bregma, M/L ±0.8 from bregma, D/V -3.5 from top of brain)
were performed on homozygous Flx-TrkB mice (Luikart et al., 2003; Lobo et al., 2010) to
selectively delete TrkB from all cells in the region or to serve as a virus control,
respectively. Following 3 weeks of expression, mice underwent a chronic drinking-in-thedark (DID) protocol (Wilcox et al., 2014). Mice were housed under a reverse light/dark
cycle (lights on at 2100, off at 0900) and ran through DID Monday-Friday. At the start of
their dark cycle on Tuesdays-Thursdays, mice were placed in modified home cages and
given 1 hour access to tap water before switching to 20% (v/v) EtOH in tap water. On these
days, mice were given access for 2 hours and on Friday, mice were allowed 4 hours of
access. Each Monday, mice were given 2 hours of water access in the same chambers to
assess water consumption following the same bottle-switching paradigm. Mice then
experienced three days of forced abstinence and this cycle was repeated for 3 weeks. In a
subset of animals, blood was collected via the facial vein to confirm intoxication and SEC
analysis was conducted using an EtOH assay kit (Sigma, MAK076) and a plate reader
(Tecan i-Control 1.9.17.0).
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5.2.9 Two-bottle choice assay.
One week after stereotaxic surgery, Flx-TrkB mice were placed in the DID chambers are
given access to two bottles: tap water and 20% EtOH in tap water for 1 hour. Three weeks
following surgery, the two-bottle choice assay was repeated, with the location of the bottles
switched to control for potential side preferences. Immediately prior to the two-bottle
choice test, mice were transiently water deprived for one hour.
5.2.10 Immunohistochemistry (IHC).
To verify the placement of optical fibers and virus injections, mice were perfused with
phosphate buffered saline (PBS) and 4% ice cold paraformaldehyde (PFA) before 50 µm
slices were made and a previously published IHC protocol was followed (Mathur et al.,
2009). In brief, slices were washed in PBS with 0.2% Triton-X (PBST) before blocking for
90 minutes in PBST with 4% Normal Horse Serum. Slices incubated in primary antibodies
overnight at 4°C. To enhance native mCherry signaling, a chicken-anti-mCherry antibody
(Novus Biologicals NBP2-25158; 1:500) and an AlexaFluor594 donkey-anti-chicken
antibody (Jackson ImmunoResearch 703-585-155; 1:500) were used. 6-OHDA lesion sites
were confirmed using a rabbit-anti-TH antibody (Abcam ab75875; 1:1000) and a
secondary AlexaFluor488 donkey-anti-rabbit antibody (Jackson ImmunoResearch 711545-152; 1:500). Neurobiotin labeling of MSNs was made with a Cy3 conjugated
Streptavidin antibody (1:500). To visualize eGFP or eYFP fluorescence a chicken-antiGFP (Abcam ab13970; 1:2000) and AlexaFluor488 donkey-anti-chicken (Jackson
ImmunoResearch 703-545-155; 1:500) antibodies were used. Slices incubated in
respective secondary antibodies for 90 minutes at room temperature, before being rinsed
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in PBS, mounted and coverslipped with ProLong Gold Anti-fade reagent. Slides were
imaged using Nikon Eclipse 90i.
To verify 6-OHDA lesion and injection sites following slice physiology recordings,
NAc and VTA slices were put into 4% PFA at 4°C for at least 3 days and a shortened Brain
BLAQ IHC procedure was performed (Kupferschmidt et al., 2015).
5.2.11 Statistical analysis.
Raw IPSC amplitudes were calculated on Clampfit 10.4.1.4, averaged per minute and
expressed as a percent change from baseline. The final 5 minutes of all cells in the
experiment were averaged and compared to the 5 minute baseline using a two-tailed paired
t test (GraphPad Prism 6.01). To compare between experimental groups, the final 5 minutes
of the recordings were averaged and compared using a two-tailed unpaired t test. To
analyze zone preference for CPP, the average time spent in the non-preferred zone for the
first 15 minutes of the 30 minute trial was averaged and compared between the pre- and
post-stimulation tests using a two-tailed paired t test. To calculate EtOH intake in DID, the
weight of the 20% EtOH solution in each bottle was measured before and after each DID
session and the difference was divided by the density of the solution (0.97336 g/ml) to
determine the volume of EtOH consumed. EtOH volume consumed then was multiplied
by the density of EtOH (0.789 g/ml) and divided by the weight of the animal to determine
EtOH intake (g/kg; for referenced equations see Wilcox et al., 2014). EtOH intake was
compared between groups over each week using a One-way ANOVA and Sidak’s multiple
comparisons test (GraphPad Prism 6.01). All data are reported as mean ± SEM.
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5.3 Results
5.3.1 Nucleus accumbens inhibitory long-term depression (NAc-iLTD).
Delivering electrical low-frequency stimulation (eLFS, 1 Hz for 240 pulses, Figure 5.1a)
locally to the NAc while voltage-clamping MSNs in their down state (-80 mV) resulted in
Nac-iLTD (Figure 5.1b). To determine if NAc-iLTD preferentially disinhibits the director indirect pathways of the NAc, we induced NAc-iLTD in NAc slices taken from the
Drd1a-tdTomato reporter line of mice that express tdTomato in D1-dopamine receptor
expressing MSNs (Figure 5.1b). Down state NAc-iLTD occurred onto both D1-dopamine
receptor expressing MSNs (IPSC amplitude = 79.67 ± 8.86% of baseline, t=2.29, df=9,
p=0.047) and putative D2-dopamine receptor expressing MSNs that were negative for
tdTomato expression (IPSC amplitude = 75.99 ± 7.01% of baseline, t=3.43, df=9, p=0.008,
Figure 5.1b). NAc-iLTD was not due to changes in series resistance over time (Figure
5.1b).
Down state iLTD in the dorsal striatum is eCB mediated (Mathur et al., 2013) and,
thus, we tested whether NAc-iLTD in the NAc is mediated through the same mechanism.
Following at least 30 minutes of incubation in the CB1 antagonist AM251 (5 µM), eLFS
was delivered. Down state NAc-iLTD expression was not abolished in the presence of AM
251 (IPSC amplitude = 77.7 ± 8.59% baseline, t=2.59, df=5, p=0.048, Figure 5.1c). As
corticostriatal LTD in the dorsal striatum is D2 dopamine receptor dependent, we examined
whether NAc-iLTD is also sensitive to D2 receptor blockade. Including the D2 receptor
antagonist sulpiride (10 µM) in the artificial cerebrospinal fluid (aCSF) did not eliminate
NAc-iLTD (IPSC amplitude in sulpiride = 74.38 ± 6.71% of baseline, t=3.82, df=5, p=0.01,
Figure 5.1d). To test if NAc-iLTD requires the activity of any postsynaptic G-protein
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coupled receptor (GPCR), we included the GPCR-inhibitor, GDP-β-S (500 µM) in the
internal pipette solution. Inhibition of postsynaptic GPCRs did not affect NAc-iLTD
expression (IPSC amplitude = 81.63 ± 6.24% baseline, t=2.94, df=5, p=0.03, Figure 5.1e).
We hypothesized that activation of another receptor protein family, such as receptor
tyrosine kinases, may be necessary for NAc-iLTD expression. We tested this by inhibiting
the receptor for BDNF, TrkB, with cyclotraxin B (2 µM) in the aCSF. This manipulation
blocked the expression of down state NAc-iLTD (IPSC amplitude = 107.7 ± 11.83% of
baseline, t=0.65, df=13, p=0.53, Figure 5.1f). Cyclotraxin B blockade of NAc-iLTD was
significantly different from control NAc-iLTD (control IPSC amplitude = 72.97 ± 6.97%
of baseline, versus cyclotraxin B IPSC amplitude = 107.7 ± 11.83% of baseline, t=2.28,
df=22, p=0.03, unpaired t test). Additionally, conditionally knocking out the TrkB receptor
from the NAc by injecting a virus expressing cre-recombinase (cre) into a line of mice in
which the TrkB gene is flanked by loxP sites (Flx-TrkB, Figure 5.1g) resulted in a failure
to induce NAc-iLTD (IPSC amplitude = 94.96 ± 7.87% of baseline, t=0.64, df=6, p=0.55,
Figure 5.1h).
LTD can be categorized into two forms: static and labile (Atwood et al., 2014b).
To determine whether down state NAc-iLTD is static or labile, we applied cyclotraxin B
onto slices once NAc-iLTD was established. GABAergic transmission remained depressed
in the presence of cyclotraxin B (iLTD induction IPSC amplitude = 66.52 ± 11.76% of
baseline, IPSC amplitude with cyclotraxin B = 67.68 ± 10.51% of baseline, t=0.10, df=5,
p=0.92, Figure 5.1i), demonstrating that downstate NAc-iLTD is static and that
downstream signaling from TrkB is likely necessary for NAc-iLTD maintenance.
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The sensitivity of NAc-iLTD to TrkB inhibition suggests that BDNF application
should recapitulate synaptic depression. Applying BDNF (4 nM) while voltage-clamping
MSNs in the down state depressed inhibition onto MSNs (IPSC amplitude = 75.09 ± 2.24%
of baseline, t=11.11, df=5, p=0.0001, Figure 5.1j). To determine if BDNF depresses
excitatory transmission onto MSNs, we applied BDNF onto NAc slices in the presence of
picrotoxin (50 μM) to block GABAA-receptor mediated currents. Unsurprisingly, given the
known interaction between BDNF signaling and accumbal AMPA receptors (Reimers et
al., 2014; Li and Wolf, 2015), we found that acute application of BDNF depressed
excitatory transmission (EPSC amplitude = 60.83 ± 8.43% of baseline, t=4.64, df=4,
p=0.0097, Figure 5.1k). Because BDNF depressed excitatory synaptic transmission in the
NAc, we investigated if TrkB-dependent LTD occurs at excitatory synapses in the NAc in
response to eLFS. We delivered eLFS to slices in aCSF containing 50 μM picrotoxin and
found that eLFS induced an excitatory long-term depression (eLTD; EPSC amplitude =
71.46 ± 10.64% of baseline, t=2.68, df=8, p=0.028). However, this eLTD was not
cyclotraxin B-sensitive (EPSC amplitude in cyclotraxin B = 76.86 ± 8.43% of baseline,
t=2.74, df=10, p=0.02; control versus cyclotraxin B: t=0.403, df=18, p=0.69, unpaired t
test, Figure 5.1l).
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Figure 5.1 Nucleus accumbens long-term depression of inhibitory synapses (NAc-iLTD) is
tropomysin receptor kinase B (TrkB)-dependent. (A) Schematic representing the experimental
configuration. (B) Left top: tdTomato expression under the Drd1a promoter. Left bottom:
Representative patch onto a dopamine D1-receptor expressing medium spiny neuron (MSN). Scale
bars: 125 µm top and 20 µm, bottom. Right top: Electrical low frequency stimulation (eLFS)
delivered while voltage-clamping (Vhold) D1- (red) and putative D2-dopamine receptor expressing
(black) MSN in the down state (Vhold = -80 mV) induced NAc-iLTD. Right bottom: NAc-iLTD in
D1-expressing MSNs (red) and D2-expressing MSNs (black) was not due to changes in series
resistance (Rs). (C) NAc-iLTD was not blocked by the CB1 receptor antagonist, AM 251 (5 µM).
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(D) NAc-iLTD was not blocked in the presence of the D2-dopamine receptor antagonist sulpiride
(10 µM). (E) Inclusion of GDP-β-S (500 µM) in the internal pipette solution did not eliminate NAciLTD. (F) Bath application of the TrkB antagonist, cyclotraxin B (2 µM), eliminated NAc-iLTD
expression (red) compared to control conditions (black). (G) Left: Schematic of the experimental
condition. Right: Expression of cre-recombinase in the nucleus accumbens (NAc) in floxed-TrkB
mice (eGFP). Dashed line depicts the location of the NAc core. Scale bar: 250 µm. (H) Conditional
deletion of TrkB from the NAc eliminated NAc-iLTD expression. (I) NAc-iLTD was stable;
applying cyclotraxin B (2 µM) after NAc-iLTD induction does not return inhibitory postsynaptic
current (IPSC) amplitudes to baseline. (J) Acute application of exogenous brain-derived
neurotrophic factor (BDNF, 4 nM) depressed inhibitory synaptic transmission onto MSNs while
voltage-clamping MSNs at -80 mV. (K) eLFS delivery while voltage clamping MSNs at -80 mV
depressed excitatory transmission onto MSNs (black). This excitatory LTD was not TrkB
dependent (red, 2 µM cyclotraxin B). (L) High frequency stimulation (HFS, 4 100 Hz trains for 1
second, every 10 seconds) depressed excitatory inputs onto dorsal striatal MSNs (black). This LTD
was eliminated with cyclohexamide (25 µM) in the aCSF (red). Insets: representative traces before
(dark) and after (light) NAc-iLTD induction. Scale bars for traces: 200 pA, 200 ms. EPSC:
excitatory postsynaptic current; AP: anterior/posterior; ac: anterior commissure. Data are
represented as mean ± SEM.
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5.3.2 NAc-iLTD is postsynaptically expressed.
We next analyzed if NAc-iLTD is expressed pre- or postsynaptically by analyzing the
cumulative frequency distribution (CFD) of spontaneous IPSC (sIPSC) amplitude and
frequency of events before and after iLTD induction. The CFD of sIPSC event amplitude
was significantly different than that of sIPSC amplitudes following NAc-iLTD induction
(Kolmogorov-Smirnov D=0.15, p<0.0001, Figure 5.2a, b), while the distribution IPSC,
event frequency was not (Kolmogorov-Smirnov D=0.009, p<0.99, Figure 5.2a, c). Pairedpulse ratio (PPR) analysis prior to eLFS delivery was not significantly different from PPR
25 minutes following eLFS delivery in the down state, but was different at the 5 minute
time point following eLFS delivery (baseline PPR = 0.94 ± 0.05; minutes 6-10 PPR = 1.06
± 0.08, minutes 25-30 post-iLTD induction PPR = 0.99 ± 0.06, F (1.61, 30.62) = 9.94,
p=0.001, RM one-way ANOVA, Figure 5.2d). Accordingly, the coefficient of variation
(CV) of IPCS amplitude before NAc-iLTD induction did not differ 25 minutes after NAciLTD induction, but did differ the first 5 minutes following (baseline CV = 0.18 ± 0.01,
CV minutes 6-10 = 0.26 ± 0.02, CV minutes 25-30 = 0.2 ± 0.02, F (1.63, 19.56) = 10.56,
p=0.001, RM one-way ANOVA, Figure 5.2e). Further, neither the PPR or CV of IPSC
amplitude after BDNF wash were changed 5 minutes following BDNF wash or 25 minutes
after (PPR before BDNF wash = 0.83 ± 0.03, PPR minutes 6-10 = 0.8 ± 0.07, PPR minutes
25-30 after BDNF wash = 0.8 ± 0.08, F (1.38, 6.89) = 0.06, p=0.88, RM one-way ANOVA,
Figure 5.2f; Baseline CV = 0.23 ± 0.05, CV 6-10 minutes post-BDNF wash = 0.21 ± 0.04,
CV 25-30 minutes post-BDNF wash = 0.2 ± 0.04, F (1.49, 7.43) = 0.61, p=0.52, Figure
5.2g). These findings suggest the mechanism underlying late-stage-iLTD is postsynaptic
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while the short term synaptic depression immediately following eLFS is presynaptically
mediated.
TrkB signals through various downstream signaling cascades (Russo et al., 2009),
one of which is the MEK-ERK signaling pathway. To test if MEK activity is necessary for
NAc-iLTD, we included the MEK inhibitor U0126 (2 µM) in the internal pipette solution.
NAc-iLTD was eliminated in the presence of U0126 (U0126 IPSC amplitude 98.36 ±
11.71% of baseline, t=0.14, df=6, p=0.89 versus control NAc-iLTD amplitude = 68.15 ±
5.90% of baseline, t=2.30, df=12, p=0.04, unpaired t test, Figure 5.2h). Testing an
alternative downstream pathway recruited by TrkB signaling, we found that blocking PLC
activity with 1 µM U73122 in the internal pipette solution had no effect on NAc-iLTD
(IPSC amplitude = 76.45 ± 8.91% of baseline, t=2.64, df=6, p=0.04, Figure 5.2i). TrkB
signaling through MEK activity typically exerts changes in plasticity through protein
synthesis (Russo et al., 2009). Thus, we tested if NAc-iLTD requires protein synthesis by
incubating NAc slices in the protein synthesis inhibitor cycloheximide (25 µM) for at least
30 minutes before delivering eLFS. Cycloheximide did not block NAc-iLTD, suggesting
this form of plasticity does not require protein synthesis (IPSC amplitude = 77.97 ± 8.03%
of baseline, t=2.74, df=8, p=0.03, Figure 5.2j), however incubating slices with
cycloheximide prevented the expression of eCB-dependent corticostriatal LTD in the
dorsal striatum, which does require protein synthesis (Yin et al., 2006; control IPSC
amplitude = 54.94 ± 8.57% of baseline, t=5.26, df=4, p=0.006; IPSC amplitude in
cycloheximide= 91.72 ± 6.2% of baseline, t=1.34, df=4, p=0.25; cycloheximide versus
control: t=3.48, df=8, p=0.008, unpaired t test, Figure 5.1k).
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Because TrkB signaling can lead to dynamin-mediated GABAA-receptor
endocytosis (Hewitt, 2005), we tested if dynamin-mediated endocytosis is necessary for
NAc-iLTD expression by including a dynamin-inhibitory peptide (DIP, 50 µM) in the
internal pipette solution. Inclusion of DIP blocked NAc-iLTD, whereas the scrambled DIP
peptide (DIPS, 50 µM) did not (DIP IPSC amplitude = 91.58 ± 8.82% of baseline, t=0.95,
df=5, p=0.38; DIPS IPSC amplitude = 68.17 ± 4.65% of baseline, t=6.85, df=5, p=0.001;
DIP versus DIPS internal: t=2.35, df=10, p=0.04, unpaired t test, Figure 5.2l). Taken
together, TrkB activation depressed inhibition onto NAc MSNs through MEK-mediated,
dynamin-dependent internalization of GABAA receptors.
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Figure 5.2 NAc-iLTD is postsynaptically expressed. (A) Representative traces of spontaneous
IPSC events (sIPSC) before (black) and after NAc-iLTD induction (gray). Scale bars: 200 pA, 50
s. (B) The cumulative frequency distribution (CFD) of sIPSC amplitudes after NAc-iLTD induction
(gray) differed from baseline (black). (C) The CFD of the frequency of sIPSC events before (black)
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and after (gray) NAc-iLTD induction were not different. (D) Left: The paired pulse ratio (PPR)
before (black) and 25 mins after (gray) NAc-iLTD induction were not different, but is different the
first 5 mins after induction (red). Open squares are individual cells; filled squares represent the
mean PPR. Right: Representative traces at each time point. (E) Left: The coefficient of variation
(CV) did not differ before (black) and 25 minutes after (gray) LFS delivery. CV was significantly
different the first 5 minutes following LFS delivery (red). Mean CV (dark) is plotted over individual
data (light). Open squares are individual cells; filled squares represent the mean CV. Right:
Representative traces at each time point, red trace is average traces. (F) Left: PPR at minutes 6-10
(red) and 25-30 (gray) did not differ following BDNF wash. Mean PPR (dark) is plotted over
individual data (light). Open squares are individual cells; filled squares represent the mean PPR.
Right: Representative traces at time point. (G) Left: CV of IPSC amplitude following BDNF wash
at minutes 25-30 (gray) did not differ from baseline values (black) or minutes 6-10 (red). Mean CV
(dark) is plotted over individual data (light). Open squares are individual cells; filled squares
represent the mean CV. Right: Representative traces at each time point, average is shown in red.
(H) Including the MEK inhibitor, U0126 (2 µM) in the internal pipette solution blocked NAc-iLTD
induction (red), compared to controls (black). (I) Inclusion of the PLC inhibitor, U73122 (1 µM)
in the internal pipette solution did not eliminate NAc-iLTD. (J) Inhibiting protein synthesis with
cycloheximide (25 µM) in the artificial cerebrospinal fluid (aCSF) did not alter NAc-iLTD
expression. (K) Exogenous application of BDNF (4 nM) depressed excitatory inputs onto MSNs
when voltage is clamped at -80 mV. (L) Inhibiting dynamin-mediated endocytosis with a dynamininhibitory peptide (DIP, 50 µM) in the internal pipette solution blocked NAc-iLTD (red), while
including a scrambled version of this peptide (DIPS, 50 µM) did not (black). Insets: representative
traces before (dark) and after (light) NAc-iLTD induction. Scale bars: 200 pA, 200 ms, unless
noted. *p < 0.05. Data are represented as mean ± SEM.

160

5.3.3 NAc-iLTD is voltage-state dependent.
Because iLTD in the dorsal striatum is membrane-voltage state dependent (Mathur et al.,
2013), we delivered eLFS while voltage-clamping MSNs in their up state (-60 mV). This
did not depress GABAergic transmission onto MSNs (IPSC amplitude = 87.05 ± 12.4% of
baseline, t=1.04, df=6 cells, p=0.34, Figure 5.3a), suggesting NAc-iLTD is membranevoltage dependent. Testing the voltage-dependence of BDNF-induced disinhibition of NAc
MSNs, application of BDNF while voltage-clamping MSNs in the up state did not depress
inhibition onto MSNs (IPSC amplitude = 90.79 ± 5.29% of baseline, t=1.74, df=4, p=0.16,
Figure 5.3b). To verify that these findings are not due to a sampling error, we delivered
eLFS while voltage-clamping MSNs in the up state, followed by delivery of eLFS while
voltage-clamping MSNs in the down state. Inhibition onto MSNs did not depress when
MSNs were held in the up state during eLFS delivery (IPSC amplitude = 91.36 ± 6.78% of
baseline, t=1.28, df=6 cells, p=0.25), but did depress when MSNs were held in the down
state during eLFS (IPSC amplitude = 73.68 ± 4.66% of baseline, t=5.65, df=6 cells,
p=0.001, Figure 5.3c).
The voltage-dependence of distinct forms of iLTD in the nearby dorsal striatum is
gated by postsynaptic Ca2+ (Mathur et al., 2013). To test if the voltage-dependence of NAciLTD is similarly Ca2+ dependent, we included a high concentration of the Ca2+ chelator,
BAPTA (20 mM) in the internal pipette solution. Inhibition onto MSNs was still depressed
by eLFS when MSNs were held in the down state in the presence of 20 mM BAPTA (IPSC
amplitude = 82.06 ± 5.48% of baseline, t=3.28, df=8, p=0.01, Figure 5.3d), suggesting that
NAc-iLTD functions in a Ca2+ independent manner. PPR analysis following NAc-iLTD
induction with 20 mM BAPTA revealed this LTD no longer contains a presynaptic
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component (baseline PPR = 0.96 ± 0.09, PPR minutes 6-10 = 0.86 ± 0.05, PPR minutes
25-30 = 0.96 ± 0.11, F (1.37, 9.6) = 2.5, p=0.14, RM one-way ANOVA, Figure 5.3e).
Because the down state of MSNs is beyond the activation threshold for L-type voltagegated Ca2+ channels (VGCC, Carter and Sabatini, 2004) and down state NAc-iLTD is
insensitive to postsynaptic BAPTA loading, we predicted that the expression of down state
NAc-iLTD would be unaffected in the presence of the L-type inhibitor, nifedipine. Indeed,
inhibition onto MSNs was still depressed by eLFS when MSNs were held in the down state
in the presence of nifedipine (30-60 µM) (IPSC amplitude = 82.16 ± 3.42% of baseline,
t=5.21, df=4, p=0.007, Figure 5.3f).
Similar to the dorsal striatum (Mathur et al., 2013), when eLFS was delivered while
MSNs were held in their up state, the inclusion of 20 mM BAPTA unmasked NAc-iLTD
(IPSC amplitude = 68.27 ± 4.14% of baseline, t=7.67, df=5, p=0.0006, versus control
internal solution: t=2.52, df=10, p=0.03, unpaired t test, Figure 5.3g). Because the
activation threshold of L-type VGCC is within the MSN up state membrane potential range
(Carter and Sabatini, 2004), we predicted that up state NAc-iLTD would be unmasked by
blocking L-type VGCC with nifedipine. Up state NAc-iLTD was unmasked in the presence
of nifedipine (IPSC amplitude = 70.48 ± 10.49%, t=2.81, df=5, p=0.04, versus control
aCSF: t=2.6, df=9, p=0.03, unpaired t test, Figure 5.3h).
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Figure 5.3 NAc-iLTD membrane voltage-state dependence is dictated by L-type voltage gated
calcium channels. (A) eLFS delivered while voltage-clamping MSNs in the up state (Vhold = -60
mV) did not induce NAc-iLTD. (B) Acute application of BDNF (4 nM) while voltage clamping
MSNs at -60 mV did not produce iLTD. (C) Down state NAc-iLTD occurred in MSNs that did not
express up state NAc-iLTD. (D) Inclusion of the Ca2+ chelator, BAPTA (20 mM) in the internal
pipette solution did not alter down state NAc-iLTD. (E) PPR following NAc-iLTD induction with
a high BAPTA concentration is not different across the experiment. Open squares are individual
cells; filled squares represent the mean PPR. (F) The L-type Ca2+-channel blocker, nifedipine (3060 µM) did not alter down state NAc-iLTD. (G) Including BAPTA (20 mM) in the internal pipette
solution unmasked the expression of up state NAc-iLTD (red), compared to controls (black). (H)
Nifedipine also unmasked up state NAc-iLTD (red), compared to control aCSF (black). Insets:
representative traces before (dark) and after (light) NAc-iLTD induction. Scale bars: 200 pA, 200
ms. Data are represented as mean ± SEM.

163

5.3.4 oLFS delivery in vivo is rewarding.
BDNF mRNA expression is high in the ventral tegmental area (VTA) and co-localizes with
tyrosine hydroxylase positive neurons in this region (Seroogy et al., 1994). The VTA sends
dopaminergic projections to the NAc, and phasically driving these neurons increases
BDNF levels in the NAc (Wook Koo et al., 2016). Further, dopaminergic VTA projection
neurons co-release GABA and glutamate onto NAc MSNs (Tritsch et al., 2014; Trudeau
et al., 2014; Morales and Margolis, 2017). Therefore, we investigated whether driving
dopaminergic inputs is sufficient to induce NAc-iLTD. To do this we injected a cresensitive ChR2-expressing virus in the VTA of DAT-cre mice to optogenetically drive
VTA dopaminergic/GABAergic/BDNF-ergic projections of the NAc (Figure 5.4a, b).
Optogenetically delivering LFS (oLFS) while voltage-clamping MSNs in the down state
in the presence of 50 µM DL-AP5 sodium salt and 5 µM CNQX disodium salt to block
AMPA and NMDA receptors, elicited NAc-iLTD (optogenetically-evoked IPSC (oIPSC)
amplitude = 64.52 ± 13.36% of baseline, t=2.66, df=9, p=0.026) that was blocked by
cyclotraxin B (oIPSC amplitude = 110.4 ± 16.81 % of baseline, t=0.62, df=6, p=0.56;
control oIPSC amplitude versus oIPSC amplitude in cyclotraxin B: t=2.16, df=15, p=0.047,
unpaired t test, Figure 5.4c).
To further determine if NAc-iLTD requires dopaminergic input from the VTA, we
unilaterally lesioned dopaminergic projections into the NAc using the selective
dopaminergic neurotoxin 6-hydroxydopamine (6-OHDA) (Figure 5.4d, e). We recorded
from MSNs residing in non-lesioned and lesioned sides and found that NAc-iLTD
expression was eliminated when dopaminergic inputs into the NAc were removed (IPSC
amplitude = 112.9 ± 17.89, t=0.72, df=7 mice, p=0.5, Figure 5.4f), but NAc-iLTD still
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occurred in the non-lesioned hemisphere (IPSC amplitude = 60.55 ± 7.36, t=5.36, df=5
mice, p=0.003; lesion IPSC amplitude versus control: t=2.4, df=12 mice, p=0.03, unpaired
t test).
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Figure 5.4 Ventral tegmental area (VTA) dopaminergic input activation is necessary and
sufficient for NAc-iLTD. (A) Schematic representing the injection site into the VTA of mice
expressing cre-recombinase under control of the dopamine transporter promoter (DAT-cre). (B)
Left: The injection site for adeno-associated virus expressing channelrhodopsin (ChR2) and
mCherry in the VTA. Arrowheads indicate tract marks from the injection needle. VTA is outlined
in a dashed line. Right: VTA terminals expressing ChR2-mCherry in the NAc. NAc core is outlined
in dashed line. Scale bars: 250 µm. (C) Optogenetic LFS (oLFS), 240 pulses of blue light at 1 Hz,
induced NAc-iLTD (black) that was sensitive to 2 µM cyclotraxin B (red). (D) Schematic of the
experimental condition: wild type mice received unilateral 6-hydroxydopamine (6-OHDA) lesions.
(E) Top: Tyrosine hydroxylase (TH) staining in intact slices (left) and 6-OHDA (right) slices. Scale
bars: 250 µm. Bottom: 20x magnification demonstrating MSNs (red) were recorded in intact slices
(left) and lesioned slices (right). Scale bars: 50 µm. (F) Unilaterally lesioning dopaminergic
projections from the VTA to NAc eliminated NAc-iLTD expression (red). NAc-iLTD was
expressed in the intact hemisphere (black). Insets: representative traces before (dark) and after
(light) NAc-iLTD induction. Scale bars for traces: 200 pA, 200 ms. Data are represented as mean
± SEM. oIPSC: optically-evoked IPSC, ac: anterior commissure.
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Because NAc-iLTD was elicited by optogenetically driving VTA dopamine
terminals in the NAc, we predicted that delivering this stimulation in vivo would support
behavioral reward. To test this, we implanted optical fibers in the NAc of DAT-cre mice
that were injected with a cre-sensitive virus expressing ChR2 in the VTA (Figure 5.5a).
Two rounds of oLFS (4 min) separated by 10 min were delivered on the naturally nonpreferred side of a two-sided conditioned place preference (CPP) chamber. We found that
animals injected with vehicle (a peptide containing the brain penetrant TAT signal, 20
mg/kg, i.p.) spent significantly more time on the side of the two-sided chamber in which
oLFS was delivered during the conditioning phase (average time spent in the stimulationpaired chamber pre-light = 296.8 ± 20.5 s, average time spent in stimulation-paired
chamber post-light delivery = 384.3 ± 32.87 s, t=3.03, df=4, p=0.03, Figure 5.5b), and this
CPP was not observed in mice in which oLFS was delivered in the presence of cyclotraxin
B-coupled to the TAT sequence (TAT-CTX-B; 20mg/kg, i.p., (Cazorla et al., 2010;
Constandil et al., 2012), time spent in stimulation chamber pre-light = 247.1 ± 61.03 s, time
spent in stimulation chamber post-light = 234.5 ± 41.52 s, t=0.47, df=5, p=0.66, Figure
5.5c). Further, oLFS did not produce a CPP in DAT-cre mice expressing a control
fluorophore in the VTA (time spent in stimulation chamber pre-light = 341.2 ± 33.38 s,
time spent in stimulation post-light = 313.5 ± 33.46 s, t=0.68, df=4, p=0.54, Figure 5.5d),
or in mice receiving vehicle injections or TAT-CTX-B alone (time spent in the paired
chamber pre-vehicle = 335.5 ± 52.7, time spent in the paired zone post-vehicle injection =
432.6 ± 70.91, t=1.22, df=4, p=0.29; time spent in the paired zone pre-TAT-CTX-B
injection = 319.1 ± 59.31, time spent in zone post-TAT-CTX-B injection = 411.9 ± 87.44,
t=2.62, df=4, p=0.059, Figure 5.5d). Finally, overall distance traveled did not differ in any
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of the groups (vehicle group: distance moved pre-light = 2605 ± 422.5 cm, distance moved
post-light = 2383 ± 367.6 cm, t=1.03, df=4, p=0.36; TAT-CTX-B group: distance moved
pre-light = 1625 ± 339.1 cm, distance moved post-light = 1687 ± 226.7 cm, t=0.82, df=5,
p=0.82; control fluorophore group: distance moved pre-light = 3649 ± 715 cm, post-light
= 3873 ± 621.3 cm, t=0.33, df=4, p=0.75; distance moved pre-vehicle = 3566 ± 854.9 cm,
post-vehicle = 2698 ± 503 cm, t=0.95, df=4, p=0.39; distance moved pre-TAT-CTX-B =
3510 ± 541.8 cm, post-TAT-CTX-B = 4002 ± 470 cm, t=1.39, df=5 p=0.22, Figure 5.5e,
f).
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Figure 5.5 The effect of optogenetic low frequency stimulation (oLFS) activation of VTA
dopaminergic input to the NAc. (A) Left: Schematic representing the experimental condition.
DAT-cre mice were injected with a virus expressing ChR2 into the VTA and optical fibers were
implanted into the NAc. Right: Example image of fiber placement in the NAc and VTA terminals
expressing ChR2-mCherry. Dashed line represents the location of the NAc core. Scale bars: 250
µm. (B) Left: Delivering two rounds of oLFS separated by 10 min in vivo on one side of the
chamber during the conditioning phase increased the time spent in the chamber paired with
stimulation during a later test phase. Right: Representative heat plots before (top) and after (bottom)
oLFS delivery. Warmer colors indicate greater time spent in a given location. (C) Left: oLFSinduced CPP was not present in mice injected with brain penetrant cyclotraxin B (CTX-B). Right:
Representative heat plots before (top) and after (bottom) oLFS delivery in mice injected with CTXB. (D) Left: The time spent in the chamber paired with light was not greater in control fluorophoreexpressing mice. Middle: Injection of vehicle alone also did not induce a CPP. Right: CTX-B
injection alone was also not reinforcing or aversive. (E) There was no change in distance moved
before or after oLFS delivery in vehicle injected (left) or cyclotraxin B injected animals (right)
expressing ChR2. (F) Light-delivery alone (left), vehicle injection (middle) and CTX-B injection
only (right) had no effect on distance moved in control mice. Data from each animal are shown.
*p<0.05; n.s. = not significant.
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5.5.5 The effect of ethanol (EtOH) on NAc-iLTD.
Because delivery of oLFS in vivo was reinforcing and activation of the meso-accumbal
pathway is associated with reward-related behaviors, we investigated whether EtOH
interacts with NAc-iLTD. To test this, we applied 50 mM EtOH onto NAc slices while
voltage clamping MSNs in the up or down state. Acute application of EtOH did not depress
inhibition onto NAc MSNs when voltage clamped at either membrane voltage state (IPSC
amplitude for up state = 97.86 ± 2.14% of baseline, t=0.99, df=7, p=0.35; IPSC amplitude
for down state = 104.3 ± 10.1% of baseline, t=0.43, df=6, p=0.68, Figure 5.6a). However,
incubating NAc slices in 10 mM EtOH and then delivering eLFS significantly augmented
the magnitude of IPSC amplitude depression (IPSC amplitude = 56.23 ± 7.52, t=5.82, df=7,
p=0.0007, versus control iLTD: t=2.22, df=15, p= 0.04, unpaired t test, Figure 5.6b).
Enhancement of NAc-iLTD depression similarly occurred after incubating slices in a
higher concentration of EtOH (50 mM, IPSC amplitude = 50.91 ± 10.71% of baseline,
control IPSC amplitude = 78.22 ± 5.53% of baseline, t=2.35, df=13, p=0.04, unpaired t
test, Figure 5.6c). The inclusion of ethanol in the bath eliminated the presynaptic
component to NAc-iLTD (Baseline PPR = 0.97 ± 0.16, PPR minutes 6-10 = 0.91 ± 0.14,
PPR minutes 25-30 = 0.99 ± 0.1, F (1.72, 6.88) = 0.24, p=0.76, RM one-way ANOVA,
Figure 5.6d). This enhancement of NAc-iLTD by EtOH was eliminated in the presence of
cyclotraxin B (IPSC amplitude = 105.7 ± 9.20%, t=0.62, df=5, p=0.56, Figure 5.6e).
Finally, the PPR did not change across the experiment in the presence of cyclotraxin B
(baseline PPR = 1.16 ± 0.21, PPR minutes 6-10 = 1.05 ± 0.14, PPR minutes 25-30 = 1.25
± 0.11, F (1.89, 9.45) = 1.24, p = 0.33, RM one-way ANOVA, Figure 5.6f).
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Figure 5.6 Ethanol (EtOH) enhances NAc-iLTD. (A) Acute application of EtOH (50 mM) did
not depress inhibitory transmission onto MSNs when voltage clamped at either -60 mV (red) or 80 mV (black). (B) Incubating slices in a 10 mM EtOH enhanced NAc-iLTD (red) compared to
control aCSF (black). (C) The presence of a higher concentration of EtOH (50 mM) in the aCSF
enhanced the magnitude of NAc-iLTD (red) compared to control aCSF (black). (D) Left: The mean
PPR was not significantly different between any time point following NAc-iLTD induction in the
presence of EtOH. Right: representative traces for each time point. (E) EtOH-enhanced NAc-iLTD
is eliminated in the presence of cyclotraxin B (2 µM, red). Black line (± SEM, gray) represents the
EtOH-induced enhancement of NAc-iLTD from (C). (F) Left: The mean PPR was not significantly
different between any time point following iLTD induction in the presence of EtOH and CTX-B.
Right: representative traces for each time point. Insets: representative traces before (dark) and after
(light) NAc-iLTD induction. Scale bars: 200 pA, 200 ms. Data are represented as mean ± SEM.
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We next tested if genetically deleting the TrkB receptor from the NAc would
attenuate drinking behavior. In homozygous Flx-TrkB mice (Luikart et al., 2003) we
injected a virus expressing cre or a control fluorophore in the NAc and subjected mice to a
three week drinking-in-the-dark paradigm (DID, Figure 5.7a). Mice lacking NAc TrkB
did not escalate EtOH drinking as compared to control mice (mean difference between
control and knockout week 1 = -1.47 ± 3.64, t=0.41, p>0.05; mean difference between
control and knockout week 2 = -1.99 ± 3.64, t=0.55, p>0.05; mean difference between
control and knockout week 3 = -11.86 ± 3.64, t=3.26, df=42, p<0.01, One-way ANOVA
and Sidak’s multiple comparisons test, Figure 5.7b). Overall water intake between animals
did not differ (knockout water intake = 16.51 ± 10.49 g/kg, control water intake = 7.66 ±
1.23, t=1, df=10, p=0.34, unpaired t test, Figure 5.7c) and SEC analysis confirmed both
TrkB knockouts and control animals were intoxicated to the same degree (knockout SEC
= 61.8 ± 3.63 mg/dl, control SEC = 70.06 ± 1.25 mg/dl, t=1.94, df=7, p=0.09, unpaired t
test, Figure 5.7d). Furthermore, we used a two-bottle choice assay (Figure 5.7e) to
determine the preference for EtOH in control versus TrkB knockout mice. There was no
difference in EtOH preference prior to cre or control fluorophore expression between
groups, but 3 weeks following cre or control virus injection, NAc TrkB knockout mice
displayed a decrease in their preference for EtOH as compared to control animals (control
pre-expression EtOH preference = 56.33 ± 7.2%, post-expression = 47.43 ± 7.95%, t=0.81,
df=10, p=0.44; knockout pre-expression preference = 72.23 ± 10.24%, post-expression =
38.08 ± 5.33%, t=3.19, df=9, p=0.01, unpaired t test, Figure 5.7f). Finally, 14 hours of
exposure to EtOH vapor (Figure 5.7g) eliminated the expression of NAc-iLTD (EtOH
vapor chamber IPSC amplitude = 85.85 ± 6.83% of baseline, t=2.07, df=7, p=0.08; Air
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vapor chamber IPSC amplitude = 62.87 ± 4.51%, t=8.23, df=5, p=0.0004, air versus EtOH:
t=2.6, df=12 mice, p=0.02, unpaired t test, Figure 5.7h). Serum EtOH concentration (SEC)
from a subset of animals confirmed EtOH exposed mice were intoxicated (SEC of EtOH
mice = 53.52 ± 4.36 mg/dl, SEC of air mice = -2.81 ± 2.03 mg/dl, t=11.71, df=4, p=0.0003,
Figure 5.7i).
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Figure 5.7 NAc TrkB deletion, drinking behavior, and EtOH preference. (A) Timeline of
drinking-in-the-dark experiments. (B) Conditional deletion of TrkB from the NAc in adulthood
decreased EtOH intake in the third week of the drinking-in-the-dark paradigm (red) compared to
control virus-injected mice (black). (C) There is no difference in water intake between TrkB
knockout mice (red) and control animals (black). (D) SEC does not differ between TrkB knockouts
(red) and control animals (black). (E) Schematic representing the two-bottle choice test. (F)
Following TrkB knockout, the preference for 20% EtOH solution decreased (dark red) compared
to pre-knockout preference levels (light red). This decrease did not occur in control animals (gray
versus black). (G) Experimental timeline for vapor chamber experiments. Animals were injected
with pyrazole + EtOH X min before being placed in an EtOH or water vapor chamber overnight.
Animals were sacrificed X min after removal from the chamber. Slices were incubated in EtOHfree aCSF for at least 2 hrs prior to recordings. (H) A single exposure (14 hours) to EtOH VC (red)
eliminated NAc-iLTD expression, while air VC exposure did not (black). (I) Serum EtOH
concentration (SEC) for air (black) and EtOH (red) VC exposed mice. Open squares are individual
animals; filled squares represent the mean. Insets: representative traces before (dark) and after
(light) NAc-iLTD induction. Scale bars: 200 pA, 200 ms. Data are represented as mean ± SEM.
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5.4 Discussion
We find that NAc-iLTD is dependent upon TrkB activation, is voltage-dependent, and is
enhanced by the presence of EtOH at concentrations consistent with low to relatively high
levels of intoxication (Lovinger and Roberto, 2011). We further find optogenetically
driving dopamine inputs to the NAc induces a TrkB-dependent NAc-iLTD in NAc slices
and delivering this same induction protocol in vivo produces CPP that is abolished by TrkB
blockade. Consistent with the idea that NAc-iLTD induction under physiological
conditions is enhanced by ethanol in vivo, we find that NAc TrkB genetic deletion
decreased mouse EtOH preference and escalations in EtOH drinking behavior. Taken
together, these results support the notion that NAc-iLTD is a mechanism for encoding
reward through disinhibition of the NAc (Figure 5.8).
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Figure 5.8 Proposed mechanism of NAc-iLTD. D1 and D2-expressing MSNs undergo NAciLTD through the activation of postsynaptic TrkB receptors following BDNF release likely from
VTA dopaminergic projections. TrkB signaling enhances MEK activity, which leads to dynaminmediated GABAA receptor endocytosis. NAc-iLTD occurs when MSNs are in the hyperpolarized
down state, and activation of the L-type Ca2+ channel can abolish the plasticity. We propose that
NAc-iLTD disinhibits a subset of MSNs residing in the down state to enhance NAc output.
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Midbrain dopamine neurons co-release dopamine, GABA, and BDNF (Tritsch et
al., 2014; Wook Koo et al., 2016). We show exogenous application of BDNF induces NAciLTD. Electrical and optogenetic induction of NAc-iLTD is abolished by a TrkB antagonist
and NAc-specific TrkB genetic deletion in adulthood. Showing necessity of dopaminergic
inputs, 6-OHDA lesion of dopaminergic input to the NAc also eliminated NAc-iLTD.
Moreover, our in vivo optogenetic activation of midbrain dopamine terminals in the NAc
using the NAc-iLTD induction protocol of 1 Hz 240 s was sufficient to drive TrkBdependent CPP. Thus, these data suggest that midbrain dopamine neurons may be the
source of the TrkB ligand, likely BDNF, necessary to drive NAc-iLTD. While future work
is needed to fully establish that BDNF is the key ligand for NAc-iLTD induction, these
data coupled with the known expression of BDNF by dopaminergic inputs support BDNF
as the signaling molecule that activates TrkB for NAc-iLTD induction.
Dopamine release from midbrain inputs supports reinforcement (Tsai et al., 2009;
Steinberg et al., 2014). While it is not completely surprising that we observed a CPP for
oLFS delivered in vivo to midbrain dopamine terminals in the NAc, the same cannot be
said for our observation that the CPP is completely abolished by TrkB blockade. In light
of these data, it is possible that BDNF alone, or BDNF/GABA co-release from
dopaminergic projections act(s) as a secondary mesolimbic reward signaling pathway. This
would be in line with reports of mesolimbic dopamine-independent mediated positive
reinforcement (Olmstead and Franklin, 1997; Laviolette and Van der Kooy, 2001; Sturgess
et al., 2010; Yoo et al., 2016). Although unlikely, it is also possible that TrkB blockade
may exert “off target” effects that may decrease dopamine release probability to abolish
the presently observed CPP. This seems unlikely, however, as we optogenetically drove
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release from axon terminals in the NAc directly. Regardless, determining how/when
mesolimbic BDNF activates TrkB, presumably on MSNs, to drive NAc-iLTD in order to
encode natural rewards requires investigation.
In contrast to the direct induction of iLTD by EtOH in the dorsal striatum (Patton
et al., 2016), in the NAc EtOH alone does not induce synaptic depression, but augments
NAc-iLTD. EtOH differentially alters BDNF expression depending on the brain region,
the dose of EtOH and the time interval following EtOH exposure (Jeanblanc et al., 2009;
Raivio et al., 2012; Orrù et al., 2016). Given that our experiments involve the acute
application of EtOH to NAc slices only minutes before NAc-iLTD induction, it is unlikely
that our findings of enhanced depression of eIPSC amplitude following NAc-iLTD
induction in the presence of EtOH are due to an increase in BDNF expression. It is possible
however, that EtOH enhances presynaptic release of BDNF from midbrain dopamine
terminals. Alternatively, EtOH may be enhancing signaling downstream of postsynaptic
MSN TrkB activation. Consistent with this idea, Ben Hamida et al. (2012) demonstrated
that activity of the small GTP binding protein, H-Ras increases in the NAc following acute
exposure to EtOH. Further, suppression of H-Ras activation in the NAc significantly
decreases EtOH consumption, suggesting H-Ras and the resulting signaling cascade are
key modulators in the rewarding effects of EtOH. The Ras family of proteins is upstream
of MEK and downstream of TrkB activation (Russo et al., 2009). This positions this family
of proteins as potential permissive molecular signals underlying EtOH modulation of NAciLTD and a possible novel target for the reinforcing effects of EtOH (Ben Hamida et al.,
2012). However, further work is necessary to link H-Ras and NAc-iLTD.
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While direct and indirect pathway specific activity and plastic events are linked to
reward and aversion (Lobo et al., 2010; Ferguson et al., 2011; Kravitz and Kreitzer, 2012),
we did not observe pathway-specificity in our slice electrophysiology experiments. This
does not rule out the possibility that NAc-iLTD is induced in vivo preferentially at one
pathway or another. Assuming there is no pathway specificity in vivo, this is reminiscent
of the pathway nonspecific, serotonin-mediated LTD at NAc excitatory synapses (Mathur
et al., 2011) that encodes social reward (Dölen et al., 2013). Such global disinhibition of
the NAc by NAc-iLTD could act in concert with pathway specific plasticity mechanisms
at excitatory synapses. At face value, the present data support the notion that global
disinhibition of the NAc may encode reward and that augmentation of this mechanism by
EtOH drives elevations in alcohol drinking behavior over time. As such, NAc-iLTD
represents a starting point from which to devise novel treatment strategies for disorders of
reward and aversion, such as addiction, depression, and chronic pain.
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Chapter 6: Discussion
6.1 The effects of ethanol in the dorsal striatum.
I show here for the first time multiple mechanisms to disinhibit the striatal complex
and that each of these forms of striatal disinhibition are affected by ethanol. Next, I show
that ethanol alone disinhibits the dorsal striatum by depressing the powerfully inhibitory
FSI transmission onto MSNs through the activation of presynaptic DOR. DOR activation
decreases cAMP levels through the inhibition of AC activity. I further show that paired
optical stimulation of FSIs prevents this DOR-induced LTD through an evolutionarily
conserved mechanism that occurs in Aplysia. Delivering paired optical stimulation of FSI
terminals activates the Ca2+ sensitive PKCα isoform, which through a mechanism that still
requires elucidation, protects against synaptic depression.
These findings are the first to show activity dependence of a presynaptic neuron
protects against synaptic depression in a mammalian system. FSIs discharge action
potentials spontaneously in vivo and can fire up to 200 Hz (Plenz and Kitai, 1998; Taverna
et al., 2007 and Figure 4.3), although the average tonic activity of these cells is between
10-30 Hz (Berke, 2011). These findings suggest bursting FSIs in vivo may undergo BDP
through the activation of PKCα. Whether this protection against synaptic depression in fact
occurs in vivo in mammalian brains remains to be seen, but given the findings in Aplysia,
in which BDP protects against the synaptic plasticity underlying reflex desensitization, it
seems possible.
In addition to changes in synaptic release properties, acute and chronic in vivo
ethanol exposure enhances the coordinated firing between FSIs. Further, E/I balance onto
FSIs is shifted following chronic ethanol exposure, such that excitation onto FSIs is
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enhanced while inhibition is diminished. In addition to electrical coupling, FSIs synapse
chemically onto neighboring FSIs (Kita et al., 1990; Fukuda, 2009). The decrease in
inhibition onto FSIs following chronic ethanol exposure could arise from DOR-mediated
LTD at the FSI-FSI synapse. It seems likely that the enhancement of excitatory
transmission onto FSIs could occur due to increased cortical drive, which may act as a
mechanism to synchronize FSIs.
Recent findings demonstrate dorsal striatal FSIs are necessary for habit formation
(O’Hare et al., 2017). Because FSIs are more prevalent in the DLS than the DMS (Gerfen
et al., 1985; Luk and Sadikot, 2001) and ethanol exposure expedites habit formation
(Dickinson et al., 2002; Lesscher et al., 2010; Corbit et al., 2012), it seems likely that DLS
FSIs play a critical role in this aberrant shift in action selection. Here, I show that FSIs
become highly responsive to cortical inputs and therefore increase coordinated firing in the
presence of ethanol. The coordinated activity of FSIs under normal circumstances allows
for the temporal suppression of MSN firing, and therefore enhances the performance of the
DLS by decreasing the cortical signal-to-noise ratio onto MSNs. Further, using ethanol as
a tool to manipulate the DLS FSI network provides evidence that enhanced FSI coordinated
activity in part underlies optimal circuit performance.
Additionally, ethanol depresses inhibitory transmission onto MSNs, resulting in a
disinhibition of DLS output neurons. Previous literature suggests that ethanol disinhibits
DLS output relative to DMS output (Cuzon Carlson et al., 2011a; Wilcox et al., 2014;
Abrahao et al., 2017), and I show that both FSI- and MSN-MSN transmission is dampened
in the presence of ethanol (Chapter 2; Patton et al., 2016). By disinhibiting the DLS
relative to the DMS, ethanol shifts the balance of action strategies to promote habit
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formation and thus, habitual drinking behaviors. In addition to demonstrating that ethanol
depresses FSI-MSN transmission, I show that this LTD requires the activation of
presynaptically localized DOR on FSI terminals. Infusion of the DOR antagonist,
naltrindole, directly into the dorsal striatum diminishes ethanol consumption, providing
another link between the endogenous opioid system and ethanol drinking (Nielsen et al.,
2012). These findings may provide a mechanism underlying ethanol-induced enhancement
of habit formation.
Taken together, the findings I present here demonstrate a novel mechanism through
which ethanol enhances DLS circuit performance through FSI coordination and
disinhibition of MSNs. As FSIs synapse perisomatically onto a number of MSNs (Gittis et
al., 2010; Planert et al., 2010) and receive inputs from multiple cortical regions (Lapper et
al., 1992; Bennett and Bolam, 1994; Parthasarathy and Graybiel, 1997), this interneuron
population likely acts to filter cortical noise onto MSNs. By synchronizing the activity of
FSIs and diminishing GABA release onto MSNs, ethanol may disrupt the formation of
MSN ensembles that in turn encode proper action selection. Further, because ethanol
preferentially disinhibits the DLS and not the DMS, it is possible that the disruption of
MSN ensemble formation occurs selectively in this subregion.

6.2 The effects of ethanol in the NAc.
In contrast to the dorsal striatum, ethanol does not inhibit GABAergic input onto NAc
MSNs, but rather enhances the expression of NAc-iLTD. NAc-iLTD is membrane voltage
state dependent, occurring only when MSNs are in the hyperpolarized downstate.
However, upstate-iLTD can be unmasked when L-type VGCC are blocked or by chelating
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Ca2+ from the postsynaptic cell. These findings are in line with work in the dorsal striatum,
in which distinct forms of iLTD occur when MSNs are held at either the upstate or
downstate (Mathur et al., 2013). In contrast with the dorsal striatum, downstate NAc-iLTD
requires postsynaptic TrkB activation, which leads to the endocytosis of GABAA receptors
from the postsynaptic membrane through a dynamin-mediated process.
NAc-iLTD occurs at least at GABAergic inputs from midbrain dopamine
projections. Optogenetically driving VTA dopaminergic inputs onto NAc MSNs induces
TrkB-mediated iLTD that, when delivered in vivo, is reinforcing. Acute ethanol application
to striatal slices enhances the magnitude of TrkB-dependent disinhibition of the NAc.
Further, conditional knockout of TrkB receptors from the NAc attenuates drinking
behavior, both over time and in a 2-bottle choice assay. Thus, it seems likely that the
mesolimbic BDNF-TrkB system contributes to the expression of NAc-mediated behaviors.
Ethanol alters the function of this system either by enhancing BDNF release or the
signaling of TrkB, with the end result being a heightened disinhibition of NAc output.
Diminished inhibition onto MSNs enhances NAc signaling to downstream targets and may
lead to greater alcohol seeking behaviors.
Interestingly, our ex vivo optogenetic findings are among the first to demonstrate
synaptic plasticity of GABA co-release from midbrain dopamine terminals (see Ishikawa
et al., 2013 for dopamine induced heterosynaptic plasticity of VTA GABAergic inputs into
NAc). While the concept of inhibitory transmitter co-release at this synapse is still
relatively new, the occurrence of co-releasing fast acting ionotropic transmitters with
modulatory transmitters at other synapses is quite common, as a number of neuronal
populations co-release two classical transmitters (see Hnasko and Edwards, 2012 for
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review). For instance, dopaminergic neurons of the olfactory bulb also co-release GABA
(Maher and Westbrook, 2008). Specifically for dopaminergic neurons, co-transmission
may expand the modulatory functions of this cell type. One such example of this is to act
as an additional feedback signal to dampen dopamine release through the activation of
presynaptic GABAB receptors in addition to presynaptic D2 receptors. In this way, cotransmission may fine tune the activity of dopaminergic input onto MSNs in a redundant
manner.
Through the course of my ex vivo optogenetic experiments, I noticed that the
responsivity of MSNs to optogenetic drive of GABA co-release was heterogeneous. For
example, the amplitude of IPSC responses in neighboring MSNs could differ dramatically
with one MSN demonstrating little to no current, and another showing a large current
amplitude response. Thus, a situation may exist where co-transmission is only functional
at a fraction of NAc MSNs, promoting the formation of ensembles of MSNs that are
independent of direct and indirect pathway specificity. Further, because we show that
inhibitory transmitter release from dopamine neurons is capable of undergoing synaptic
plasticity, this provides evidence that this potential mechanism of ensemble selection can
be dynamic.

6.3 Reassessing the structure and function of the striatal complex
6.3.1 Structural organization of the striatal complex.
It is becoming increasingly clear that the organization of the striatal complex is terribly
intricate. For instance, the dorsal striatum is functionally separated into the DMS and DLS,
while the NAc is separated into core and shell, subregions that each subserve distinct
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behavioral action strategies (Zahm and Brog, 1992; Jongen‐Rêlo et al., 1994; Packard and
McGaugh, 1996; Yin et al., 2004, 2005; Quinn et al., 2013). However, within these
functional subregions, separate subcompartments identified by distinct innervation patterns
and morphological markers also exist. While the striosome and matrix suborganization of
the striatum spans the entire striatal complex, these subcompartments can be very distinct
(Gerfen et al., 1987a, 1987b; Zahm and Brog, 1992). For instance, dopamine release in
dorsal striatal matrix regions is higher than in the striosome, but in the NAc striosomal
dopamine release is higher. Further, the congruity of striosomal markers in the NAc is
lower than the markers in the dorsal striatum, suggesting the accumbal striosome is more
heterogeneous than the dorsal striatum (Gangarossa et al., 2013).
While the inputs to the two striatal compartments were traditionally believed to be
separate, with the striosome receiving limbic inputs and the matrix encoding sensorimotor
information, Smith et al (2016) recently characterized these innervations using genetic
mouse lines and determined both compartments integrate both types of information.
Further, “exo-striosome” patches were discovered in previously characterized matrix
compartments. These patches are molecularly consistent with striosomes, as the neurons
expressed high perisomatic expression of MOR, however they reside within matrix
subcompartments (Smith et al., 2016a). Additionally, striosome and exo-striosome MSNs
are physiologically similar and distinct from matrix MSNs, as previously reported
(Kawaguchi et al., 1989; Miura et al., 2007). Although viral tracing data suggests the
prelimbic cortex synapses more heavily in the striosome, assessment of the strength of
these corticostriatal synapses revealed a similar functional connection. In contrast,
innervation from the cingulate cortex is a stronger functional synapse at striosomal and

190

exo-striosomal MSNs compared to matrix MSNs, despite tract tracing data that would
suggest the opposite (Smith et al., 2016a). Finally, characterization of cell types within the
subcompartments revealed novel populations of GABAergic neurons that are preferentially
located in striosomes (Cuzon Carlson et al., 2011a). These two cell types differ
electrophysiologically from each other and demonstrate not only that striatal compartments
are indeed distinct, but that our current knowledge of the degree of distinction between the
compartments is still lacking.
In addition to the anatomical organization of the striatal complex, the outputs of the
complex are not as clear cut as the canon would suggest. Direct and indirect pathway
projecting MSNs are commonly thought to exclusively consist of D1- and D2-expressing
MSNs that project directly out of the basal ganglia, or relayed through the pallidum before
projecting out, respectively (Parent et al., 1984; Alexander and Crutcher, 1990; Gerfen et
al., 1990). However, recent work reveals that approximately 50% of the ventral pallidum
(VP) receives input from both D1- and D2-expressing NAc MSNs, as opposed to the
traditional view that these projections are indirect pathway specific (Kupchik et al., 2015).
The VP sends GABAergic projections to the subthalamic nucleus (STN) and the
mediodorsal thalamus (MDT). Projections from the VP to the STN indirectly act to inhibit
thalamic control of the cortex. However, a VP-MDT pathway provides a direct
disinhibition from the basal ganglia to the thalamus, producing a so-called “go” signal.
Approximately 80% of VP projection neurons that receive D2-expressing MSN input
project to the MDT and therefore, a clear hodological distinction between direct and
indirect pathways from the NAc is not apparent (Kupchik et al., 2015).
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While colocalization of D1 and D2 receptors on MSNs is less likely in NAc MSNs,
in the dorsal striatum it is much more common. In situ hybridization of D1 and D2 receptor
mRNA in rat and monkey striatal sections shows the occurrence of both transcripts in the
same MSNs (Meador-Woodruff et al., 1991; Lester et al., 1993; Aubert et al., 2000).
Additionally, single cell reverse transcript PCR demonstrates co-occurrence of D1 and D2
receptor mRNA (Surmeier et al., 1992, 1996). Finally, assessing the mRNA content in
bacterial artificial chromosome transgenic mice that express enhanced green fluorescent
protein (eGFP) under the D1 or D2 receptor promotor demonstrates that D1-positive MSNs
across the striatal complex are highly enriched in D1 receptor mRNA but also contain D2
mRNA, with the opposite true for D2-expressing MSNs (Lobo et al., 2010; Perreault et al.,
2011). Therefore a clear pattern is emerging demonstrating that in both striatal regions, the
composition of dopamine receptor subtypes on MSNs does not necessarily correspond to
the traditional view of the function of the cells.
6.3.2 The function of the striatal complex.
Dorsal striatal direct pathway MSNs are historically believed to project directly out of the
basal ganglia to relieve the inhibition on thalamic neurons, activating the cortex and
initiating a movement. Indirect pathway projection neurons, then, are thought to relay
through the globus pallidus, which inhibits thalamic output and underlies action
termination (Parent et al., 1984; Alexander and Crutcher, 1990; Gerfen et al., 1990; Smith
et al., 1998). However, as was just reviewed, a lack of pathway specificity of MSNs in the
dorsal and ventral striata is emerging. Furthermore, the traditional view that activity in D1expressing MSNs is promotes movement and activity in D2-expressing MSNs inhibits
movement is also being challenged.
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In the traditional model of the basal ganglia loop, direct pathway MSNs would
continuously fire during any movement sequence, with indirect pathway MSNs
maintaining quiescence until the end of the action. Then, the activity of D2-expressing
MSNs would increase and correlate to the suppression of actions. However, due to
technical limitations, such as a lack of in vivo electrophysiological differentiation between
D1- and D2-expressing MSNs, this hypothesis has been difficult to test. Recent
technological advances have propelled our understanding of how subsets of MSNs encode
actions. Cui et al (2013) utilized transgenic mice that express cre-recombinase under the
D1 or D2 receptor promoter. Then, this group expressed a genetically encoded Ca2+sensitive indicator in either subtype of MSNs and using time-correlated single-photon
counting (TCSPC), measured the activity of these cells during an operant task. Contrary to
what was expected, Cui et al (2013) demonstrates that the activity of both direct and
indirect pathway projecting MSNs increases during action initiation, but not when the
animals were inactive. Further analysis reveales that clusters of MSNs, comprised of both
D1 and D2-expressing neurons, are active at different phases of locomotion (Barbera et al.,
2016). These neural clusters or ensembles of MSNs more accurately reflect striatal network
activity than the population activity of MSNs or of individual MSNs. Interesting, cocaineenhanced locomotion does not increase activity in either subtype of MSNs, nor does MSN
activity correlate with the maximum velocity reached in a cocaine-naïve state (Barbera et
al., 2016). Finally, distinct ensembles of MSNs fire similarly during similar behaviors,
regardless of the speed of the animal during the movements. These ensembles are more
likely to be located proximally to each other (Klaus et al., 2017). These findings suggest
that, despite what the canon would suggest, both D1- and D2-expressing MSNs are
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organized in distinct clusters that fire together in a spatiotemporal manner to encode similar
behavior types. Thus, it is necessary to update our understanding of how the striatal
complex encodes the behavioral action strategies associated with these regions. Instead of
focusing on activating the direct pathway to produce certain behavioral effects and
inactivating the indirect pathway to ameliorate these behaviors, future studies need to
discern the relevant MSN, as well as local interneuron population ensembles that underlie
these effects. By doing so, novel treatment options for diseases affecting the performance
of the striatal complex may become apparent.
Despite the findings reviewed above, genetic ablation of D2-expressing MSNs
limits action termination, providing support for the classic model of the basal ganglia
(Durieux et al., 2009). However, these results can still exist in a model in which the activity
of both direct and indirect pathway MSNs is important to produce a proper action sequence.
For example, in a disease state such as Parkinson’s, dopamine depletion seems to “lock”
the striatal system into a dominant network state, in which transitions between ensembles
that encode action initiation is limited (Costa et al., 2006; Jaidar et al., 2010). An analogous
situation may occur with exposure to ethanol. For instance, ethanol may diminish the
ability for the system to switch between appropriate action strategies, such that an
individual suffering from alcohol addiction may be more likely to fall prey to a stimulusresponse action strategy when presented with alcohol-related cues than a goal-directed
strategy. Further, it seems likely that neutral stimuli may become ethanol-related cues due
to this inability to switch between action strategies. In contrast to Parkinson’s disease, in
which a “locked” state likely occurs within small regions in the dorsal striatum and
corresponds to locomotor activity, ethanol appears to affect the dorsal striatum as a whole.
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In this way, ethanol promotes the selection of DLS-mediated action strategies over DMSmediated strategies and enhances the activity of MSN ensembles that encode these
behaviors. In fact, I show here that ethanol is capable of inducing and modifying existing
forms of plasticity in both striatal regions (Chapter 2, 5), providing a possible mechanism
through which ethanol “locks” the activity of certain striatal microcircuit ensembles.
While these experiments have not been performed in the ventral striatum, it is likely
that aberrant ensemble encoding in addition to drug-induced plasticity in both of these
regions could underlie the different aspects of drug addiction that are known to involve the
striatal complex. For instance, the inability to switch action strategies in the dorsal striatum
could enhance habitual drinking. Given our and others’ findings that FSI activity highly
controls MSN output (Koos, 2004) and that FSIs are more prevalent in the DLS (Gerfen et
al., 1985; Luk and Sadikot, 2001), ethanol consumption may alter MSN output to tip the
balance between goal directed and habitual action strategies to favor habit formation.
Further, because ethanol enhancement of NAc-iLTD does not seem to occur in a subset of
MSNs, ethanol may be altering the ability of NAc MSNs to form behaviorally appropriate
ensembles and instead could promote a hypermotivated state to enhance ethanol seeking
behaviors.
Finally, it is important to note that the induction of the types of plasticity described
here are likely different in the whole animal. For instance, in the slice, NAc-iLTD is
induced artificially through voltage-clamp control of the MSN membrane potential. MSN
membrane fluctuation is highly regular in anesthetized animals (O’Donnell and Grace,
1995; Wilson and Kawaguchi, 1996; Kerr, 2004), and likely occurs at much faster
oscillations in awake animals. Therefore, the induction of NAc-iLTD in vivo may occur in
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a subset of MSNs that are currently residing in the down state during a highly salient event,
such as ethanol drinking. As such, in vivo NAc-iLTD induction could act to lift a subset of
MSNs from quiescence to promote action potential detonation, thus creating an ethanolinduced neuronal ensemble. Further, the activity of these ensembles could be highly linked
with ethanol and/or ethanol-related cues.

6.4 Future Directions
6.4.1 Further elucidation of the role of FSIs in dorsal striatal-mediated behaviors.
The work described here suggests a role for dorsal striatal FSI coordinated firing in the
progression to habit formation. Using our ex vivo neural synchrony assay described in
Chapter 4, we can measure changes in FSI-FSI coordination in animals trained in habitual
action strategy tasks. In addition to learning a relatively simple rotarod task that requires
the DLS, mice can be trained to habitually press a lever for food reward. In both of these
experimental conditions, we predict that FSI-FSI coordination will be enhanced in highly
trained animals compared to animals that do not demonstrate habitual action strategies.
Additionally, in vivo imaging methods now exist to indirectly measure the activity
of FSIs using genetically encoded Ca2+ indicators, called GCaMP, with indwelling
miniature microscopes (Kerr and Denk, 2008; Tian et al., 2009; Dombeck et al., 2010;
Zariwala et al., 2012). Thus, expressing GCaMP under the parvalbumin promotor and
comparing FSI activity before, during and after training on habit formation tasks would
provide invaluable support for FSI coordination in freely moving mice and possibly
demonstrate a correlation between FSI population activity and habit formation. Use of this
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Ca2+ imaging technique could also provide data on whether coordinated FSI activity in vivo
increases following acute and chronic ethanol exposure, as is shown in striatal slices.
While data presented here suggest that a shift in the E/I balance onto FSIs underlies
ethanol-induced increased FSI coordination, a greater understanding of how this shift
occurs is needed. For instance, does ethanol exposure induce synaptic plasticity changes at
the cortico-FSI synapse and/or the FSI-FSI synapse? If we can elucidate the molecular
mechanisms underlying this shift in the E/I balance onto FSIs, we can attempt to inhibit
the increase in FSI synchrony by disrupting this mechanism. Further, it is important to
understand if ethanol-induced enhanced FSI synchrony corresponds to enhanced habit
formation or ethanol drinking behaviors. Thus, future experiments will need to test if
inhibiting FSI coordination alters drinking related behaviors as well.
Finally, in order to comprehensively understand the function of FSI activity in
modulating drinking behaviors, it is necessary to test experimentally if the BDP stimulation
protocol alters drinking behaviors or habit formation in vivo using optogenetics. Thus,
animals can be implanted with bilateral indwelling optical fibers in the dorsal striatum
following injection of the ChR2 virus. I predict that delivering paired pulse optical
stimulation to activate FSIs during an ethanol drinking task will decrease ethanol intake.
6.4.2 Understanding dopamine-independent mechanisms underlying NAc-mediated
reinforcement.
The findings presented in Chapter 5 suggest a role for dopamine-independent mediated
reinforcement. While our preliminary findings suggest this form of reinforcement requires
TrkB receptors, there are certain limitations to our results. For instance, we systemically
injected the TrkB antagonist instead of directly blocking receptors in the NAc using an
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infusion cannula. Thus, it would be beneficial to selectively knock out either BDNF from
midbrain projection neurons or TrkB from NAc MSNs in separate cohorts and re-run the
CPP experiments to determine the specific necessity of this pathway. Finally, as
mesolimbic dopamine projections release GABA in addition to dopamine onto MSNs
(Tritsch et al., 2014), it would be beneficial to block GABA synthesis in these neurons and
test oLFS-induced reinforcement. GABA is synthesized in a GAD-independent manner in
dopaminergic projections from the VTA (Kim et al., 2015), thus it is possible to selectively
inhibit the synthesis of GABA in this projection without affecting GABA release from
neighboring GABAergic projection neurons. The results of these future experiments would
give insight into the necessity of midbrain release of GABA and/or BDNF into the NAc
for the reinforcing effects of NAc-iLTD.
While it is important to demonstrate that NAc-iLTD induction is reinforcing, it is
also necessary to understand if induction of this plasticity in vivo drives ethanol seeking
behaviors. Thus, in an additional future experiment mice could be trained to press a lever
for ethanol reward with oLFS delivery corresponding to training. I predict that animals
experiencing training paired with optical stimulation would demonstrate enhanced ethanol
seeking behaviors and be less likely to extinguish these behaviors.
In addition to understanding the behavioral relevance between NAc-iLTD and
ethanol seeking, future work must also continue to characterize the enhancement of NAciLTD expression in the presence of ethanol. We show here that ethanol-induced hyperiLTD requires TrkB receptors. However, it is unclear if ethanol is leading to enhanced
BDNF release from presynaptic terminals or increasing the signaling of TrkB. Further, the
possibility that ethanol is producing an additional, also TrkB-dependent form of iLTD also
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exists. For example, ethanol may alter the signaling of TrkB to induce the production of an
eCB that acts retrogradely to depress inhibition onto MSNs. Therefore, additional
experiments to test between these possibilities are necessary. By understanding the
mechanisms underlying this hyperdepression as well as understanding how in vivo
induction of NAc-iLTD leads to reinforcement will provide greater insight into the
addictive properties of ethanol.
Finally, as mentioned previously, the importance of GABA co-release into the NAc
still remains an important yet unanswered question. For instance, mapping the responsivity
of MSNs to dopaminergic inputs across the different subcompartments of the NAc will
determine if there is a spatial organization to this co-release. Further, these projections
synapse onto both direct and indirect projecting neurons (Tritsch et al., 2014), but the
potential for this projection to favor one over the other may exist and has not been
characterized. Finally, it would be beneficial to test the hypothesis that co-release creates
ensembles of MSNs. This could be achieved through the combination of in vivo single unit
electrophysiological recordings using microwire arrays and optogenetics or Ca2+ imaging
technqiues that allow for the recording of several MSNs and various inputs into the NAc
simultaneously. In theory if this projection drives ensemble activity of MSNs, then
optogenetic stimulation will diminish firing of MSNs together, while not affecting activity
in others. Parsing apart the necessity of GABA versus dopamine in the creation of these
ensembles would then be an integral next step in determining the function of fast acting
transmitter co-release with modulatory transmission.
The results from the proposed experiments in both the dorsal and ventral striata are
positioned to provide novel molecular targets to combat the development of alcoholism,
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from aberrant increases in ethanol seeking behavior to compulsive ethanol drinking
behavior.
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