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ABSTRACT

The dorsomedial striatum (DMS) of the basal ganglia is critically involved in
drug and alcohol abuse and contains medium spiny neurons (MSNs) expressing
dopamine D1 receptors (D1Rs) or D2Rs. D1-MSNs positively and D2-MSNs negatively
control reward-driven behaviors. However, how different glutamatergic inputs onto
distinct MSNs are altered by alcohol and how such alcohol-evoked aberrant plasticity
drives reinforcement behaviors remain unclear. Thus, I first examined how excessive
alcohol intake alters glutamatergic transmission at striatal synapses expressing distinct
presynaptic dopamine receptors. Then I investigated the causality between alcohol-
evoked plasticity and reinforcement behaviors and whether reversal of this plasticity
persistently reduced alcohol-seeking. Lastly, I examined the selectivity of extra-striatal
afferents in their innervations of D1-MSNs and D2-MSNss.

First of all, I found larger excitatory postsynaptic currents at the synapses
between the extra-striatal D2R-expressing afferents and D1-MSNs (D2->D1), as
compared with those observed at the other tested synapses (D1->D1, D1->D2, and
D2->D2). I further discovered that excessive alcohol consumption induced a long-
lasting potentiation of glutamatergic transmission at the corticostriatal D2->D1 synapse.
Secondly, I found that mimicking alcohol-evoked potentiation at glutamatergic synapse
between medial prefrontal cortex (mPFC) and D1-MSNs using in vivo dual-channel
optogenetic self-stimulation of this synapse to induce LTP was sufficient to drive

reinforcement of lever pressing in rat operant behaviors. Conversely, in vivo LTD
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induction at this synapse with time locked to lever presses persistently decreased
alcohol-seeking behavior. Lastly, I discovered that pDMS D1-MSNs preferentially
received inputs from orbital frontal cortex, secondary motor and visual cortex, as well as
cingulate cortex, whereas D2-MSNs received primary motor, primary sensory, and
thalamic inputs. Taken together, my graduate study suggests that 1) chronic alcohol
exposure selectively strengthened glutamatergic transmission from cortical inputs, e.g.
D2R-expressing inputs or mPFC inputs, onto DMS D1-MSNs. 2) Glutamatergic
synaptic plasticity at mPFC—>D1-MSNs was sufficient to drive the reinforcement
behavior and contributed to alcohol-seeking behavior. 3) pDMS D1-MSNs and D2-
MSNss received differential innervation from extra-striatal regions. These data will
enrich and help specify the understanding of how glutamatergic plasticity at striatal

circuits controls alcohol-induced addictive behaviors.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1. Overview

Alcohol is one of the most commonly used addictive substance today (Rehm et
al., 2009; Whiteford et al., 2013). When people suffer from the inability to control
alcohol use due to both a physical and emotional dependence on alcohol, they will be
diagnosed as alcohol use disorder (AUD) (Rehm et al., 2009; Whiteford et al., 2013;
Kranzler and Soyka, 2018). Chronic and heavy alcohol use leads to many health
problems, including liver diseases, cardiovascular problems, diabetes complications, and
other mental health issues (Rehm et al., 2009; Kranzler and Soyka, 2018). The World
Health Organization revealed that more than 76 million people worldwide have AUD,
and AUD are responsible for 5 million death per year (Whiteford et al., 2013; Jeanblanc,
2015). The individual, social and economic burden of AUD are extraordinarily high
(Rehm et al., 2009; Batman and Miles, 2015; Volkow et al., 2016; Kranzler and Soyka,
2018). The economic costs to treat alcohol-related problems is nearly $250 billion
annually in the United States alone (Sacks et al., 2015). Unfortunately, there are only a
few available medications for AUD with limited efficacy and often fail to prevent
relapse (Kranzler and Soyka, 2018; Ehrie et al., 2020). Approaches to solving this crisis
include basic and preclinical research on underlying neurobiological mechanisms, which
seeks to deepen understanding of circuits, neurotransmitters and molecules that

underline alcohol use and abuse to increase our ability to devise new treatments.

1



The striatum, the main component of the basal ganglia has emerged as a critical
hub for alcohol and drug addiction. Increasing studies showed that the dorsomedial
striatum (DMS) is particularly relevant for alcohol addiction (Wang et al., 2007; Wang
et al., 2010; Wang et al., 2012a; Wang et al., 2015; Cheng et al., 2017; Ma et al., 2018;
Roltsch Hellard et al., 2019). In animal models, acute and chronic alcohol exposure
alters DMS glutamatergic and GABAergic signaling (Wang et al., 2007; Wang et al.,
2010; Wang et al., 2011; Wang et al., 2012a; Cheng et al., 2017; Ma et al., 2017) and
manipulation of DMS function impacts excessive alcohol consumption and alcohol self-
administration (Cheng et al., 2017; Ma et al., 2018; Roltsch Hellard et al., 2019). Thus,
understanding the role of DMS circuits in excessive alcohol consumption and alcohol
self-administration is of great significance.

1.2. Medium spiny neurons (MSNs) in the DMS play critical roles in AUD

Medium spiny neurons are GABAergic projection neurons representing 95% of
striatal cells (Kreitzer and Malenka, 2008; Cheng et al., 2017). They are characterized by
their high spiny density and very negative resting potentials (Kreitzer and Malenka,
2008; Cheng et al., 2017). Due to the expression of inwardly rectifying potassium
channels (Kir) and activation of other potassium channels at depolarizing voltages,
MSNs showed a slow depolarization and delay of the first spike (Surmeier et al., 1989;
Surmeier et al., 1991; Shen et al., 2004; Shen et al., 2005). Previous studies have
revealed that in vivo MSNs exhibit two different membrane potential: up-state of MSNss
with more depolarized membrane potential and down-state of MSNs with

hyperpolarized membrane potentials (Wilson and Kawaguchi, 1996; Kreitzer, 2009).
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The shifting of down- and up-state depends on the intrinsic membrane properties of
MSNs and the magnitude and timing of glutamatergic inputs from the cortex and
thalamus (Blackwell et al., 2003). High levels of Kir stabilize the MSNs membrane
potentials at down-state, whereas sufficient glutamatergic inputs shift MSNs from down-
state to up-state.

DMS MSNs are not homogeneous. Based on the dopamine expression pattern
and axonal projection, MSNs can be categorized into two different subtypes. D1-MSNs
exhibit high expression of dopamine D1 receptors (D1Rs), and directly project to
internal globus pallidus and substantia nigra pars reticulata, forming the direct-pathway
(Kreitzer and Malenka, 2008; Cheng et al., 2017). In contrast, D2-MSNs express high
levels of D2Rs and send axons to the external globus pallidus, forming the indirect-
pathway (Kreitzer and Malenka, 2008; Cheng et al., 2017). The direct-pathway circuits
disinhibiting the excitatory thalamocortical projections result in activation of cortical
circuits and facilitation of action selection and movement (Kreitzer and Malenka, 2008;
Cheng et al., 2017). The indirect-pathway circuits contribute to the inhibition of
thalamocortical neurons and lead to the suppression of cortical circuits and movement
(Kreitzer and Malenka, 2008; Cheng et al., 2017). Thus, D1-MSNs positively and D2-
MSN s negatively control rewarding behaviors (Kreitzer and Malenka, 2008; Cheng et
al., 2017).

Both types of DMS MSN receive glutamatergic inputs from cortex, thalamus and
amygdala (Wall et al., 2013; Hunnicutt et al., 2016; Smith et al., 2016; Ma et al., 2017).

In addition to the excitatory glutamatergic inputs, MSNs receive dopaminergic inputs



from substantia nigra pars compacta (SNc) (Wall et al., 2013; Hunnicutt et al., 2016).
Dopamine can regulate the activity of MSNs via DIRs and D2Rs. Both D1Rs and D2Rs
are G protein-coupled receptors, but they have distinct downstream signaling pathways
and kinetic property. In the striatum, activation of D1Rs enhances cAMP and PKA
signaling and facilitates the trafficking of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARs) and N-methyl-D-aspartate receptors
(NMDARs) (Beaulieu and Gainetdinov, 2011). In contrast, activation of D2Rs triggers
increases in potassium efflux via GIRK channel and the inhibition of trafficking of
AMPARs. Given that DI1Rs are low-affinity dopamine receptors whereas D2Rs are with
high affinity, phasic dopamine release mainly activates D1Rs and enhances the activity
of direct-pathway circuits, facilitating the goal-directed behaviors. Changes in tonic
dopamine level or phasic pause of dopamine release mainly disinhibit D2Rs and
enhances the activity of indirect-pathway circuits, suppressing the goal-directed
behaviors (Bromberg-Martin et al., 2010; Durieux et al., 2012).

Growing evidence has indicated that both D1-MSNs and D2-MSNss play critical
roles in the drug and alcohol addiction. Systematic administration of D1R antagonist
impaired alcohol intake and alcohol condition place preference (Bahi and Dreyer, 2012;
Pina and Cunningham, 2014). Inhibition of D1-MSNs via optogenetics or chemogenetics
reduced sensitization of amphetamine and alcohol consumption (Hikida et al., 2010;
Lobo et al., 2010; MacAskill et al., 2014; Cheng et al., 2017). Optogenetic or

chemogenetic activation of D2-MSNs enhances the sensitization of amphetamine,



craving for cocaine and alcohol (Hikida et al., 2010; Lobo et al., 2010; MacAskill et al.,
2014; Cheng et al., 2017).
1.3. Presynaptic dopamine receptors as a critical regulator of AUD

Dopamine signaling in the corticostriatal circuit is centrally involved in reward-
driven behaviors (Bamford et al., 2018). Many learned behaviors depend on the
coordinated activation and inhibition of pathways in the striatum (Bamford et al., 2018).
By acting on different glutamatergic synapses, striatal dopamine regulates specific
excitatory inputs from the cortex and thalamus onto two types of MSNSs, contributing to
the selection of appropriate “Go” or “NoGo” action (Bamford et al., 2018).
Dopaminergic modulation is mainly mediated by D1Rs and D2Rs, which are highly
expressed in DMS D1-MSNs and D2-MSNs (Beaulieu and Gainetdinov, 2011; Wei et
al., 2018). Activation of D1Rs and D2Rs leads to an opposite regulation of glutamatergic
receptor and play an opposite role in addiction (Shen et al., 2008). Anatomical evidence
has indicated that, in addition to postsynaptic neurons, D1Rs and D2Rs are present at
presynaptic cortical terminals in the striatum (Wang and Pickel, 2002; Dumartin et al.,
2007). These presynaptic dopamine receptors facilitate dopamine-mediated regulation of
excitatory signaling to specific striatal pathways (Bamford et al., 2018). Altered
dopaminergic transmission is a common mechanism underlying drug and alcohol abuse
(Koob and Volkow, 2010; Luscher and Malenka, 2011). It has long been known that all
addictive drugs elevate levels of dopamine in the brain (Koob and Volkow, 2010;
Luscher and Malenka, 2011). Since D1Rs and D2Rs are activated by elevated dopamine

after in vivo alcohol exposure, it is plausible that glutamatergic transmission in D1-



MSNs and D2-MSNss is differentially regulated by alcohol consumption. However, how
excessive alcohol consumption affects glutamatergic synapses expressing particular pre-
and postsynaptic dopamine receptors is poorly understood. Therefore, in chapter II, I
used whole-cell patch-clamp recording to explore the effect of excessive alcohol intake
in glutamatergic transmission of corticostriatal synapses expressing distinct presynaptic
dopamine receptors. I discovered that DMS synapses containing presynaptic D2Rs and
postsynaptic D1Rs (D2->D1) exhibited strongest glutamatergic connectivity, as
compared with those observed at the other tested synapses (D1-2>D1, D1->D2, and
D2->D2). Excessive alcohol intake selectively potentiated glutamatergic transmission at
the corticostriatal D2->D1 synapse. Lastly, I confirmed that D2R-mediated inhibition of
glutamatergic transmission in the DMS is mediated by distinct pre- and postsynaptic
mechanisms.
1.4. Glutamatergic plasticity in the DMS and AUD

Both D1-MSNs and D2-MSNs in the DMS receive a number of different inputs,
including glutamatergic inputs from the cortex, which convey sensory, motor, and other
information that may stimulate alcohol-seeking and alcohol-taking behaviors (Wall et
al., 2013; Hunnicutt et al., 2016; Smith et al., 2016; Ma et al., 2017). The glutamatergic
inputs from the amygdala, which mediates emotional stimuli such as stress are able to
enhance alcohol intake, as well as those from the thalamus (Wall et al., 2013; Hunnicutt
et al., 2016; Smith et al., 2016; Ma et al., 2017). Striatal glutamatergic activity is
critically involved in regulating behaviors related to alcohol intake and other drugs of

abuse (Wang et al., 2007; Belin and Everitt, 2008; Wang et al., 2010). For example,



inhibition of striatal glutamatergic activity in the dorsal striatum suppresses operant
alcohol self-administration and cocaine relapse (Wang et al., 2007; Belin and Everitt,
2008; Wang et al., 2010). The dorsal striatum contains AMPAR and NMDAR
glutamatergic receptors. AMPARSs mediate fast synaptic transmission and NMDARSs
control the induction of long-term potentiation (LTP) of AMPAR-mediated synaptic
transmission (Calabresi P, 1992; Partridge JG, 2000; Shen et al., 2008). Recent studies
reported that excessive alcohol exposure induced the phosphorylation of NR2B subunits
of the NMDAR, which results in long-lasting facilitation of GluN2B-containing
NMDAR activity (Wang et al., 2007; Wang et al., 2010). These adaptations enhance
striatal LTP induction and occur preferentially in the DMS (Wang et al., 2007; Wang et
al., 2010). Although striatal glutamatergic activity plays a critical role in regulating
alcohol intake, much remains unknown about where and how glutamatergic receptors
are activated in striatal circuits to promote pathological addiction-related behaviors.
AUD is a psychiatric illness involving a transition from recreational use to
compulsive alcohol-seeking and alcohol-taking (Luscher et al., 2020). This behavioral
transition is proposed to be controlled by alcohol-evoked plasticity. LTP, particularly
NMDAR-dependent LTP, and LTD are synaptic processes underlying learning and
memory (Yin et al., 2007; Luscher and Malenka, 2011; McCool, 2011). Addiction,
including AUD, is generally considered drug-evoked, abnormally enhanced learning and
memory (Luscher and Malenka, 2011; Ma et al., 2018). Medications fail to persistently
prevent alcohol-seeking and relapse, perhaps because they do not reverse the alcohol-

evoked long-term synaptic plasticity, which is thought to be a cellular substrate of



alcohol addiction (Luscher and Malenka, 2011; Ma et al., 2018). Emerging evidence
suggests that such drug-evoked aberrant plasticity shares similar mechanisms with LTP
and LTD, which can reverse one another (Malenka and Bear, 2004; Luscher and
Malenka, 2011; Pascoli et al., 2012; Ma et al., 2018). Thus, mimicking alcohol-evoked
plasticity by inducing LTP, or reversing this plasticity by inducing LTD, will provide a
new understanding of how this plasticity controls alcohol-seeking behavior.

In chapter III, using whole-cell patch-clamp recording, I found that excessive
alcohol consumption selectively potentiated glutamatergic transmission from medial
prefrontal cortex (mPFC) to D1-MSNs (mPFC—>D1-MSNs). To further understand the
role of this corticostriatal plasticity at mPFC->D1-MSNs in reinforcement behaviors, |
mimicked this alcohol-evoked aberrant plasticity via in vivo optogenetic LTP induction.
I found that the corticostriatal plasticity is sufficient to drive reinforcement in rat operant
behaviors. Importantly, I also use in vivo dual-channel optogenetics to selectively
suppressing neural activity within DMS circuits during alcohol self-administration to
better understand how DMS processing underlies alcohol self-administration in real
time. I discovered that reversing alcohol-evoked synaptic plasticity at DI-MSNs using a
behavior-locked LTD-inducing protocol persistently reduced alcohol-seeking behavior.

To test the hypothesis that in vivo LTD induction at the mPFC inputs onto DMS
D1-MSNs leads to a sustained reduction in alcohol-seeking behavior, I combined dual-
channel optogenetics and spike timing-dependent plasticity (STDP) to induce circuit-
specific LTD at the mPFC inputs onto DMS D1-MSNs. The dual channel optogenetic

approach, whereby two channelrhodopsins are expressed, allows me to selectively



control the activity of pre- and postsynaptic components simultaneously by delivering
different wavelengths of light. In the STDP induction, the relative timing of presynaptic
and postsynaptic action potentials determines the direction and strength of synaptic
potentiation or depression. The “post-pre”’-STDP protocol is used for LTD induction, in
which repeated postsynaptic spike arrives a few milliseconds before presynaptic action
potential. Since LTD induction requires both pre- and postsynaptic activity, precise time
control of activation using dual channel optogenetics will provide circuit-specific
induction.
1.5. Excitatory inputs of striatum and their functional organization

The striatum receives and sorts excitatory inputs from the cortex, thalamus, and
amygdala to basal ganglia, and it is involved in diverse psychological functions, e.g.
movement control, action selection and reward-related processes (Hunnicutt et al.,
2016). The striatum can be anatomically and functionally divided into three parts: DMS,
dorsolateral striatum (DLS) and ventral striatum. While all regions participate in
movement control, DMS regulates action-outcome association, goal-directed strategy,
and higher cognitive behaviors, whereas DLS mediated habit in the familiar environment
(Kreitzer and Malenka, 2008; Cheng et al., 2017). The ventral striatum exhibits a
prominent role in reward-related behaviors (Kreitzer and Malenka, 2008; Cheng et al.,
2017). Based on the specific input to striatum, the striatum is thought to contain three
functional domains: sensorimotor, associative and limbic domains, which correspond to
the DLS, DMS and ventral striatum, respectively (Hunnicutt et al., 2016). Although

striatal inputs differentially innervate subregions of striatum, their innervation selectivity



on different striatal neurons is poorly understand. The DMS plays critical roles in goal-
directed behaviors, but DI-MSNs and D2-MSNs provide opposite roles during this
process (Cheng et al., 2017). To fully understand how information flows from striatum
to basal ganglia, we need to know how upstream inputs distinctly innervate the direct-
and indirect-pathway.

In chapter IV, I utilized the recently developed rabies virus-mediated
monosynaptic tracing approach to label brain-wide neurons that project to pDMS D1-
MSNs or D2-MSN:ss. I found that MSN subtypes received asymmetric inputs throughout
the whole brain. These findings lay a foundation for future understanding of how pDMS

sorts information from multiple upstream brain regions to determine the action.

10



CHAPTER II
ALCOHOL INTAKE ENHANCES GLUTAMATERGIC TRANSMISSION FROM D2
RECEPTOR-EXPRESSING AFFERENTS ONTO D1 RECEPTOR-EXPRESSING

MEDIUM SPINY NEURONS IN THE DORSOMEDIAL STRIATUM*

2.1. Overview

Dopaminergic modulation of corticostriatal transmission is critically involved in
reward-driven behaviors. This modulation is mainly mediated by dopamine D1 receptors
(D1Rs) and D2Rs, which are highly expressed in medium spiny neurons (MSNs) of the
dorsomedial striatum (DMS), a brain region essential for goal-directed behaviors and
addiction. D1Rs and D2Rs are also present at presynaptic cortical terminals within the
DMS. However, it is not known how addictive substances alter the glutamatergic
strength of striatal synapses expressing presynaptic dopamine receptors. Using cell type-
specific Cre mice in combination with optogenetic techniques, we measured
glutamatergic transmission at D1R- or D2R-expressing afferents to DMS MSNs. We
found larger excitatory postsynaptic currents at the synapses between the extra-striatal
D2R-expressing afferents and D1R-expressing MSNs (D2->D1), as compared with

those observed at the other tested synapses (D1->D1, D1->D2, and D2->D2).

* Parts of this chapter have been reprinted with permission from “Alcohol intake enhances glutamatergic
transmission from D2 receptor-expressing afferents onto D1 receptor-expressing medium spiny neurons in
the dorsomedial striatum” by Jiayi Lu, Yifeng Cheng, Xuehua Wang, Kayla Woodson, Craig Kemper,
Emily Disney, Jun Wang, 2019. Neuropsychopharmacology, 44, 1123-1131, Copyright [2019] by
Springer Nature.
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Additionally, excessive alcohol consumption induced a long-lasting potentiation of
glutamatergic transmission at the corticostriatal D2->D1 synapse. Furthermore, we
demonstrated that activation of postsynaptic, but not presynaptic, D2Rs inhibited
corticostriatal transmission in an endocannabinoid-dependent manner. Taken together,
these data provide detailed information on the mechanisms underlying dopamine
receptor-mediated modulation of brain reward circuitry.
2.2. Introduction

Dopamine signaling in the corticostriatal circuit is centrally involved in reward-
driven behaviors (Bamford et al., 2018). By acting on different glutamatergic terminals,
striatal dopamine regulates specific excitatory inputs from the cortex and thalamus onto
MSNS, contributing to the selection of appropriate behaviors (Bamford et al., 2018).
Dopaminergic modulation is mainly mediated by D1Rs and D2Rs (Beaulieu and
Gainetdinov, 2011; Wei et al., 2018), which are highly expressed in the DMS, a brain
region essential for goal-directed behaviors and addiction (Lovinger, 2010; Cheng et al.,
2017). DMS MSNs express D1Rs or D2Rs (Kreitzer and Malenka, 2008) and anatomical
evidence indicates that these receptors are present at presynaptic cortical terminals in the
striatum (Wang and Pickel, 2002; Dumartin et al., 2007). These presynaptic receptors
facilitate dopamine-mediated regulation of excitatory signaling to specific striatal
pathways (Bamford et al., 2018). Altered dopaminergic transmission is a common
mechanism underlying drug and alcohol abuse (Koob and Volkow, 2010; Luscher and
Malenka, 2011). However, it is not known how excessive alcohol consumption affects

glutamatergic synapses expressing particular pre- and postsynaptic dopamine receptors.
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The medial prefrontal cortex (mPFC) afferent input to the DMS has been
extensively implicated in drug and alcohol addiction (Balleine and O'Doherty, 2010;
Corbit et al., 2013; Ma et al., 2014). Excessive alcohol exposure has been reported to
enhance glutamatergic responses at mPFC inputs to the DMS (Ma et al., 2017), and this
enhancement was recently shown to contribute to a long-lasting enhancement of alcohol-
seeking and alcohol-taking behaviors (Ma et al., 2018). The neuronal subtypes within the
mPFC can also be distinguished based on their expression of D1Rs and D2Rs (Wei et
al., 2018). However, it is not known how excessive alcohol consumption distinctly alters
DIR- or D2R-expressing mPFC afferents onto striatal MSNs.

In this study, we measured the effects of excessive alcohol intake on
glutamatergic transmission at DMS synapses expressing different pre- and postsynaptic
dopamine receptors. We discovered that synapses containing presynaptic D2Rs and
postsynaptic D1Rs (D2->D1) exhibited stronger glutamatergic connectivity than the
other tested synapses (D1->D1, D1->D2, and D2->D2). Excessive alcohol intake
induced a long-lasting potentiation of glutamatergic transmission at the corticostriatal
D2->D1 synapse. In addition, we demonstrated that D2R-mediated inhibition of
glutamatergic transmission in the DMS is mediated by distinct pre- and postsynaptic
mechanisms. These findings contribute to the elucidation of the detailed mechanisms
underlying the dopaminergic modulation of different brain reward circuitry. Our results
also identified alcohol-evoked circuit-specific plasticity in the DMS, which may

contribute to excessive alcohol consumption.
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2.3. Results
2.3.1. DMS glutamatergic synapses containing different pre- and postsynaptic
dopamine receptors exhibit distinct connectivity

To achieve selective activation of D1R- or D2R-expressing neurons, we crossed
D1-Cre or D2-Cre mice, in which Cre expression was driven by the DIR or D2R
promotor, with a channelrhodopsin-2 (ChR2)-enhanced yellow fluorescent protein
(EYFP) Cre reporter line, Ai32 (Gong et al., 2007; Madisen et al., 2012). We recently
verified that Cre expression in these mouse lines reliably represented D1R- and D2R-
expressing neurons outside the striatum (Wei et al., 2018). In D1-Cre; Ai32 and D2-
Cre;A132 mice, we observed intense expression of EYFP in the dorsal striatum and at the
projection targets of D1-MSNs and D2-MSNs (Figure 2.1 A, B), confirming ChR2
expression in these neurons. We utilized a biophysical approach to identify MSN
subtypes. In D1-Cre;Ai32 mice, D1-MSNs expressed ChR2 and responded distinctly to
2-ms and 500-ms light stimulations (Cruikshank et al., 2010) (Figure 2.2 Ai, B).
Conversely, D2-MSNss in these animals did not express ChR2, but received
glutamatergic afferents expressing D1Rs and ChR2; in these cells, 500-ms light
stimulation did not significantly alter the width of the response to 2-ms light stimulation
(Figure 2.2 Aii, B). The same approach was used to identify D1-MSNs and D2-MSNs in
D2-Cre;Ai32 mice (Figure 2.2 C).

Next, we measured the light-evoked response in the presence of an AMPAR
antagonist, DNQX (10 uM), and found that the responses at D1->D2 and D2-> D1

synapses were completely blocked (Figure 2.2 D, E). In contrast, the light-evoked
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responses of D1->D1 or D2->D2 were partially suppressed due to a large postsynaptic
ChR2-mediated depolarization (Figure 2.2 F). This ChR2-mediated direct depolarization
may cause a space-clamp error, which affects the accuracy of measurements of D1->D1
and D2->D2 connectivity. To overcome this space-clamp issue, we measured the
strontium (Sr?*)-induced asynchronous excitatory postsynaptic currents (aEPSCs)
evoked by light stimulation (Ding et al., 2008; Mateo et al., 2017). We found that the
aEPSC frequency was significantly higher at the D2->D1 synapse than at the other three
synapse types (Figure 2.1 C, D; F(3.49) = 32.88, p < 0.001), and that the aEPSC amplitude
was identical in these four types of synapse (Figure 2.1 C, E; F349) = 0.14, p > 0.05).

The higher aEPSC frequency indicated that the D2->D1 synapse may show the
strongest connectivity. To confirm this, we compared the light-evoked AMPAR-EPSCs
at D1->D2 and D2-> D1 synapses; these can be measured directly, without interference
from postsynaptic ChR2-mediated depolarization (Figure 2.1 F). We found significantly
larger EPSC amplitudes at D2->D1 synapses than at D1->D2 synapses (Figure 2.1 G;
tae) = -2.543, p < 0.05). Lastly, we confirmed that D1-Cre and D2-Cre mice crossed with
reporter lines expressed the same proportions of D1R- and D2R-expressing neurons
(Figure 2.3).

Together, these results suggest that DMS glutamatergic synapses containing
different pre- and postsynaptic dopamine receptors exhibit distinct connectivity, and that

the D2->D1 connectivity is stronger than that of the other tested connections.
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Figure 2.1 Striatal glutamatergic synapses with different pre- and postsynaptic
dopamine receptor expression exhibit distinct strengths.

A, A sagittal section from a D1-Cre;Ai32 mouse counterstained with NeuroTrace red
(NT-Red) showed intense ChR2-EYFP expression in D1-MSNs, and in their projections
to the internal segment of the globus pallidus (GP1) and the substantia nigra pars
reticulata (SNr). Scale bar: 1 mm. The boxed area is presented at higher magnification in
the left-hand panels showing three striatal neurons stained with NT-Red (top); two
neurons (arrowheads) expressing EYFP on the cell membrane (middle), and the merged
image (yellow; bottom). Scale bar: 4 um. B, A sagittal section from a D2-Cre;Ai32
mouse counterstained with NT-Red showed intense ChR2-EYFP expression in D2-
MSNss and in their target, the external segment of the globus pallidus (GPe). Scale bar: 1
mm. The left-hand panels showed two NT-Red-stained striatal neurons (top), one of
which expressed EYFP (middle, arrowhead). Scale bar: 4 pm. C, Sample traces of Sr?*-
induced asynchronous excitatory postsynaptic currents (aEPSCs) at synapses expressing
pre- and postsynaptic D1Rs (D1->D1), presynaptic D1Rs and postsynaptic D2Rs
(D1->D2), presynaptic D2Rs and postsynaptic D1Rs (D2->D1), and pre- and
postsynaptic D2Rs (D2->D2). The EPSCs were evoked by 2-ms 470-nm light in the
presence of 2.5 mM Sr**. D-E, Bar graphs summarizing asynchronous EPSC frequency
(D) and amplitude (E) after light stimulation of D1->D1, D1->D2, D2->D1, and
D2->D2 synapses; ***p < 0.001 versus the other three synapses (D), one-way ANOVA,
post hoc SNK tests; n = 14 neurons, 4 mice (D1->D1); 12 neurons, 4 mice (D1->D2); 13
neurons, 4 mice (D2->D1); 14 neurons, 4 mice (D2->D2). F, Top, schematic of whole-
cell recordings of DMS D2-MSNs in D1-Cre;Ai32 mice (left) and of DMS D1-MSNs
from D2-Cre;Ai32 mice (right). Presynaptic neurons expressed ChR2 on the cell
membrane (represented in green). Bottom, representative traces of light-evoked EPSCs
in the absence and presence of DNQX (10 uM) at D1->D2 (left) and D2->D1 (right)
synapses. Scale bars: 20 ms, 80 pA. G, Bar graphs comparing the amplitudes of
AMPAR-EPSCs at D1->D2 and D2->D1 synapses; *p < 0.05, unpaired t test; n =6
neurons, 5 mice (D1-2>D2); 12 neurons, 6 mice (D2->D1).

16



5"

SNr —

3 3
3 I
aEPSC Frequency (Hz) O
(8]

D2-Cre;Ai32

I
; .

\,}" Striatm

Merge EYFP NT-Red @

<
N
=
N
)
w
o
)

*kk

D2->D2
-~
s
100 m§ >/ N 50 50N 50
OV OV
F G %
=201 . =900 r——
£ Light\,‘: i L|gh%\$¢> < 900
%15- @ GRaC ChR2 E 600
510 DNQX DNQX o5
N—— »
< V %
O L |
3 5 = E(.Csoo
LIJ o
@© _ = O
A 0 55 R AP
NN o @




Figure 2.2 Identification of MSNs and validation of DMS glutamatergic synapses.
A, Left, an illustration showed the whole-cell recording at D1->D1 (i) and D1->D2 (ii)
synapses in DMS slices from D1-Cre;Ai32 mice. Presynaptic D1R-expressing neurons
and postsynaptic D1-MSNs, but not postsynaptic D2-MSNs, expressed ChR2. Right,
representative traces indicated the membrane depolarization recorded in putative DMS
DI1-MSNs (i) and D2-MSNs (i1) in response to 2-ms (black) or 500-ms (red) light
stimulation. Scale bars: 100 ms, 30 pA (A); 100 ms, 200 pA (B). Extended light
stimulation caused significantly different responses in ChR2-expressing D1-MSNs and
ChR2-negative D2-MSNs. B-C, Quantification of the half-width of 2-ms and 500-ms
light-evoked responses in D1- and D2-MSNs from D1-Cre;Ai32 mice (B; n = 14
neurons, 6 mice [D1->D1]; 15 neurons, 6 mice [D1->D2]) and from D2-Cre;Ai32 mice
(C; n= 14 neurons, 5 mice [D2->D1]; 13 neurons, 4 mice [D2->D2]). Note that a
prolonged 500-ms light stimulation caused sustained ChR2-mediated direct
depolarization at D1->D1 and D2->D2 connections, but not at D1->D2 or D2->D1
synapses. ###p < 0.001, two-way RM ANOVA; ***p <0.001, n.s. (not significant), p >
0.05, post hoc SNK test. D-E, Time course of light-evoked responses before and during
bath application of DNQX in putative D1- and D2-MSNs from D1-Cre;Ai32 mice and
D2-Cre;Ai32 mice. DNQX (10 uM) completely abolished light-evoked responses in D2-
MSNs of D1-Cre;Ai32 mice (D; DNQX: 6.18 £ 1.29% of baseline, #5) = 72.82, p <
0.001) or in D1-MSNs of D2-Cre;Ai32 mice (E; DNQX: 7.73 + 0.73% of baseline, #11) =
126.51, p <0.001), indicating exclusive glutamatergic transmission at the D1->D2 and
D2->D1 synapse. In contrast, DNQX caused a partial, but significant reduction of the
light-evoked response in D1-MSNs of D1Cre;Ai32 mice (D; DNQX: 82.08 +2.73% of
baseline, #10) = 6.57, p <0.001) or in D2-MSNs of D2Cre;Ai132 mice (E; DNQX: 87.61
+ 2.39% of baseline, #9) = 5.18, p <0.001). These results suggested that light stimulation
triggered synaptic transmission, which was blocked by DNQX, and direct ChR2-
mediated depolarization at the D1->D1 and D2->D2 synapse. n = 11 slices, 6 mice (D;
D1->D1); 6 slices, 5 mice (D; D1->D2), 12 slices, 6 mice (E; D2->D1), and 10 slices, 8
mice (E; D2->D2). F, Left, sample traces of light-evoked responses in the absence and
presence of DNQX at D1->D1 (top) and D2->D2 (bottom) synapses. Scale bars: 20 ms,
150 pA (top); 20 ms, 200 pA (bottom). Right, bar graphs compared the amplitudes of the
light-evoked D1->D1 and D2->D2 responses in the absence and presence of DNQX, as
well as the change induced by DNQX. n.s., not significant, p > 0.05, two-way RM
ANOVA followed by post hoc SNK test. n = 12 neurons, 6 mice (D1->D1); 10 neurons,
8 mice (D2->D2).
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Figure 2.3 Identical representation of dopamine receptor expression in D1-Cre and
D2-Cre mice.

To compare the reliability of Cre representation of D1R-expressing neurons in D1-Cre
mice and of D2R-expressing neurons in D2-Cre mice, we crossed these mice with a
tdTomato Cre reporter line, Ail4. A-B, Representative fluorescent image (A) and
summarized data (B) for histological comparison. We infused AAV-CAG-Flex-GFP into
the mPFC of D1-Cre;Ail4 (A; left) and D2-Cre;Ai14 mice (A; middle and right), and
prepared coronal sections 10 days after the infusion. A high magnification image of the
viral infusion site of a D2-Cre;Ai14 mouse showed co- expression of GFP and tdTomato
(A; right). Note that the DIR (D1-Cre mice) or D2R (D2-Cre mice) promotor drove Cre
expression to turn on the viral-mediated GFP expression and Ail4-drived tdTomato
expression. Thus, GFP represented neurons that currently expressed DI1Rs or D2Rs,
whereas tdTomato indicated neurons that historically (e.g., during development) and
currently expressed these receptors. Summarized data (B) showed that the percentage of
mPFC neurons co-expressing GFP and tdTomato (yellow) in cells that express tdTomato
(red) did not differ between D1-Cre and D2-Cre mice. Scale bar: 500 um (left and
middle); 15 pm (right). n.s., p > 0.05, unpaired t test; n = 9 sections, 3 mice per group.
C-H, Pharmacological comparison of Cre line efficiency. Red tdTomato-expressing
(tdTomato™) neurons in the mPFC of D1-Cre;Ail4 or D2-Cre;Ail4 mice were recorded
in the current-clamp mode in the presence of DNQX (10 uM), APV (50 uM), and
picrotoxin (100 uM) to block both excitatory and inhibitory synaptic transmission. A
500-ms current step was injected every minute to evoke firing in the absence and
presence of a D1R or D2R agonist. Baseline and post-agonist firing frequencies were
averaged from 1 to 5 min and from 11 to 15 min, respectively. Those neurons with >
20% change in their post-agonist firing were operationally considered as D1R/D2R-
expressing (D1R*/ D2R™) neurons, and the remaining neurons were considered as
DIR/D2R-negative (D1R/D2R") cells. Panel C showed representative DIC (grey) and
fluorescent (red) images of tdTomato” pyramidal cells in the mPFC slice. Scale bar, 20
um. Panel D showed sample traces of membrane potentials in the red DIR" (top) and
DIR" (bottom) cells in response to a step current injection before (left, baseline) and
during (right) bath application of a D1R agonist, SKF 38393 (20 uM) in the D1-
Cre;Ail4 mice. Panel E showed the time course of averaged responses in evoked firing
frequency before and during SKF38393 application in the red DIR" (blue) and DIR"
(black) cells of D1-Cre;Ail4 mice. In 16 neurons from 4 D1-Cre;Ail4 mice, 12 of them
were responsive to D1R agonist application. Sample traces (F) showed evoked firing of
red D2R" (top) and D2R" (bottom) neurons before and during bath application of
quinpirole (20 uM) in D2-Cre;Ai14 mice. Time course of averaged responses in evoked
firing frequency before and during quinpirole application in the red D2R" (orange) and
D2R" (black) cells of D2-Cre;Ai14 mice (G). In 16 neurons from 4 D2-Cre;Ai14 mice,
13 of them were responsive to D2R agonist application. Bar graph (H) summarized the
percentage of tdTomato* neurons responded to the DIR/D2R agonist between D1-
Cre;Ail4 and D2-Cre;Ai14 mice. D1-Cre and D2-Cre mice have identical reliability to
represent the D1R-expressing neurons and D2R-expressing neurons; n.s., p > 0.05; n =
16 neurons, 4 mice per group.
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2.3.2. DMS-projecting extra-striatal neurons preferentially express D2Rs

We next explored the potential mechanism underlying the relatively greater
strength of the DMS D2->D1 synapse. Previous anatomical studies indicated that
cortical fibers in the dorsal striatum contain abundant D2Rs, and fewer D1Rs (Wang and
Pickel, 2002; Dumartin et al., 2007). It was therefore possible that there were more D2R-
expressing fibers, as compared with those expressing the D1R. To test this, we employed
D1-Cre;Snap25 and D2-Cre;Snap25 mice where D1R- and D2R-expressing neurons
expressed green fluorescent protein (GFP), respectively (Figure 2.4 A). A retrograde
virus encoding tdTomato (AAVretro-CAG-tdTomato) was infused into the DMS in
order to label DMS-projecting neurons (Figure 2.4 A). Co-expression of tdTomato and
GFP was visualized as a yellow signal (Figure 2.4 A-D).

We observed that more of the mPFC projections to the DMS expressed the D2R,
as compared with the D1R (Figure 2.4 B). We counted yellow neurons in other extra-
striatal areas of both hemispheres throughout the entire brain. To compensate for
infusion and expression variations, we normalized the number of yellow neurons to the
number of red neurons in the mPFC. This analysis of brain-wide inputs to the DMS
found that significantly more DMS-projecting neurons expressed the D2R, as compared
with the total number of neurons that expressed the D1R (Figure 2.4 E; t4) =-3.03, p <
0.05). Additionally, many individual brain sections contained significantly more D2R-
expressing neurons than D1R-expressing cells (Figure 2.4 F; F(1,130) = 8.92, p < 0.05).
Interestingly, we discovered that the posterior brain regions tended to have more D2R-

than D1R-expressing DMS-projecting neurons (Figure 2.4 G; t4) =-4.03, p <0.05),
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while the anterior regions showed no significant differences between the D1R-
expressing and D2R-expressing cells (Figure 2.4 G; t4) = -2.04, p > 0.05). These data
suggest that extra-striatal D2R-expressing inputs to the DMS are more prevalent than
D1R-expressing inputs, and that presynaptic D2Rs may therefore play a stronger

regulatory role than D1Rs.
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Figure 2.4 DMS-projecting extra-striatal neurons preferentially express dopamine
D2Rs versus D1Rs.

A, Tllustration of the strategy used to target D1R-expressing (D1R*) DMS-projecting
extra-striatal neurons. We employed D1-Cre;Snap25 transgenic mice, where DIR-
expressing neurons were labeled by GFP (green). The AAVretro-CAG-tdTomato was
infused into the DMS of these mice, which labeled DMS-projecting neurons with a red
fluorescent protein, tdTomato. Note that neurons co-expressing tdTomato and GFP were
D1R-expressing DMS-projecting neurons (yellow). B-D, Representative fluorescent
images of D1R-expressing inputs (top) and D2R-expressing inputs (bottom) to the DMS
from the cortex (B and C) and amygdala (D) following viral infusions in the DMS of
D1-Cre;Snap25 and D2-Cre;Snap25 mice as indicated. Boxes (B, right-hand panels)
indicated the zone shown in the left-hand panels (B) at a higher magnification. Note that
the number of yellow neurons was higher in D2-Cre;Snap25 mice than in D1Cre;Snap25
mice, although the numbers of red neurons were identical. Coronal sections were
prepared 10 days after the viral infusion. Scale bar: 30 um (B, left); 500 um (B, right);
700 pm (C); 800 um (D). E, Bar graphs indicated that the total number of extra-striatal
D2R-expressing neurons (D2-neuron) that projected to the DMS was significantly higher
than that of extra-striatal D1R-expressing DMS-projecting neurons (D1-neuron). The
total number of D1-neurons or D2-neurons was normalized to the red neurons in the
mPFC; *p <0.05, unpaired t test, n = 3 mice per group. F, Analysis of the distribution of
D1-neurons and D2-neurons from the anterior to posterior (starting at 3.2 mm relative to
Bregma and continuing in 200-pm steps) identified a significant difference between
these neuronal types; #p < 0.05, two-way RM ANOVA, n = 102 sections, 3 mice per
group. G, Bar graphs comparing the number of D1-neurons and D2-neurons in the
anterior (starting at 3.2 mm and ending at -0.2 mm relative to Bregma, where the
anterior commercial crossed) and posterior (starting at -0.2 mm and ending at -3.6 mm
relative to Bregma) regions; *p < 0.05 (posterior), p > 0.05 (anterior), unpaired t test; n =
3 mice per group.
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2.3.3. Suppression of glutamatergic transmission at distinct DMS synapses via pre-
and postsynaptic D2Rs

D2R-mediated inhibition plays a critical role in modulating corticostriatal
glutamatergic transmission. Although the mechanisms underlying this effect have not
been fully elucidated, they may involve the activation of presynaptic D2Rs on the
glutamatergic terminal (Bamford et al., 2004) and retrograde endocannabinoid (eCB)
signaling via striatal postsynaptic D2Rs (Yin and Lovinger, 2006). To investigate the
effect of presynaptic D2Rs on cortical inputs, we took advantage of the absence of
postsynaptic D2R expression at D2->D1 synapses (Figure 2.5 A). We used paired-
pulsed optical stimulation delivered at a frequency of 20 Hz (Bamford et al., 2004; Yin
and Lovinger, 2006) to activate D2R-expressing afferents, and recorded light-evoked
responses in DMS D1-MSNs of D2-Cre;Ai32 mice before and during the bath
application of a D2R agonist, quinpirole (20 uM). We observed a significant inhibition
of the first EPSC by quinpirole (Figure 2.5 B; 79.56 + 3.78% of baseline; #s) = 5.41, p <
0.001). Moreover, this inhibition was accompanied by a significant increase in the
paired-pulse ratio (PPR) (Figure 2.5 C; baseline, 0.27 £ 0.03; quinpirole, 0.39 + 0.04; 1)
=-6.46, p <0.001), suggesting that quinpirole inhibited EPSCs by decreasing
presynaptic glutamate release (Zucker and Regehr, 2002). We next tested whether the
quinpirole-mediated inhibition required eCB signaling by treating DMS slices with
AM251, a cannabinoid type 1 receptor (CB1R) antagonist. With 3 uM AM251 in the
bath, quinpirole still inhibited EPSCs (Figure 2.5 D; EPSC 1 = 76.43 £ 5.91% of

baseline; 76 = 3.99, p < 0.01). AM251 also failed to prevent the quinpirole-induced
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increase in the PPR (Figure 2.5 E; baseline, 0.29 + 0.03; quinpirole, 0.43 £ 0.04; #¢) = -
8.75, p <0.001). These results indicate that presynaptic D2R signaling suppresses
glutamatergic transmission in an eCB-independent manner.

To determine the role of postsynaptic D2Rs on cortical inputs, we took advantage
of the lack of presynaptic D2R expression at the D1->D2 synapse (Figure 2.5 F). We
recorded D2-MSNs of D1-Cre;Ai32 mice, performed the same experiment as in Figure
2.5 A-E, and observed a similar inhibitory effect of quinpirole. The first EPSC amplitude
was significantly reduced after quinpirole application (Figure 2.5 G; 72.18 & 2.38% of
baseline; #s) = 11.67, p < 0.001), and PPR was significantly increased (Figure 2.5 H;
baseline, 0.26 + 0.04; quinpirole, 0.34 + 0.05; #s) =-4.73, p < 0.01). We next tested
whether postsynaptic D2R-mediated inhibition required retrograde eCB signaling. In the
presence of AM251, quinpirole failed to inhibit D1->D2 EPSCs (Figure 2.5 I; 99.7 +
4.43% of baseline; #5) = 0.07, p > 0.05) or to change PPR (Figure 2.5 J; baseline, 0.27 +
0.05; quinpirole, 0.28 £ 0.05; #s) = -1.64, p > 0.05), indicating that CB1R activation is
necessary for postsynaptic D2R-mediated synaptic depression. Taken together, these
results suggest that D2R-mediated inhibition of glutamatergic transmission in the DMS
involves distinct pre- and postsynaptic mechanisms, and that postsynaptic D2R-mediated

inhibition requires eCB signaling.
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Figure 2.5 Suppression of glutamatergic transmission at different DMS synapses
via pre- and postsynaptic D2Rs.

A, Illustration indicating whole-cell recordings of D2->D1 transmission in D2-Cre;Ai32
mice. D2Rs were selectively expressed at presynaptic terminals, but not in postsynaptic
D1-MSNs. B, Activation of presynaptic D2Rs by bath application of quinpirole (Quin,
20 uM) suppressed the first of two EPSCs induced by paired-pulse (50-ms interval)
stimulation of D2R-expressing inputs; *p < 0.05, paired t test; n=9 slices, 7 mice. The
inset sample traces indicated the light-evoked paired-pulse EPSCs in the absence (1) and
presence (2) of quinpirole. Scale bars: 20 ms, 100 pA. C, Time-course of the PPR (the
second EPSC amplitude divided by the first EPSC amplitude) before and during
quinpirole application; *p < 0.05, paired t test; n = 9 slices, 7 mice. D, Bath application
of AM251 did not affect the quinpirole-induced suppression of the first EPSC; *p <
0.05, paired t test; n = 7 slices, 6 mice. E, Quinpirole-induced increases in the PPR were
also observed in the presence of AM251; *p < 0.05, paired t test; n = 7 slices, 6 mice. F,
[Nlustration showing whole-cell recordings of D1->D2 transmission in D1-Cre;Ai32
mice. D2Rs were selectively expressed in postsynaptic D2-MSNs, but not at presynaptic
terminals. G, Activation of postsynaptic D2Rs by quinpirole suppressed the first of two
EPSCs; *p < 0.05, paired t test; n = 9 slices, 4 mice. The inset sample traces indicate the
two light-evoked EPSCs in the absence (1) and presence (2) of quinpirole. Scale bars: 20
ms, 50 pA. H, Time-course of the PPR before and during quinpirole application; *p <
0.05, paired t test; n = 9 slices, 4 mice. I, AM251 bath application abolished quinpirole-
induced synaptic suppression; p > 0.05, paired t test; n = 9 slices, 5 mice. J, AM251
abolished quinpirole-induced increases in the PPR; p > 0.05, paired t test; n = 9 slices, 5
mice.
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2.3.4. Excessive alcohol consumption causes a long-lasting potentiation of
glutamatergic transmission at the DMS D2->D1 synapse

Altered dopaminergic transmission is the common mechanism underlying drug
and alcohol abuse. To investigate how excessive alcohol intake alters D2->D1 and
D1->D2 synaptic transmission, D2-Cre;Ai32 and D1-Cre;Ai32 mice were trained to
consume 20% alcohol for 8 weeks using the intermittent-access two-bottle choice
drinking procedure (Wang et al., 2015; Cheng et al., 2017; Cheng et al., 2018; Wei et al.,
2018). As shown in Table 2.1, these mice consumed high levels of alcohol, and the
drinking levels were identical between the two mouse lines (Table 2.1; ¢ = 0.58, p >
0.05). The water control mice underwent the same treatment, but without alcohol
exposure. Twenty-four hours after the last alcohol exposure, we prepared DMS slices
and measured light-evoked AMPAR-mediated EPSCs in MSNs. We found that the
amplitude of D2->D1 EPSCs was significantly higher in the alcohol-drinking group than
in the water controls (Figure 2.6 A; F(184)=10.01, p <0.01). Additionally, excessive
alcohol intake produced a long-lasting (9 days) increase in AMPAR-EPSCs (Figure 2.6
A; Fa,1000=7.93, p <0.01). In contrast, the amplitude of D1->D2 EPSCs was identical
in both alcohol and water groups (Figure 2.6 B; F(1,116) = 0.57, p > 0.05). Interestingly,
we also discovered that excessive alcohol intake caused a long-lasting decrease in PPR
at the D2->D1 synapse (Figure 2.6 C; 24-h withdrawal, 71y = 2.432, p < 0.05; 9-d
withdrawal, 726) = 2.648, p < 0.05); this effect was not observed at the D1>D2
connection (Figure 2.6 D; #22) = - 0.318, p > 0.05). Since the PPR is inversely correlated

with transmitter release probability (Zucker and Regehr, 2002), this reduction in PPR
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indicated that the alcohol-induced enhancement of D2->D1 connectivity was mediated,
at least in part, by an increased glutamate release. Collectively, these data demonstrate
that excessive alcohol consumption persistently enhances glutamatergic transmission at
the D2->D1 synapse of the DMS.

In the striatum, D2Rs are also expressed in cholinergic interneurons (CINs) and
dopaminergic fibers (Kreitzer and Malenka, 2008; Oldenburg and Ding, 2011), leading
to ChR2 expression by these cells in D2-Cre;A132 mice. Glutamate (Higley et al., 2011),
acetylcholine, and dopamine might be released during light stimulation. However, we
found that glutamatergic transmission from CINs to MSNs represented a small
proportion of the overall D2->D1 transmission (Figure 2.7 A-C), suggesting that most
D2->D1 synapses involved extra-striatal neurons. The light-evoked release of
acetylcholine and dopamine was unlikely to influence the observed glutamatergic

D2->DI1 transmission (Figure 2.7 D-E).
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Figure 2.6 Excessive alcohol consumption causes a long-lasting potentiation of
glutamatergic D2—D1 transmission.

A, Excessive alcohol intake persistently increased the amplitude of AMPAR-mediated
EPSCs at the D2->D1 connection. Whole-cell recordings were performed 24 h or 9 d
after the last alcohol exposure. Left, illustration indicating that optical stimulation of
ChR2-expressing D2R-expressing inputs in D2-Cre;Ai32 mice activated D2->D1
glutamatergic transmission. Middle, the representative traces of AMPAR-EPSCs evoked
by a range of optical stimulation intensities in slices from alcohol-drinking mice (EtOH)
and water controls. Scale bar: 10 ms, 100 pA. Right, input-output curves of optical
AMPAR-EPSCs at the D22 D1 synapse from mice exposed to alcohol with 24 h
withdrawal (EtOH_24 h W/D), alcohol with 9 d withdrawal (EtOH_9 d W/D), or water
only; #p < 0.01, two-way RM ANOVA; *p < 0.05; **p <0.01; ***p <0.001 EtOH 24 h
W/D versus water group at the same stimulation intensities; post hoc SNK test; n = 12
neurons, 6 mice (Water); 11 neurons, 5 mice (EtOH_24 h W/D); and 15 neurons, 5 mice
(EtOH_9 d W/D). B, Excessive alcohol intake did not alter the amplitude of D1->D2
AMPAR-EPSCs. Left, illustration indicating that light stimulation of ChR2 expressed at
presynaptic terminals of extra-striatal D1R-expressing neurons in D1-Cre;Ai132 mice
triggered D1->D2 glutamatergic transmission. Middle, sample traces of AMPAR-EPSCs
evoked by the indicated optical stimulation intensities in slices from alcohol- drinking
mice and water controls. Scale bar: 10 ms, 80 pA. Right, the input-output curves of
D1->D2 AMPAR-EPSCs from the indicated study groups; p > 0.05, versus same
intensities in the water group, two-way RM ANOVA; n = 15 neurons, 7 mice (Water);
16 neurons, 7 mice (EtOH). C, Excessive alcohol intake increased the glutamate release
probability at D2->D1 synapses. PPRs were calculated by comparing paired AMPAR-
EPSCs induced by two optical stimuli, delivered at a 100-ms interval. Bar graph
summarizing PPRs in the indicated groups; *p < 0.05, unpaired t test; n = 12 neurons, 4
mice (Water); 11 neurons, 6 mice (EtOH_24 h withdrawal); 16 neurons, 5 mice
(EtOH_9 d withdrawal). The inset shows paired AMPAR responses in the water and
alcohol groups. Scale bar: 20 ms, 50 pA. D, Excessive alcohol intake did not change the
glutamate release probability at D1->D2 synapses. Bar graph comparing the
corresponding mean PPRs in the indicated groups; p > 0.05, unpaired t test; n = 12
neurons, 5 mice per group. The inset shows paired AMPAR responses in the water and
alcohol groups. Scale bar: 20 ms, 50 pA.
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Figure 2.7 The effect of DMS D2R-expressing cholinergic interneurons and
dopaminergic terminals on glutamatergic transmission at the D2-D1 synapse
during light stimulation.

A, Schematic illustration showed light stimulation and recording arrangement in
ChatCre;Ai32 mice. B, Left, sample traces of light-evoked CIN-mediated responses in
MSNss in the absence (1) and presence (2) of glutamatergic transmission antagonists,
DNQX (10 uM) and APV (50 uM). Scale bars: 40 ms, 5 pA. Right, the time course of
light-evoked responses during bath application of DNQX and APV; p <0.05, paired t
test; n = 6 slices, 3 mice. C, Bar graph showed a significantly smaller glutamatergic
transmission from CINs to MSNs than overall D2R-expressing neurons to DI-MSNs in
the DMS; ***p < (0.001, unpaired t test; n = 8 neurons, 3 mice (CIN->MSN); 12
neurons, 6 mice (D2->D1). Grey bar graph indicated the data from Figure 2.1 G as
reference. Note that light stimulation intensity was 20-fold stronger in recordings of
CIN->MSN than that in D2->D1. D-E, No detectable impact of acetylcholine receptors
and dopaminergic fibers on glutamatergic transmission at the D2->D1 connection during
optical stimulation in the D2-Cre;Ai32 mice. The input-output relationship for AMPAR-
EPSCs and PPR were measured in the absence and presence of a cocktail of antagonists
of the DIR (SCH 23390, 10 uM), the D2R (sulpiride, 20 uM), the muscarinic
acetylcholine receptor (scopolamine, 10 pM), and the nicotinic acetylcholine receptor
(mecamylamine, 10 uM; methyllycaconitine citrate, 50 nM). The antagonist cocktail did
not significantly affect the input-output relationship for D2->D1 AMPAR-EPSCs (D;
F34y=0.08, p > 0.05; versus the same intensity in the group without antagonists, two-
way RM ANOVA; n = 12 neurons, 6 mice [antagonists -]; 11 neurons, 4 mice
[antagonists +]) or the PPRs (E; #22)= 0.50, p > 0.05, unpaired t test; n = 12 neurons, 4
mice per group). Grey line (D) and bar graph (E) indicated the data from water group in
Figure 2.4 A and Figure 2.4 C as reference. PPR were evoked by two optical
stimulations at a 100-ms interval.

34



A B PTX+Scop+Mec+MLA
1 2 150
” m - DNQX+APV
5 100- ?.¢+.+. ..................
= +. 0¢+
S 1
CIN g 501 +
o
H J 8 0 ‘+.......
MSN 0 10 20
Time (min)
C *k%k D
9009 —m— gg_ -@- Antagonist (-) 0.6 1
. ‘51 0001o- Antagonist (+)
S 600 2 0.4
3 Q &
E 2 5001 &
2 300 ; 0.2 1
£ %
=
J = . 0.0-
2mwW 0.1 mw 03 .06 .09 .12 N (-\\5\\*\
CIN->MSN D2->D1 Sti. Intensity (mW) P\‘@Q’ow\'&o

35



2.3.5. The strong mPFC D2R-expressing input onto DMS D1-MSN:s is potentiated
by excessive alcohol consumption

The data shown in Figure 2.1 indicated that glutamatergic transmission from
brain-wide D2R-expressing afferents onto D1-MSNs was stronger than that observed at
the other tested connections. However, we also wished to investigate the strength of
D2R-expressing afferents from the mPFC onto this neuronal type. Additionally, we
recently found that excessive alcohol consumption increased AMPAR activity at the
mPFC input to the DMS (Ma et al., 2017). To access the D2R-expressing mPFC input, a
Cre-dependent Chronos-expressing AAV (Klapoetke et al., 2014) was infused into the
mPFC of D2-Cre;Ail4 mice (Figure 2.8 A), which express Cre and tdTomato in D2-
MSNs and in mPFC D2R-expressing neurons (Cheng et al., 2017; Wei et al., 2018). The
expression of Chronos was indicated by the presence of GFP, which was restricted
selectively to D2R-expressing (red) mPFC neurons (Figure 2.8 B). Infusion of AAV-
Flex-Chronos-GFP caused intense green fluorescent labeling of mPFC D2R-expressing
afferents in the DMS (Figure 2.8 C). DMS D2-MSNs were identified by the red
fluorescence of tdTomato (Figure 2.8 C) and any non-fluorescent striatal MSNs were
therefore considered as putative D1-MSNs. Whole-cell recordings were performed from
these two types of MSN. Similar to the D2->D1 connection in D2-Cre;Ai32 mice, bath
application of DNQX (10 uM) and an NMDAR antagonist (APV, 50 uM) completely
abolished light-evoked activity at the mPFC D2R-expressing inputs onto both DMS D1-
MSNss (Figure 2.8 D) and D2-MSNs (Figure 2.8 E), suggesting that they were

glutamatergic. To compare the glutamatergic strength of D2->D1 and D2->D2
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connections, we measured light-evoked AMPAR-EPSCs in D2-Cre;Ail4 mice. We
found that the amplitudes of AMPAR-EPSCs were significantly higher in the D2->D1
group than in the D2->D2 group (Figure 2.8 F; F(1,112) = 4.95, p < 0.05). These results
indicate that mPFC D2R-expressing inputs distinctly control D1-MSNs and D2-MSNss,
with a stronger glutamatergic connection between mPFC D2R-expressing neurons and
DMS D1-MSNs.

Lastly, we explored the effect of excessive alcohol intake on AMPAR-mediated
EPSCs at mPFC D2R-expressing inputs onto DMS D1- or D2-MSNs. D2-Cre;Ail14 mice
with mPFC infusion of AAV-Flex-Chronos-GFP were trained to consume high levels of
alcohol (Table 2.1), as described above. Twenty-four hours after the last alcohol
exposure, we prepared DMS slices and measured light-evoked EPSCs in DMS D1-
MSNs and D2-MSNs. We found that excessive alcohol intake selectively potentiated
AMPAR-EPSCs at D2R-expressing mPFC inputs onto DMS D1-MSNs (Figure 2.8 G;
F,112)=8.36, p <0.01). In contrast, excessive alcohol intake did not alter EPSCs at
D2R-expressing mPFC inputs onto DMS D2-MSNs (Figure 2.8 H; F1,112) = 0.46, p >

0.05).
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We also investigated whether excessive alcohol intake altered presynaptic
glutamate release. A marginally lower PPR was observed at the D2->D1 synapse of the
mPFC-DMS pathway in alcohol-drinking mice, as compared with the water controls
(Figure 2.8 I; t28y = 1.77, p = 0.087). However, the PPR at the D2->D2 synapse did not
differ between the alcohol and water groups (Figure 2.8 I; #28) = -0.22, p > 0.05). These
data suggest that excessive alcohol intake may increase the probability of glutamate
release selectively at the mPFC D2R-expressing afferents onto D1-MSNs. In summary,
these results suggest that excessive alcohol intake enhances AMPAR-mediated
glutamate transmission selectively at the D2->D1 synapse within the mPFC-DMS

pathway.
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Figure 2.8 The strong mPFC D2R-expressing input onto DMS D1-MSN:s is
potentiated by excessive alcohol consumption.

A, Illustration depicting the infusion of AAV-Flex-Chronos-GFP into the mPFC of D2-Cre;Ai14 mice,
resulting in selective expression of Chronos in mPFC D2R-expressing neurons, but not D1R-expressing
neurons. The expressed Chronos (green) was trafficked down to the mPFC terminals within the DMS.
Optical stimulation exclusively activated glutamatergic transmission from mPFC D2R-expressing inputs
onto DMS D1-MSNs (D2->D1) or D2-MSNs (D2->D2). D2-MSNs were identified by their expression of
tdTomato. The tdTomato-negative striatal neurons were considered as putative D1-MSNs. B,
Representative images of the mPFC infusion site. Coronal sections were prepared 8 weeks after the viral
infusion. The section was counterstained with NeuroTrace blue (NT-Blue). Infusion of AAV-Flex-
Chronos-GFP caused intense green fluorescent labeling at the injection site (left). Scale bar: 500 um. The
boxed area is presented at higher magnification in the right-hand panels. All mPFC neurons were stained
with NT-Blue (B1). D2-neurons expressed tdTomato (red), and the arrows indicate D2R-negative cells
(B2). AAV-Flex-Chronos-GFP was selectively expressed in D2R-expressing neurons (B3, stars). Stars
indicate the Chronos-expressing tdTomato-positive neurons. Arrows indicate that tdTomato-negative cells
did not express Chronos. Scale bar: 10 um. C, Sample images of Chronos-expressing mPFC fibers in the
DMS (left). The striatal neurons from the indicated box are shown on the right. All neurons were blue-
stained (C1). D2-MSN:ss (stars) expressed red tdTomato and putative D1-MSNs are indicated by arrows
(C2). Green mPFC afferents innervated striatal neurons (C3). The merged image (C4) shows green fibers
surrounded by both D2-MSNs (red and blue) and putative D1-MSNs (blue). Scale bar: 500 um (left), and
7 um (right). D, Verification of glutamatergic transmission at D2->D1 synapses. Illustration indicating the
whole-cell recordings performed on D1-MSNs. Synaptic transmission was triggered by optical stimulation
of Chronos-expressing D2R-expressing inputs from the mPFC. The light-evoked responses were
completely abolished by bath application of the AMPAR antagonist, DNQX (10 uM), and the NMDAR
antagonist, APV (50 uM); DNQX + APV: 4.00 £+ 0.73% of baseline, #9) = 131.27, p < 0.05, paired t test; n
= 10 slices, 8 mice. The inset sample traces indicate the light-evoked responses in D1-MSNss at baseline
(1) and after infusion of DNQX and APV (2). Scale bars: 20 ms, 40 pA. E, Verification of glutamatergic
transmission at D2->D2 synapses. [llustration showing that light-evoked responses were recorded from
D2-MSNs. Bath application of DNQX and APV completely blocked these light-evoked responses; DNQX
+ APV: 5.43 + 0.89% of baseline, #9) = 106.82, p < 0.05, paired t test; n = 10 slices, 8 mice. The inset
sample traces indicate the light-evoked responses in D2-MSNss before (1) and after (2) infusion of DNQX
and APV. Scale bars: 20 ms, 25 pA. Note that there was no ChR2 expression in the D2-MSNs of D2-
Cre;Ail4 mice. Therefore, blockade of glutamatergic transmission completely abolished the light-evoked
response, in contrast to the partial D2->D2 inhibition in D2-Cre;Ai32 mice. F, AMPAR-mediated EPSCs
were significantly larger at the D2->D1 connection than at the D2->D2 synapse. Left, Representative
traces of the responses evoked in DMS D1- and D2-MSNs by a range of stimulation intensities. Scale
bars: 10 ms, 30 pA. Right, The corresponding input-output curves; #p < 0.05; *p < 0.05; **p < 0.01 versus
water group at the same stimulation intensities, two-way RM ANOVA followed by SNK test; n=15
neurons, 5 mice per group. G, Excessive alcohol intake significantly increased the amplitude of AMPAR-
mediated EPSCs from the mPFC D2-inputs onto D1-MSNs. The input-output curves of D2->D1 AMPAR-
EPSCs were measured at a range of stimulation intensities in the water and alcohol (EtOH)-drinking
groups; #p < 0.05, two-way RM ANOVA; *p <0.05; **p <0.01; ***p <(0.001 versus water group at the
same stimulation intensities, post hoc SNK test; n = 15 neurons, 5 mice per group. H, Excessive alcohol
intake did not alter the AMPAR-mediated D2-MSN response to mPFC D2-inputs. The input-output curves
of D2->D2 AMPAR-EPSC were measured at the indicated stimulation intensities; p > 0.05, two-way RM
ANOVA; n = 15 neurons, 5 mice per group. I, Excessive alcohol consumption caused a marginal
reduction in PPR at the D2->D1 connection, but not at the D2->D2 connection. Bar graphs comparing
PPRs in the indicated groups; p = 0.087, unpaired t test; n = 15 neurons, 5 mice per group (D2->D1); p >
0.05, unpaired t test; n = 15 neurons, 5 mice per group (D2->D2). Inset, representative AMPAR-EPSC
traces induced by two optical stimuli delivered at a 100-ms interval in the water and EtOH groups. Scale
bars: 30 ms, 30 pA (D2->D1); 30 ms, 15 pA (D2->D2).
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Table 2.1 Comparison of levels of alcohol consumption in transgenic mice used.

Mouse lines Alcohol intake (g/kg/24h)
D2-Cre;Ail4 19.97+3.24 n=>5
D1-Cre;Ai32 19.14 £2.31 n="7
D2-Cre;Ai32 19.22 +1.88 n=11

All mice were exposed to alcohol using the intermittent access to 20% alcohol 2-bottle-
choice drinking procedure. The levels of alcohol intake were the averaged values of the
last 3 drinking sessions. There was no significant difference in alcohol intake among
mouse lines; p > 0.05, one-way ANOVA.
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2.4. Discussion

The present study dissected glutamatergic afferents to the striatum based on their
dopamine receptor expression, and it revealed that the glutamatergic connection between
presynaptic D2R-expressing afferents and DMS D1-MSNs was stronger than that of the
other three tested connections. This uneven synaptic strength may result in differential
dopaminergic modulation of glutamatergic transmission. Additionally, we discovered
that postsynaptic D2R-mediated suppression of glutamatergic transmission required eCB
signaling, whereas presynaptic D2Rs mediated eCB-independent suppression. Our
results contribute to the clarification of previous controversial findings relating to the
role of the D2R in inhibitory presynaptic filtering of cortical inputs. Lastly, we found
that excessive alcohol intake selectively strengthened glutamatergic transmission at the
D2->D1 synapse, suggesting that this circuit may play a critical role in the pathogenesis
of alcohol use disorder.
2.4.1. Glutamatergic connectivity at DMS synapses with distinct pre- and
postsynaptic dopamine receptors

Dopamine is a key player in brain reward circuitry (Bamford et al., 2018).
Investigations of cortical inputs onto MSNs have demonstrated that a major role of
dopamine is to promote transient shifts in the balance between the direct and indirect
striatal pathways of the basal ganglia during reward-driven behaviors (Kravitz et al.,
2012; Bamford et al., 2018). Modulation of presynaptic filtering by dopamine may be
critical in the determination of which cortical and thalamic signals are transduced by the

appropriate excitatory striatal synapses during learning. Since D1Rs and D2Rs are major
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dopamine receptors in the corticostriatal pathway, we employed D1-Cre;Ai32 and D2-
Cre;Ai32 mice to dissect the circuitry into at least four types of synapse: D1->D1,
D1->D2, D2->D1, and D2->D2.

In both brain-wide and mPFC studies, we found that glutamatergic D2-> D1
transmission was stronger than that observed at the tested connection. It is known that in
the dorsal striatum, D2Rs are more prevalent than D1Rs presynaptically at corticostriatal
projections (Wang and Pickel, 2002; Dumartin et al., 2007; Bamford et al., 2018). This
may explain our findings indicating that D2R-expressing inputs were stronger than D1R-
expressing afferents in the DMS. However, our observation that the D2->D1 connection
was stronger than the D2->D2 synapse indicated a difference at the postsynaptic site.
Midbrain dopamine neurons predominantly fire at a low frequency, and such tonic
activity builds up the basal level of dopamine in the striatum (Bamford et al., 2018). This
tonic dopamine inhibits D2-MSNs via postsynaptic D2Rs. When the glutamatergic and
dopaminergic inputs are activated at high frequency, eCB is preferentially generated in
the D2-MSNss; this eCB suppresses presynaptic glutamate release onto D2-MSNs
(Bamford et al., 2018). Additionally, at the behavioral level, the striatal circuit plays a
dual role in the modulation of action initiated by the cortical inputs, by reinforcing the
currently selected action via the direct pathway and suppressing potentially conflicting
actions via the indirect pathway (Cui et al., 2013). Therefore, the intrinsically stronger
D2->D1 circuit (as compared with the D2->D2 synapse) in the DMS may provide a
mechanism for processing information through dopamine-dependent activation of the

specific direct pathway in order to procure a reward. The current study only investigated
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four types of dopamine receptor-based pathways. Although neurons expressing D1Rs or
D2Rs were highly segregated in the cortical and striatal regions, some co-localization
was observed (Cheng et al., 2017; Wei et al., 2018). Co-expressed D1Rs and D2Rs can
form heterodimers, which contribute to addiction and schizophrenia (Perreault et al.,
2014). Due to the limitations of our transgenic animals, the influence of this
subpopulation on the corticostriatal pathway remains to be determined.
2.4.2. Alcohol-evoked circuit-specific plasticity

Accumulating evidence suggests that exposure to addictive substances, including
alcohol, potentiates AMPAR-mediated responses in D1-MSNs, but not D2-MSNs
(MacAskill et al., 2014; Wang et al., 2015; Cheng et al., 2017). Our current findings
were consistent with this, with no alcohol-related changes observed in D2-MSNs.
Importantly, D1-MSNs with inputs from extra-striatal neurons expressing D2Rs, such as
mPFC D2-neurons, did exhibit marked alterations after repeated alcohol exposure. It is
not fully clear why chronic alcohol exposure selectively potentiates the glutamatergic
connectivity of D2->D1, while not affecting other synapses. Our observation of a
decreased PPR indicated that this potentiation was mediated, at least in part, by an
increase in presynaptic glutamate release. Presynaptic terminals are known to express
D2Rs (Wang and Pickel, 2002), and their activation by tonic dopamine is reported to
inhibit glutamate release (Kuei-Sen Hsu, 1995; Yin and Lovinger, 2006). The basal
dopamine level is reported to decline gradually after a prolonged period of excessive
alcohol drinking and withdrawal cycles (Barak et al., 2011; Trantham-Davidson and

Chandler, 2015). The D2R is a high-affinity dopamine receptor that is classically
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assumed to inhibit neuronal activity via Ga; protein or B-arrestin (Xing et al., 2016).
Activation of D2R also blocks excitatory currents by recruiting Akt-GSK3 signaling (Li
et al., 2016). The decreased basal dopamine level may reduce D2R-mediated
suppression of D2-> D1 signaling, which may consequently enhance glutamatergic
transmission within this pathway and thus contribute to excessive drinking behavior.
2.4.3. D1-Cre and D2-Cre mouse lines

To achieve specific stimulation of extra-striatal inputs, we used D1-Cre and D2-
Cre lines crossed with an optogenetic reporter mouse line. One limitation of this
approach is that the representation of D1R-expressing neurons in the D1-Cre mouse and
of D2R-expressing neurons in D2-Cre mouse might not be equally reliable. However,
we compared the Cre efficiency of D1-Cre and D2-Cre mice, and the results suggested
that these mouse lines showed equivalent levels of dopamine receptor expression. Thus,
the observed difference in glutamatergic strength is highly likely to relate to intrinsic
differences in the pathways, rather than to Cre line efficiency differences in D1-Cre and
D2-Cre mice.

In conclusion, we demonstrated that inputs to the DMS can be classified in a cell
type-specific manner and that the strengths of their glutamatergic connections with two
types of MSN were not identical. The connection between corticostriatal D2R-
expressing inputs and D1-MSNs was stronger than that of the other three tested
connections and was selectively potentiated by excessive alcohol intake. The elucidation
of this alcohol-evoked circuit-specific plasticity could contribute to the identification of

new neuronal therapeutic targets for the treatment of alcohol use disorder.
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2.5 Materials and methods
2.5.1. Reagents

AAV-Flex-Chronos-GFP, AAV-CAG-flex-GFP (Klapoetke et al., 2014), and
retrograde AAVretro-CAG-tdTomato were purchased from the University of North
Carolina Vector Core. All reagents were obtained from Sigma except DNQX (Abcam)
and APV (R&D Systems).
2.5.2. Animals

Drdla-Cre (D1-Cre) and Drd2-Cre (D2-Cre) mice were obtained from the
Mutant Mouse Regional Resource Center. Ai32, Ail4, and Snap25 mice were purchased
from the Jackson Laboratory. D1-Cre and D2-Cre mice were crossed with Ai32, Ail4,
or Snap25 mice to obtain D1-Cre;Ai32, D2-Cre;Ai32, D1-Cre;Ail4, D2-Cre;Ail4, D1-
Cre;Snap25, and D2-Cre;Snap25 mice. Mouse genotypes were determined by PCR
analysis of Cre or the fluorescent protein in tail DNA (Cre for D1-Cre and D2-Cre mice;
EYFP for Ai32 mice; tdTomato for Ai14 mice; GFP for Snap25 mice (Cheng et al.,
2017; Wei et al., 2018)). Male mice (3-6 months-old) were used in this study. Mice were
housed in a temperature- and humidity-controlled vivarium with a 12-h light/dark cycle
(lights on at 11:00 P.M.). Food and water were available ad libitum. All animal care and
experimental procedures were approved by the Texas A&M University Institutional
Animal Care and Use Committee.
2.5.3. Stereotaxic infusion

Animals were anesthetized with 3-4% isoflurane at 1.0 L/min and mounted in a

stereotaxic surgery frame. The head was leveled, and craniotomy was performed using
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stereotaxic coordinates adapted from the mouse brain atlas (Franklin and Paxinos, 2007).
AAV-Flex-Chronos-GFP (Figure 2.8) or AAV-CAG-Flex-GFP (Figure 2.2) was
bilaterally infused at the mPFC of D1-Cre;Ail4 and D2-Cre;Ail4 mice (AP, +1.94 mm;
ML, + 0.25 mm; DV, -2.5 mm from the Bregma). AAVretro-CAG-Tdtomato was
bilaterally infused into the DMS (AP1, +1.18 mm; ML1, +1.3 mm; DV1, -2.9 mm; AP2,
+0.38 mm; ML2, +1.67 mm; DV2, -2.9 mm from the Bregma) of D1-/D2-Cre;Snap25
mice. A volume of 0.3 uL/site (mPFC) and 0.5 pL/site (DMS) of the virus was infused at
a rate of 0.1 uL/min. The injectors were left in place for an additional 5-10 min before
removal. The scalp incision was then sutured, and the animals were returned to their
home cage for recovery.
2.5.4. Intermittent-access to 20% alcohol two-bottle-choice drinking procedure

To establish high levels of alcohol consumption in mice, we utilized the
intermittent-access to 20% alcohol two-bottle-choice drinking procedure (Wang et al.,
2015; Cheng et al., 2017; Cheng et al., 2018; Wei et al., 2018). D1-Cre;Ai32, D2-
Cre;A132, and D2-Cre;Ai14 mice were given three 24-h sessions per week (Mondays,
Wednesdays, and Fridays) of free access to two bottles containing water or 20% alcohol,
with 24-h and 48-h withdrawal periods (Tuesdays, Thursdays, Saturdays, and Sundays).
During the withdrawal periods, the mice had access to two bottles of water. The
placement of the alcohol bottle was alternated for each drinking session to control for
side preferences. Control animals were treated in the same manner, except that they were

presented with water only. This procedure was followed for 8 weeks.
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2.5.5. Electrophysiology

Slice preparation. Animals were euthanized and 250-pm coronal sections
containing the DMS or mPFC (Figure 2.2) were prepared in an ice-cold cutting solution
containing (in mM): 40 NaCl, 148.5 sucrose, 4 KCl, 1.25 NaH,PO4, 25 NaHCO3, 0.5
CaCly, 7 MgCly, 10 glucose, 1 sodium ascorbate, 3 sodium pyruvate, and 3 myo-inositol
saturated with 95% O» and 5% COa. Striatal slices from alcohol-drinking mice were
prepared twenty-four hours or nine days after the last alcohol-drinking session. Slices

were then incubated in a 1:1 mixture of the cutting solution and external solution at 32°C

for 45 min. The external solution was composed of the following (in mM): 125 NacCl,
4.5 KCl, 2.5 CaCly, 1.3 MgCl,, 1.25 NaH2PO4, 25 NaHCO3, 15 glucose, and 15 sucrose
saturated with 95% O» and 5% COs.. Slices were then maintained in the external solution
at room temperature until use.

Whole-cell recordings. All recordings were conducted at 32°C and perfused with
the external solution at a rate of 2-3 mL/min. Picrotoxin (100 uM) was included in the
external solution of all recordings to block GABAAx receptor-mediated transmission.
Fluorescent axonal fibers and neurons were visualized using an epifluorescent
microscope (Examiner Al, Zeiss). D1- and D2-MSNs of D2-Cre;Ail4 mice, mPFC
neurons of D1-/D2-Cre;Ai14 mice were identified by fluorescence of tdTomato. A
biophysical approach was used to distinguish D1- and D2-MSNs in D1-Cre;Ai32 or D2-
Cre;A132 mice (see Figure 2.2 A-C for details). MSNs were clamped at -70 mV. The
pipette solution contained (in mM): 119 CsMeSQs, 8 tetracthylammonium chloride, 15
4-(2-hydroxyethyl) pipera-zine-1-ethanesulfonic acid (HEPES), 0.6 ethylene glycol
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tetra-acetic acid (EGTA), 0.3 Na;GTP, 4 MgATP, 5 QX-314, and 7 phosphocreatine,
with an osmolarity of ~280 mOsm/L. The pH was adjusted to 7.3 with CsOH. For
selective stimulation of inputs from channelrhodopsin-expressing fibers onto DMS
neurons, 470-nm light was delivered through the objective lens for 2 ms. To generate
input-output curves for AMPAR-mediated EPSCs, currents generated in response to
stimulation at increasing intensities were recorded. The PPR was calculated using two
EPSCs that were activated by paired two optical stimulation delivered at 50 or 100 ms
apart. In recordings where Ca** was replaced with Sr**, AMPAR-mediated quantal
events were collected during 50-500 ms after each stimulus (delivered once every 30 s)
in an external solution containing APV (50 uM), 2.5 mM Sr?*, and 0 Ca*" (Ding et al.,
2008; Mateo et al., 2017). Quantal events were analyzed using MiniAnalysis software
(Synaptosoft) with detection parameters set at > 5 pA amplitude. For each cell, at least
30 trials were taken.

mPFC neurons were clamped at -60 mV with electrodes containing (in mM): 123
potassium gluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP, 0.3 NaGTP, pH 7.2-7.3,
corresponding to an osmolarity of ~280 mOsm. mPFC cells with red fluorescence were
recorded in the presence of DNQX (10 uM), APV (50 uM), and picrotoxin (100 uM) to
block both excitatory and inhibitory synaptic transmission. A 500-ms current step was
injected every minute to evoke firing. The baseline excitability was maintained for 5 min
before D1 agonist or D2 agonist application for 10 min. Baseline firing was calculated
from 1 to 5 minutes, and post-agonist (D1 or D2) firing was averaged from 11 to 15

minutes.
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2.5.6. Histology and cell counting

Mice were intracardially perfused with 4% paraformaldehyde in phosphate-
buffered saline. The brains were removed and post-fixed overnight in 4%
paraformaldehyde at 4°C prior to dehydration in a 30% sucrose solution. The brains
were cut into 50-pm coronal or sagittal sections using a cryostat. The sections (Figure
2.1 A, 2.1B,2.5B, and 2.5 C) were stained with NeuroTrace Red or NeuroTrace Blue
(1:100). Fluorescent images were acquired using a confocal microscope (FluoView
1200, Olympus, Tokyo, Japan) and analyzed using IMARIS 8.3.1 (Bitplane, Ziirich,
Switzerland), as previously reported (Cheng et al., 2017; Wei et al., 2018). Cell counting
was performed in 12 double transgenic mice (Figure 2.4, D1-Cre;Snap25 and D2-
Cre;Snap25; Figure 2.3, D1-Cre;Ail4 and D2-Cre;Ai14). In each brain region, a total of
33-35 brain sections were imaged from each mouse. Counting of green and red neurons
were conducted using Imaris 8.3.1, which also calculated co-localization (Wei et al.,
2018).
2.5.7. Statistical analysis

All data are expressed as the mean + the standard error of the mean. Data were
analyzed by two-tailed t test (unpaired or paired), one-way analysis of variance
(ANOVA), or two-way ANOVA with repeated measures (two-way RM ANOVA),
followed by the Student-Newman-Keuls (SNK) post hoc test. Differences were
considered to be statistically significance if p < 0.05. Statistical analysis was conducted

by SigmaPlot.
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CHAPTER III
PERSISTENT REDUCTION OF ETHANOL-SEEKING BEHAVIOR BY
OPTOGENETIC REVERSAL OF ETHANOL-EVOKED INPUT- AND CELL TYPE-

SPECIFIC SYNAPTIC PLASTICITY IN THE DORSOMEDIAL STRIATUM

3.1. Overview

The reinforcement of drug- and ethanol-seeking and -taking behaviors is thought
to require dopamine-dependent long-term synaptic plasticity in the striatum. The
dorsomedial striatum (DMS) is essential for goal-directed actions and reinforcement of
addictive behaviors. Although the involvement of dopamine D1 receptor-expressing
medium spiny neurons (MSNs) in the DMS is increasingly being appreciated, it remains
unclear how long-term potentiation (LTP) and depression (LTD) of cortical inputs onto
DMS D1-MSNs mediate reinforcement behavior in addiction. Using triple transgenic
D1-tdT;FosTRAP;Snap 25 mice in which D1-MSNs expressed tdT and activated
neurons expressed eGFP after tamoxifen-induced Cre recombination, we discovered that
more striatal D1-MSNs were activated during ethanol drinking than during water
drinking only. Additionally, excessive ethanol intake selectively strengthened
glutamatergic transmission from medial prefrontal cortical (mPFC) inputs onto DMS
D1-MSNs. Notably, mimicking this ethanol-mediated mPFC->D1-MSN potentiation
using in vivo dual-channel optogenetic self-stimulation of this synapse to induce LTP
was sufficient to drive reinforcement of lever pressing in operant chambers. Conversely,

time-locked delivery of a post-pre spike timing-dependent protocol that induced LTD at
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this synapse persistently decreased ethanol-seeking behavior. In summary, our results
demonstrate a causal link between synaptic plasticity and the reinforcement of ethanol-
seeking behavior, providing a potential therapeutic strategy to restore normal function of
dysregulated brain circuits in ethanol use disorder.
3.2. Introduction

Behavioral reinforcement induced by addictive substances depends on the
activation of the mesolimbic dopamine system (Luscher and Malenka, 2011; Bamford et
al., 2018; Luscher et al., 2020). Accumulating evidence suggests that this form of
associative learning occurs through dopamine-dependent corticostriatal plasticity
(Luscher and Malenka, 2011; Bamford et al., 2018; Luscher et al., 2020). The DMS, a
brain region that is critically involved in drug and ethanol abuse, contains direct- and
indirect-pathway MSNs (Gerfen and Surmeier, 2011; Cheng et al., 2017). Direct-
pathway MSNs express D1Rs and positively control reward, whereas indirect-pathway
MSNs express D2Rs and negatively control reward behaviors (Gerfen and Surmeier,
2011; Cheng et al., 2017). Excessive ethanol intake has been reported to increase
glutamatergic activity selectively in DMS D1-MSNs, and thus reinforces this behavior
(Wang et al., 2015; Cheng et al., 2017; Ma et al., 2018; Lu et al., 2019). In addition,
intracranial self-stimulation of direct-pathway MSNss is sufficient to elicit reinforcement
behavior in the absence of reward (White NM, 1998; Kravitz et al., 2012; Lalive et al.,
2018). However, it remains unclear how excessive ethanol consumption differentially
alters the plasticity of excitatory inputs, such as glutamatergic inputs from the mPFC

onto DMS MSNs, and whether these changes are sufficient to drive reinforcement.
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Ethanol-evoked corticostriatal plasticity shares similar mechanisms with LTP
and LTD (Luscher and Malenka, 2011; Lovinger and Abrahao, 2018; Ma et al., 2018).
Induction of in vivo LTD in DMS D1-MSNs using optogenetic high-frequency
stimulation, combined with systemic administration of NMDA receptor (NMDAR) and
D2R antagonists, was found to suppress ethanol-seeking and -taking behaviors (Ma et
al., 2018; Roltsch Hellard et al., 2019). However, systemic administration of antagonists
modulates neuronal activity throughout the brain, which may generate unexpected
changes. Previous studies have shown that a post-pre spike timing-dependent protocol
(STDP), i.e., depolarization of postsynaptic striatal neurons followed by excitation of
presynaptic cortical inputs, could trigger LTD at corticostriatal synapses in D1-MSNs,
but not D2-MSNs (Verena Pawlak, 2008; Wu et al., 2015). A dual-channel optogenetic
approach facilitates the selective control of pre- and postsynaptic components
simultaneously because they express two different channelrhodopsins that are activated
by different wavelengths of light (Hooks et al., 2015; Ma et al., 2018; Roltsch Hellard et
al., 2019). Thus, circuit-specific LTD can be induced at the mPFC inputs onto DMS D1-
MSNs by using a combination of dual-channel optogenetics and STDP. This induction
can be time-locked to lever presses for ethanol, which may exert potent and persistent
inhibitory effects on ethanol-seeking or -taking.

In this study, we first identified mouse striatal neurons that were activated during
home-cage ethanol intake using Fos-targeted recombination in active population
(FosTRAP) technology (Allen et al., 2017; DeNardo et al., 2019). We discovered that

excessive ethanol consumption preferentially engaged more D1-MSNs than did water
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dinking only. Measurement of corticostriatal transmission showed that excessive ethanol
consumption selectively potentiated glutamatergic mPFC inputs onto D1-MSNs5s, but not
D2-MSNs. Notably, mimicking this ethanol-mediated mPFC->D1-MSN potentiation
using in vivo optogenetic self-stimulation to induce LTP at this synapse reinforced
operant behavior in rats. Conversely, time-locked delivery of an optogenetic LTD
protocol at the mPFC—>D1-MSN synapse led to a long-lasting decrease in ethanol-
seeking behavior. These findings demonstrate a causal link between DMS corticostriatal
synapse plasticity and reward-driven behaviors and facilitate the development and
optimization of future circuit-based treatment strategies for ethanol use disorder.
3.3. Results
3.3.1. Excessive ethanol intake increases the proportion of the D1R-expressing
neuronal ensemble in the dorsal striatum

To explore the striatal neurons associated with excessive ethanol drinking, we
utilized the FosTRAP system, which allows identification of the neuronal ensembles
engaged during a specific experience (Allen et al., 2017; DeNardo et al., 2019).
Neuronal activation in the Fos-Cre;Snap25 mice employed in this study resulted in the
translocation of Fos-driven CreER to the nucleus, where it catalyzed recombination and
eGFP expression (Figure 3.1 A) To determine whether the activated neurons express
DI1Rs, we trained D1-tdT;Fos-Cre;Snap25 mice to consume high levels of ethanol using
the intermittent-access to 20% ethanol 2-bottle choice for 8 weeks (Cheng et al., 2017;
Ma et al., 2017; Cheng et al., 2018; Wei et al., 2018; Lu et al., 2019) (Figure 3.1 B;

Table 3.1). After habituation to i.p. saline injection for three consecutive drinking
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sessions, animals received the short-acting tamoxifen metabolite, 4-OHT, or saline i.p. 2
h before the last ethanol exposure (DeNardo et al., 2019) (Figure 3.1 B). Water controls
underwent the same procedure, without ethanol exposure. The cells activated during
ethanol drinking in the presence of 4-OHT were tagged by eGFP. Two weeks after 4-
OHT injection, we sacrificed the mice and quantified eGFP-expressing cells (TRAPed
cells) in the dorsal striatum (Figure 3.1 B). As expected, ethanol-drinking mice that
received a saline injection on the TRAP day had very few eGFP-expressing cells,
indicating minimal Cre-mediated recombination in the absence of 4-OHT (Figure 3.1 C,
E). However, we found a marked increase in TRAPed cells in the dorsal striatum of mice
exposed to ethanol and 4-OHT, as compared to water/4-OHT-treated controls (Figure
3.1C, E; 7y =-2.68, p < 0.05), suggesting that ethanol consumption increases striatal

neuronal activity.
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Next, we examined the proportion of TRAPed D1-MSNs by quantifying the
colocalization of tdT and eGFP in confocal images. We observed that 44% of TRAPed
cells (¢GFP™) in the dorsal striatum were D1-MSNs (tdT™) (Figure 3.1 D, F). This value
was significantly higher than that observed in the water controls, where approximately
20% eGFP™ cells were tdT" (Figure 3.1 F; #7) = -2.68, p < 0.05). Interestingly, we
discovered a higher percentage of ethanol-drinking-associated D1-MSNs in the posterior
part of the dorsal striatum (starting at 0.62 mm and ending at —1.34 mm relative to
Bregma) than in the anterior part (starting at 1.7 mm and ending at 0.74 mm relative to
Bregma) (Figure 3.1 G; #4) = -3.85, p < 0.05). These results indicate that as compared
with water intake only, excessive ethanol consumption activates more D1-MSNs, with a
greater number of these located in the posterior dorsal striatum than in the anterior dorsal

striatum.
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Figure 3.1 Excessive ethanol intake increased the D1R-expressing neuronal
ensemble in the dorsal striatum.

A, The Fos-Cre;Snap25 mouse contains two transgenes, one encoding the tamoxifen-
dependent recombinase CreER under the control of an activity-dependent immediate
early gene Fos promoter (top), and one expressing eGFP in a Cre-dependent manner
(middle). Fos-active neurons express CreER, which is translocated into the nucleus when
4-hydroxytamoxifen (4-OHT) is present; this leads to Cre-mediated recombination and
eGFP expression in these neurons (bottom). B, Experimental timeline. Triple transgenic
D1-tdT (tdT);Fos-Cre;Snap25 mice were trained to consume high levels of ethanol
(EtOH) using the intermittent-access to 20% EtOH two-bottle choice (2BC) procedure
for 8 weeks. Their water controls underwent the same procedure but without EtOH
exposure. Both groups were habituated to receiving an intraperitoneal (i.p.) injection of
saline for three consecutive drinking sessions. Saline or 4-OHT was injected 2 h before
the last drinking session on the targeted recombination in active populations (TRAP) day
to allow Fos-driven eGFP expression. Mice were separated into the three indicated
experimental groups. Two weeks after the TRAP, mice were sacrificed for fluorescent
imaging and cell counting. C, Representative coronal sections from the indicated groups.
Left, no TRAP-eGFP neurons in the saline-injected group. Middle and right, increased
expression of TRAP-eGFP was observed in EtOH/4-OHT-treated animals (right), as
compared with Water/4-OHT-treated mice (middle). Scale bars: 500 um. D, dorsal; L,
lateral. D, High-magnification confocal images of the indicated part of the DMS of a
D1-tdT;Fos-Cre;Snap25 mouse treated with EtOH and 4-OHT showing colocalization
(arrow) of TRAP-eGFP (left), D1-tdT (middle), and a merged image (right). Scale bars:
20 um. E, Bar graphs comparing the total numbers of dorsostriatal TRAP-eGFP cells in
the indicated groups; *p < 0.05, unpaired t test; n = 64 sections, 4 mice (Water) and 80
sections, 5 mice (EtOH). F, Bar graphs showing greater colocalization of dorsostriatal
TRAP-eGFP and D1-tdT in the EtOH group than in Water controls; *p < 0.05, unpaired
t test; n = 64 sections, 4 mice (Water) and 80 sections, 5 mice (EtOH). G, Distribution of
TRAP-eGFP and D1-tdT colocalization from the anterior to posterior dorsal striatum. A
higher percentage colocalization of TRAP-eGFP and D1-tdT was observed in the
posterior, as compared with anterior, region; *p < 0.05, paired t test; n = 30 sections, 5
mice (Anterior) and 50 sections, 5 mice (Posterior).
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3.3.2. Excessive ethanol consumption and withdrawal preferentially potentiate
glutamatergic transmission at mPFC inputs onto D1-MSNs

We next explored the potential mechanisms underlying the increased percentage
of DI-MSNs engaged during excessive ethanol intake. We previously reported that
excessive ethanol intake potentiated glutamatergic neurotransmission from the mPFC
onto striatal neurons in rats (Ma et al., 2017) and caused cell type-specific potentiation in
mice (Wang et al., 2015; Cheng et al., 2017). This prompted us to reason that the
observed increase in TRAPed D1-MSNs in ethanol-drinking mice, as compared with
water controls, may result from ethanol-evoked glutamatergic plasticity that selectively
affected corticostriatal inputs onto D1-MSNs, but not onto D2-MSNs. To assess how
excessive ethanol consumption affected synaptic transmission in these two neuronal
populations receiving mPFC inputs, we used D1-Cre;Ail14 and D2-Cre;Ail4 transgenic
mice, which expressed tdT in D1-MSNs and D2-MSNs, respectively (Cheng et al., 2017;
Lu et al., 2019). To facilitate selective stimulation of the mPFC input, we infused AAV-
Chronos-GFP into this brain region (Figure 3.2 A), achieving intense fluorescent
labeling of mPFC afferents in the DMS (Figure 3.2 B). The mice were then trained to
consume 20% ethanol for 8 weeks using the intermittent-access two-bottle choice
drinking procedure (Table 3.1). The water control mice underwent the same treatment,
without ethanol exposure. Twenty-four hours after the last ethanol exposure, we
prepared DMS slices, selectively activated mPFC inputs using 2-ms light at 470 nm

light, and measured light-evoked AMPAR-mediated EPSCs in D1-MSNs and D2-MSNs.
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We delivered a range of light intensities and compared the EPSCs observed in ethanol-
drinking mice and their water controls. In D1-MSNs, the amplitude of AMPAR-
mediated EPSCs was significantly higher in the ethanol-drinking group than in the water
controls (Figure 3.2 C; F(1,72) = 4.86, p < 0.05). In contrast, the amplitudes in D2-MSNs
were identical in both groups (Figure 3.2 D; F(1,72) = 0.06, p > 0.05). These results
suggest that excessive ethanol intake potentiates AMPAR-mediated transmission
selectively at mPFC inputs onto D1-MSNs in the DMS.

To examine whether excessive ethanol intake altered the probability of
presynaptic glutamate release in an input- and cell type-specific manner, we measured
the paired-pulse ratios of EPSCs. At the mPFC inputs onto D1-MSNs, we found that the
paired-pulse ratio was significantly lower in ethanol-drinking mice than in the water
controls (Figure 3.2 E; t16) = 2.33, p < 0.05). Conversely, this ratio did not differ in the
D2-MSNs of the ethanol and water groups (Figure 3.2 F; #1s) = -0.28, p > 0.05). Since
the paired-pulse ratio is inversely correlated with transmitter release probability (Zucker
and Regehr, 2002), these data suggest that excessive ethanol intake significantly
increases glutamate release probability selectively at the mPFC afferents onto D1-MSNs.

The NMDAR is a well-established major ethanol target, and this receptor has
been implicated in excessive ethanol consumption (Wang et al., 2007; Wang et al., 2010;
Wang et al., 2011; Ben Hamida et al., 2013; Cheng et al., 2017; Lovinger and Abrahao,
2018). We next explored the effect of excessive ethanol intake on NMDAR-mediated
EPSCs at mPFC inputs onto D1- and D2-MSNs. We used 0.05 mM Mg?" and DNQX

together to isolate the light-evoked NMDAR-mediated responses measured at a series of
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stimulation intensities. We found that excessive ethanol intake selectively potentiated
NMDAR-EPSCs in D1-MSNs (Figure 3.2 G; F1,71y =4.51, p <0.05), as compared with
those observed in water controls. In contrast, excessive ethanol intake did not alter light-
evoked NMDAR-mediated EPSCs in D2-MSNs (Figure 3.2 H; F(1,30) = 0.01, p > 0.05).
These results indicate that excessive ethanol intake selectively potentiates NMDAR-
mediated transmission at mPFC inputs onto D1-MSNs in the DMS. Alterations in
synaptic NMDAR subunits, and particularly potentiation of GluN2B-NMDAR activity,
contribute to long-term changes in synaptic strength (Wang et al., 2007; Wang et al.,
2011). To test ethanol-induced changes in NMDAR subunit composition, we evaluated
the effect of excessive ethanol intake on the contribution of GluN2B subunits to
NMDAR-mediated synaptic responses in the DMS. We observed that excessive ethanol
consumption increased the GluN2B/NMDAR ratio in DI-MSNs at mPFC inputs (Figure
3.2 T; tae) = -2.64, p < 0.05), as compared with the water group. However, no difference
was observed in the D2-MSN GIuN2B/NMDAR ratio in the ethanol and water groups
(Figure 3.2 J; t16) = -0.96, p > 0.05). These data reveal that excessive ethanol intake
enhances GluN2B-NMDAR activity selectively at the mPFC inputs onto DMS D1-
MSNss. Collectively, these results indicate that excessive ethanol consumption

potentiates glutamatergic mPFC>D1-MSN transmission.
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Figure 3.2 Excessive ethanol consumption preferentially potentiated glutamatergic
transmission from mPFC inputs onto D1-MSN:s.

D1Cre;Ail4 mice were trained to consume 20% ethanol for 8 weeks using the
intermittent-access two-bottle choice drinking procedure, and DMS slices were prepared
24 h after the last ethanol exposure. A, Stereotaxic infusion of AAV-Chronos-GFP into
the mPFC (left) of D1-Cre;Ai14 mice led to Chronos-GFP expression (green
fluorescence; right; scale bar: 500 pm). The inset (arrowhead) shows a Chronos-GFP-
expressing mPFC neuron at high magnification; scale bar: 5 um. D, dorsal; L, lateral. B,
Representative image from a D1-Cre;Ai114 mouse depicting the innervation of red D1-
MSNss (inset) in the DMS by GFP-expressing afferents from the mPFC (green). C and
D, Excessive ethanol (EtOH) intake potentiated AMPAR-EPSCs at mPFC inputs onto
D1-MSNs, but not D2-MSNs. Left and middle, representative traces of AMPAR-EPSCs
in D1-MSNs (C) or D2-MSNs (D) within DMS slices from the indicated mice; these
were evoked using increasing optical stimulation intensities. Right, input-output curves
for AMPAR-EPSCs; #p < 0.05 for the indicated comparison; *p < 0.05, **p < 0.01
versus the same stimulation intensity in the water group, two-way RM ANOVA
followed by post hoc SNK test; n = 10, 4 per group. Scale bars: 10 ms, 150 pA (C) and
10 ms, 150 pA (D). E and F, Excessive EtOH intake significantly increased glutamate
release at mPFC inputs onto D1-MSNs, but not D2-MSNs. Top, sample traces showing
paired-pulse ratios (PPR; 100-ms interstimulus interval) measured in D1-MSNs (E) and
D2-MSNs (F) from the indicated groups. Bottom, averaged data; *p < 0.05, unpaired t
test; n = 9 neurons from 4 mice (9, 4) per group (E) and n = 10, 4 per group (F). Scale
bars: 20 ms, 50 pA. G and H, Excessive EtOH consumption enhanced NMDAR-EPSC
amplitudes at the mPFC inputs onto D1-MSNs, but not D2-MSNs. Left and middle,
representative EPSC traces in D1-MSNs (G) or D2-MSNs (H) in DMS slices from the
indicated mice. Right, the corresponding input-output curves; #p < 0.05 for the indicated
comparison; *p < 0.05, ***p <0.001 versus the same intensity in the water group, two-
way RM ANOVA followed by SNK test; n= 11, 6 (Water, G); 11, 5 (Water, H); 9, 4
(EtOH, G) and 11, 3 (EtOH, H). Scale bars: 80 ms, 80 pA. I and J, Mice with excessive
EtOH intake had higher GluN2B/NMDA ratios at mPFC inputs onto D1-MSNss, but not
D2-MSNSs. Left and middle, sample traces of NMDAR-EPSCs measured in D1-MSNs
(I) or D2-MSNs (J) in the indicated treatment groups in the absence (NMDA) or
presence (GluN2B) of Ro 25-6981 (0.5 uM). Right, summarized ratio data; *p < 0.05,
unpaired t test; n =9, 5 (Water) and 9, 4 (EtOH). Scale bars: 80 ms, 50 pA.
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3.3.3. In vivo self-stimulation of mPFC->D1-MSN synapses using an oLTP protocol
reinforces active lever presses in rats

Corticostriatal plasticity is critical for drug-seeking behaviors (Bamford et al.,
2018; Luscher et al., 2020). Having observed ethanol-evoked potentiation of
mPFC->D1-MSN transmission, we next asked whether self-stimulation of this circuit
was sufficient to drive reinforcement behavior. To test this possibility, we bilaterally
infused AAV-Chronos-GFP into the mPFC, a Cre-inducible AAV expressing Chrimson
(AAV-Flex-Chrimson-tdT) into the DMS, and a retrograde AAV encoding Cre
(AAVretro-Cre-GFP) into the SNr in wild-type Long-Evans rats (Figure 3.3 A). Taking
advantage of the direct pathway in which D1-MSNs project to the SNr, AA Vretro-Cre-
GFP underwent retrograde transport from the SNr to the DMS, where Cre recombinase
drove selective Chrimson expression in D1-MSNs (Figure 3.3 B) (Ma et al., 2018).
Chronos-expressing mPFC terminals in the DMS were activated by 470-nm light, and
optogenetic postsynaptic depolarization in Chrimson-expressing D1-MSNs was induced
by 590-nm light (Figure 3.3 A). Optical fibers were bilaterally implanted into the DMS
for selective stimulation of mPFC—>D1-MSN synapses (Figure 3.3 A, C). Rats were
trained (30-min sessions on 12 consecutive days) to self-stimulate mPFC>D1-MSN
synapses (Figure 3.3 D). Active lever presses triggered a cue light (500-ms pulses at 1
Hz for 10 s) above the lever. After a 5-s delay, oLTP was induced (2-s optogenetic high
frequency stimulation of mPFC inputs at 50 Hz, paired with 2-s optogenetic postsynaptic

depolarization of D1-MSNs (Ma et al., 2018)). A 20-s time-out followed all rewarded
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lever presses, during which time lever presses had no consequences but were still
recorded (Figure 3.3 D).

A direct comparison between active and inactive lever presses showed significant
effects of levers and sessions (Figure 3.3 E, F; Lever: F(1,66) = 8.64, p < 0.05; Sessions:
Fai,66)=2.48, p <0.05). During session 1 (no oLTP stimulation), the rats showed low
levels of lever pressing, and there was no difference between active and inactive lever
presses (Figure 3.3 E, F; ¢ = 0.98, p > 0.05). During sessions 3 and 5-12, the active lever
was pressed significantly more often than the inactive lever (Figure 3.3 E, F; ¢ = 3.55,
3.30, 3.88, 3.48, 3.51, 5.72,4.27, 4.42, 4.46 and p < 0.05, 0.01 as indicated).

Furthermore, more active lever presses were observed during these sessions than
during session 1 (Figure 3.3 E, F; ¢ =4.64,4.31,5.36,4.77, 4.64, 8.62, 6.07, 6.40, 6.47
and p < 0.05, 0.01, 0.001 as indicated). Analysis of preceding and succeeding inter-
action intervals for three consecutive active lever presses showed that lever presses at
intervals of < 60 s occurred more frequently in the final FR3 sessions than in the mock
induction session (Figure 3.3 G), suggesting the establishment of action-outcome
contingency after 12 training sessions (Matamales et al., 2020). The averaged inter-
action intervals were significantly lower during the FR2 and FR3 sessions, as compared
with the mock induction session (Figure 3.3 H; F (3,14 = 4.05, p < 0.029. FR2 versus
session 1: ¢ =3.96, p <0.05; FR3 versus session 1: g = 4.68; p < 0.05). Consistent with
the increase in active lever presses, the number of oLTP deliveries was significantly
higher during the FR1 sessions, as compared to the mock induction session (Figure 3.3 I;

F318=3.92, p <0.05).
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To ascertain whether optogenetic self-stimulation the mPFC—>D1-MSN synapse
caused glutamatergic potentiation at mPFC->D1-MSN synapses, we measured optically-
evoked EPSCs in D1-MSNs from DMS slices prepared 24 h after the last training
session. We found that the amplitude of AMPAR-EPSCs was significantly increased, as
compared to neurons from control animals without oLTP induction (Figure 3.3 J; F(1,128)
=10.97, p <0.01). In addition, the higher AMPAR/NMDAR ratio in the oLTP group, as
compared with controls, is likely attributable to oLTP induction (Figure 3.3 K; #26) =
2.09, p <0.05). These ex vivo results confirmed that in vivo optogenetic self-stimulation
of mPFC->D1-MSN synapses caused long-lasting synaptic potentiation.

Taken together, these results suggest that optogenetic self-stimulation of the

mPFC->D1-MSN synapse induces oL TP and drives reinforcement of operant behavior.
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Figure 3.3 In vivo optogenetic self-stimulation of mPFC->D1-MSN synapses to
induce LTP reinforced of lever presses.

A, Schematic illustrating the dual-channel optogenetic approach used to achieve
selective in vivo stimulation of mPFC inputs onto DMS D1-MSNs in wild-type Long-
Evans (LE) rats. AAV-Chronos-GFP, AAV-Flex-Chrimson-tdT and AAVretro-Cre-GFP
were infused into the mPFC, DMS, and SNr, respectively. The optical fiber was
implanted in the DMS. Chronos and Chrimson were activated by 470- and 590-nm light,
respectively. B, Representative sagittal image showing Chrimson-tdT expression (red) in
D1-MSNs, which project to the SNr, and Chronos-GFP expression in mPFC fibers in the
DMS. Three striatal neurons shown in the top right inset were stained with DAPI, and
one of these expressed Chrimson-tdT (arrow). Scale bars: 500 pm, 5 pm (inset). A,
anterior; D, dorsal. C, Coronal striatal section showing Chronos-GFP and Chrimson-tdT
expression in the DMS and optical fiber track (dotted lines). D, dorsal; M, medial. Scale
bar: 500 um. D, Rats were trained in an operant self-administration chamber, where
pressing the active lever resulted in optogenetic stimulation of mPFC->D1-MSN
synapses to induce LTP. In the FR3 trial, active lever presses triggered a 10-s cue light;
5 s after this illuminated, a 2-s laser stimulation was delivered (2-s optogenetic high-
frequency stimulation [oHFS] at 50 Hz with 2-s optogenetic postsynaptic depolarization
[oPSD]). This was followed by a time-out period during which lever presses had no
consequences. E, Example raster plot showing active lever presses during 30-min
sessions, including the mock induction, and FR1, FR2, and FR3 trials involving self-
stimulation of mMPFC->D1-MSN synapses to induce oLTP. Each vertical line represents
one lever press. F, Time-course of active and inactive lever presses over 12 consecutive
daily self-stimulation sessions; #p < 0.05 for the indicated comparison; *p < 0.05, **p <
0.01 versus the inactive lever during the same session; "p < 0.05, *p < 0.01, "p <
0.001 versus session 1 (mock induction) for the active lever; two-way RM ANOVA
followed by SNK test; n = 7 rats. G, Return maps of the inter-action interval (IAI) for
active lever presses during mock induction (session 1) and the last FR3 session (session
12). Each data point represents the time delay to its preceding (x) and succeeding (y)
behavioral element. Data are Log10 transformed. Dashed lines represent Log10(60) =
1.78. Note that there are more dots within the bottom left quadrant during FR3 than
during mock induction; n = 7 rats. H, Bar graphs showing the average IAl in the
indicated session, as compared with mock induction; *p < 0.05, one-way RM ANOVA
followed by SNK test; n = 7 rats. I, The number of oLTP inductions delivered during the
indicated session; *p < 0.05 versus mock induction, one-way RM ANOVA; n = 7 rats. J,
In vivo self-induction of oLTP potentiated AMPAR-EPSCs in D1-MSNs. Left and
middle, representative EPSC traces recorded 24 h after the last in vivo oLTP induction
(oLTP) and in controls (no oLTP). Scale bars: 10 ms, 100 pA. Right, the input-output
curves for AMPAR-EPSCs with (oLTP) and without (no oLTP) in vivo oLTP induction;
##p < 0.05 for the indicated comparison; **p < 0.01, ***p <0.001 versus the same
intensity in the no oLTP group, two-way RM ANOVA followed by SNK test; n =18, 7
(oLTP) and 16, 6 (no oLTP). K, Sample traces and averaged data showing a significant
increase in the AMPAR/NMDAR ratio in animals with oLTP induction; *p < 0.05,
unpaired t test; n =15, 7 (oLTP) and 13, 5 (no oLTP). Scale bars: 20 ms, 200 pA.
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3.3.4. Time-locked in vivo stimulation of mPFC->D1-MSN synapses using an oLTD
protocol produces a persistent reduction in rat ethanol-seeking behavior

The results described above suggested that excessive ethanol consumption was
associated with a long-lasting strengthening of corticostriatal neurotransmission.
Mimicking ethanol-induced potentiation of glutamatergic mPFC->D1-MSN synapses
using self-induced oL TP also caused behavioral reinforcement. Given that ethanol-
induced synaptic plasticity shares similar mechanisms with LTP and LTD, where LTP
can be reversed by the induction of LTD (Luscher and Malenka, 2011; Lovinger and
Abrahao, 2018; Ma et al., 2018), we reasoned that oLTD of mPFC->D1-MSNs would
reverse synaptic strengthening and thus persistently attenuate ethanol-seeking and -
taking behaviors in rats. We induced oLTD using a post-pre STDP protocol (Figure 3.4
A) employing 60 pairs of postsynaptic depolarization (590 nm, 2 ms) followed by
presynaptic stimulation (470 nm, 2 ms) after 30 ms; these cycles were delivered every 10
s (Figure 3.4 A, Figure 3.3 A) (Shen et al., 2008; Verena Pawlak, 2008; Wu et al., 2015).
This protocol induced a reliable LTD in DMS slices from ethanol naive-rats (Figure 3.4
B; #4)=4.76, p < 0.05). We also tested this protocol in slices from rats that were trained
to self-administer ethanol in operant chambers. Surprisingly, the first post-pre STDP
cycle did not induce LTD (Figure 3.4 C; g = 0.44, p > 0.05), while subsequent cycles
induced a robust LTD (Figure 3.4 C; F3,14) = 9.88, p <0.001 for three cycles; ¢ =6.77, p
< 0.01 for the third cycle). This finding is consistent with a previous study showing that
chronic ethanol exposure impaired LTD induction in D1-MSNs (Renteria et al., 2017).

In contrast, presynaptic stimulation of mPFC fibers alone caused little suppression in
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either ethanol-naive (Figure 3.4 B; #2) = -1.66, p > 0.05) or ethanol-treated rats (Figure
3.4 C; F3,18)= 1.35, p > 0.05). Our ex vivo findings indicate that the post-pre STDP
protocol successfully evokes oLTD in DMS slices.

We then asked whether in vivo delivery of this protocol altered ethanol-seeking
and -taking behaviors in rats. To test this possibility, Chronos and Chrimson were
expressed as described above, and optical fibers were separately implanted into the
mPFC and the DMS. Animals were trained to self-administer 20% ethanol in operant
chambers using a FR3 schedule. Once stable baseline active lever pressing was achieved
during a mock induction session, time-locked post-pre STDP was delivered. For this
study, we increased the frequency of light stimulation to 5 Hz and delivered a total of
900 post-pre pairs. During the in vivo oLTD-inducing sessions, three active lever presses
(FR3) resulted in ethanol delivery and post-pre STDP (10 pairs at 5 Hz) (Figure 3.5 A).
Rats underwent several 30-min time-locked oLTD induction sessions until an
accumulative total of 900 pairs of post-pre stimulations had been delivered (Roltsch
Hellard et al., 2019). This protocol induced a robust and reliable LTD in DMS slices
from ethanol-native rats (Figure 3.4 D; #4) = -7.80, p < 0.01). In ethanol-drinking rats,
we discovered that time-locked in vivo delivery of the post-pre STDP protocol
significantly reduced active, but not inactive, lever presses (Figure 3.5 B, C; F(1,10) =
43.77, p < 0.05). Specifically, active lever presses were reduced on day 2 after in vivo
post-pre STDP, as compared to the baseline (Figure 3.5 B, C; ¢ = 6.17, p <0.01). This
reduction was maintained for at least 10 days after optical stimulation (Figure 3.5 B, C; ¢

=4.36,4.66, 5.84,4.29 and p < 0.05, 0.05, 0.01, 0.01 for 4, 6, 8, 10 d, respectively). In
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contrast, the number of inactive lever presses did not change after oLTD induction
(Figure 3.5 C; ¢ = 0.29, 0.15, 0.39, 0.20, 0.58 and p > 0.05, 0.05, 0.05, 0.05, 0.05 for 2,
4,6, 8, 10 d, respectively).

Interestingly, we observed that during the 20-s ethanol delivery, there were
additional active lever presses that did not result in reward delivery. We compared the
numbers of effective active lever presses (prior to ethanol delivery) and ineffective
active lever presses (during ethanol delivery). This analysis found that time-locked in
vivo delivery of post-pre STDP specifically suppressed effective active lever presses
(Figure 3.5 D; F1,10) = 28.44, p < 0.05). Consistent with the effect of oLTD on total
active lever presses, the suppression of effective active lever presses was also observed
for 10 d (Figure 3.5 D; ¢ = 5.78, 4.34,4.31, 5.53,4.23 and p < 0.01, 0.05, 0.05, 0.01,
0.01 for 2, 4, 6, 8, 10 d, respectively).

A reduced number of active lever presses could result from changes in the
frequency of this behavior. To investigate this, we next analyzed the inter-action interval
for active lever presses. Rats initially pressed the active lever rapidly to obtain an ethanol
reward during mock induction, while delivery of the post-pre STDP significantly and
persistently increased the inter-action interval for all active lever presses (Figure 3.5 E;
F5100=6.12, p<0.05; ¢ =6.71,3.23,6.51 and p < 0.01, 0.05, 0.01 for 2, 4, 8 d,
respectively), and for effective active lever presses (Figure 3.6 A; Fs,100=3.85,p <
0.05). Additionally, return maps of the inter-action interval for all active lever presses

showed that the post-pre STDP changed the action-outcome contingency (Figure 3.5 F).
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Together, these results suggest that in vivo delivery of the post-pre STDP
protocol time-locked to ethanol delivery causes a long-lasting reduction in effective
active lever presses, and that this reduction is associated with an increased interval
between presses.

Ethanol was delivered following three effective active lever presses (Figure 3.6
B; #2) = -0.58, p > 0.05). The STDP-associated reduction in effective active lever presses
led to a long-lasting decrease in ethanol delivery (Figure 3.5 G; F(s,10)= 5.84, p <0.05; ¢
=6.91, 6.07, 5.00, 4.10, 3.83 and p < 0.01, 0.05, 0.05, 0.05, 0.05 for 2, 4, 6, 8, 10 d,
respectively).

After ethanol was delivered, rats were expected to enter the magazine to collect
the ethanol reward. To our surprise, the time-locked in vivo delivery of the post-pre
STDP protocol affected neither total magazine entries (Figure 3.6 C; 1) = 1.22, p >
0.05) nor effective magazine entries during ethanol delivery (Figure 3.5 H; #2) = 1.31, p
> 0.05). Similarly, delivery of the STDP protocol had no effect on the inter-action
interval for total magazine entries (Figure 3.6 D; F(s,10)= 1.84, p > 0.05) or for effective
magazine entries during ethanol delivery (Figure 3.5 I; Fis,10) = 0.44, p > 0.05). Return
maps also suggested that rats showed indistinguishable magazine entry performance

before and after the STDP (Figure 3.5 J).
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However, consistent with the reduced number of ethanol deliveries, the time-
locked in vivo delivery of the post-pre STDP protocol significantly reduced the number
of collections; this was defined as the number of ethanol deliveries with at least one
magazine entry (Figure 3.5 K; F(s,100=4.11, p <0.05). The stimulation also caused a
long-lasting decrease in ethanol intake (Figure 3.5 L; F5,10)= 7.61, p < 0.05; ¢ = 6.49,
6.24, 6.55, 7.53, 6.55 and p < 0.01, 0.01, 0.01, 0.01, 0.01 for 2, 4, 6, 8, 10 d,
respectively).

Collectively, these results suggested that the time-locked in vivo delivery of the
post-pre STDP protocol to mPFC->D1-MSN synapses persistently attenuated operant

ethanol-seeking behaviors in rats.
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Figure 3.4 Post-pre STDP stimulation of mPFC->D1-MSN synapses induced LTD
in DMS slices.

A, Schematic illustration of the post-pre STDP protocol for LTD induction at
mPFC->D1-MSNs using dual-channel optogenetics. D1-MSNs were depolarized by
590-nm light, followed by presynaptic stimulation by 470-nm light after 30 ms. Sixty
such pairs were delivered every 10 s. B, Time-course (left) and bar graphs (right)
showing that delivery of 60 post-pre STDP stimulation pairs, but not presynaptic
stimulation only (Pre-only), induced LTD of field excitatory postsynaptic
potentials/population spikes (fEPSP/PS) in DMS slices from ethanol-naive rats; **p <
0.01, paired t test; n = 5 slices, 3 rats (Post-Pre) and 3 slices, 2 rats (Pre-only). C, Time-
course (left) and bar graphs (right) showing that multiple deliveries of the post-pre STDP
protocol induced LTD of fEPSP/PS in DMS slices from ethanol-drinking rats; *p < 0.05,
**p <0.01 versus BL, one-way RM ANOVA followed by SNK test; n = 6 slices, 4 rats
(Post-Pre) and 7 slices, 5 rats (Pre-only). D, Delivery of 900 post-pre STDP stimulation
pairs (5 Hz) induced LTD in DMS slices from ethanol-naive rats; **p < 0.01, paired t
test; n = 5 slices, 3 rats. Scale bars: 2 ms, 0.1 mV (B-D).
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Figure 3.5 In vivo optogenetic induction of mPFC->D1-MSN LTD time-locked to
active lever presses for ethanol persistently reduced ethanol-seeking behavior.

A, Schematic of the training protocol and in vivo oLTD induction in Long-Evans (LE) rats.
Optical fibers were separately implanted in the mPFC and DMS. Chronos-expressing mPFC
neurons and Chrimson-expressing D1-MSNs were activated by 470- and 590-nm light,
respectively. Rats were trained to self-administer 20% ethanol (EtOH) in an operant setting using
a 30-min FR3 schedule. Once a stable baseline performance had been attained during mock
induction (BL), light stimulation was delivered via the implanted optical fibers at the same time
as EtOH delivery. In the post-pre STDP protocol employed to induce oLTD, postsynaptic D1-
MSN depolarization preceded presynaptic stimulation by 30 ms. Three active lever presses
triggered both EtOH delivery and post-pre STDP stimulation (10 pairs, 5 Hz). After 900
stimulation pairs had been delivered, post-oLTD operant self-administration of ethanol was
measured for 10 d. B, Example raster plot of active lever presses during 30-min self-
administration of 20% EtOH at BL (mock), during time-locked oLTD induction, and on the
indicated days post-oLTD induction. Each vertical line represents one lever press. C, Time-
locked delivery of the in vivo oLTD-inducing protocol and EtOH produced a long-lasting
reduction in active lever presses, but not in inactive lever presses; #p < 0.05 for the indicated
comparison; *p < 0.05, **p <0.01, ***p < 0.001 versus inactive lever presses on the same day;
“p <0.05, "p < 0.01 versus active lever presses during mock induction (BL); two-way RM
ANOVA followed by SNK test. D, /n vivo oLTD stimulation significantly reduced effective
active lever presses, prior to ethanol delivery, but not ineffective active lever presses during
ethanol delivery; #p < 0.05 for the indicated comparison; *p < 0.05, **p < 0.01, ***p < 0.001
versus active lever presses during ethanol delivery on the same day; “p < 0.05, *p < 0.01 versus
active lever presses prior to ethanol delivery during mock induction (BL); two-way RM
ANOVA followed by SNK test. E, The time-locked in vivo oLTD induction and EtOH delivery
produced a sustained increase in the inter-action interval (IAI) for active lever presses; *p < 0.05,
**p < (.01 versus mock induction (BL); one-way RM ANOVA followed by SNK test. F, Return
maps of IAI for active lever presses during mock induction (left) and on day 2 post-stimulation
(right). Each dot represents the time delay to its preceding (x) and succeeding (y) behavioral
element. Data are Log10 transformed. Dashed lines represent Log10(60) = 1.78. Note that there
are fewer dots within the bottom left quadrant on day 2 post-oLTD, as compared with mock
induction. G, Time-locked in vivo oLTD induction caused a long-lasting reduction in ethanol
delivery; *p < 0.05, **p < 0.01 versus mock induction (BL); one-way RM ANOVA followed by
SNK test. H and I, No significant change in either effective magazine entries (H) or the IAI for
effective magazine entries (I) was observed following in vivo oLTD induction during ethanol
delivery. J, Return maps of IAI for magazine entries identified no significant difference between
the numbers of dots within the bottom left quadrants during mock induction (left) and on day 2
post-oLTD (right). K and L, Delivery of in vivo oLTD time-locked to active lever presses
caused a sustained decrease in EtOH collections (the number of EtOH delivery with at least one
magazine entry) (K) and EtOH intake (L); *p < 0.05, **p < 0.01 versus mock induction (BL);
one-way RM ANOVA followed by SNK test. n = 3 rats (C-L).
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Figure 3.6 In vivo optogenetic induction of mPFC->D1-MSN LTD time-locked to
active lever presses for ethanol persistently reduced the active lever presses but not
magazine entries.

A, Light stimulation for oLTD induction produced a long-lasting increase in the inter-
action interval (IAI) for active lever presses prior to ethanol delivery; *p < 0.05 versus
mock induction (BL); one-way RM ANOVA followed by SNK test. B, The ratio of
active lever presses prior to ethanol delivery did not differ before (BL) and after oLTD
induction. C and D, Light stimulation for in vivo oLTD induction produced no
significant changes in total magazine entries (C) or the IAI for total magazine entries
(D). n =3 rats (A-D).
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3.3.5. Time-locked in vivo stimulation of mPFC->D1-MSN synapses using the oLTD
protocol produces a persistent reduction of glutamatergic transmission in DMS
slices

Lastly, to ascertain the effects of in vivo post-pre STDP on glutamatergic
transmission, we prepared DMS slices form rats expressing Chrimson-tdT in D1-MSNs
two days after the last light stimulation. We used whole-cell recording to measure
corticostriatal EPSCs from both Chrimson-tdT-positive and -negative striatal neurons
underneath the optical fiber (Figure 3.7 A, B). We found that the in vivo delivery of the
post-pre STDP protocol caused an increase in paired-pulsed ratio in DI-MSNs
(Chrimson-tdT positive); this indicated that these neurons had a reduced probability of
glutamate release, as compared to neurons from control animals without the STDP
stimulation (Figure 3.7 C; #35) = -4.14, p < 0.05). In contrast, we did not observe any
changes in the paired-pulse ratio of putative D2-MSNs (Chrimson-tdT negative) after the
STDP stimulation, as compared to neurons from control rats (Figure 3.8; #26 =-0.70, p
> 0.05). To further investigate the properties of mPFC->D1-MSN synapses after the
STDP stimulation, we measured the Sr**-induced asynchronous EPSCs (aEPSCs)
evoked by optical stimulation of the mPFC input. Replacement of Ca?* in the recording
solution by Sr?* caused asynchronous exocytosis of vesicles during light stimulation
(Ding et al., 2008; Renteria et al., 2018; Lu et al., 2019). In the STDP group, we
observed a significant decrease in the frequency of asynchronous release onto D1-
MSNss, as compared to that observed in neurons from the control group without oLTD

induction (Figure 3.7 D, E; f29) = 2.52, p < 0.05); this reflected a decrease in release
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probability. In contrast, there were no significant differences between the aEPSC
amplitude of the STDP and control groups (Figure 3.7 D, F; t29) = -0.83, p > 0.05); this
suggested that the in vivo STDP stimulation did not affect vesicle size or postsynaptic
AMPAR components at mPFC->D1-MSNs (Ding et al., 2008). Taken together, these
findings indicate that in vivo time-locked delivery of the post-pre STDP protocol induces
oLTD of glutamatergic mPFC—> DMS D1-MSN transmission, associated with reduced

glutamate release.
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Figure 3.7 In vivo optogenetic induction of mPFC->D1-MSN LTD time-locked to
active lever presses for ethanol persistently reduced glutamatergic transmission in
DMS D1-MSNs.

A and B, Representative differential interference contrast (A) and fluorescent images
(B) of a striatal slice showing the optical fiber track, Chronos-GFP, and Chrimson-tdT
expression in the DMS. Whole-cell recording was performed in the area receiving light
stimulation during oLTD induction (boxed area of B, left). Higher magnification images
of a Chrimson-expressing D1-MSN (blue arrow) and a Chrimson-negative neuron (white
arrow) (B, right). Scale bars: 500 um (A, B left), 10 pm (B right). D, dorsal; M, medial.
C, Sample traces (left) and averaged data (right) showing an increased PPR in
Chrimson-expressing D1-MSNs recorded 2 days after the last in vivo oLTD induction;
*#%p < 0.001, unpaired t test; n = 18, 5 (No oLTD) and 19, 5 (oLTD). Scale bars: 20 ms,
50 pA. D, Sample traces of Sr*>*-induced aEPSCs recorded at Chrimson-expressing D1-
MSNs. The EPSCs were evoked by 2-ms 470-nm light in the presence of 2.5 mM Sr?*. E
and F, Bar graphs summarizing aEPSC frequency (E) and amplitude (F) at mPFC inputs
onto Chrimson-expressing D1-MSNs; *p < 0.05, unpaired t test; n =15, 5 (No oLTD)
and 16, 5 (oLTD).
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Figure 3.8 In vivo optogenetic induction of mPFC->D1-MSN LTD time-locked to
active lever presses for ethanol did not alter the PPR in Chrimson-negative DMS
neurons on day 2 post-stimulation.

Sample traces (A) and averaged data (B) showing no change in the PPR in Chrimson-
negative neurons 2 days after the last time-locked in vivo oLTD induction; n = 14
neurons, 5 rats per group. Scale bars: 20 ms, 50 pA.
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Table 3.1 Ethanol consumption by transgenic mice

Mouse line Ethanol intake (g/kg/24 h)

D1-Cre;Ail4 21.63 £2.17 n=>5
D2-Cre;Ail4 22.18 £0.30 n=4
D1-tdT;Fos-Cre;Snap25 20.51£2.09 n=>5

All mice were exposed to 20% ethanol using the intermittent access two-bottle choice
drinking procedure. There was no significant difference in ethanol intake among the
mouse lines; p > 0.05, one-way ANOVA.
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3.4. Discussion

The present study revealed that more D1-MSNs within the dorsal striatum were
activated in mice engaged in excessive ethanol consumption than in those consuming
water only. We found that cycles of ethanol consumption and withdrawal potentiated
both AMPAR- and GluN2B-NMDAR-mediated synaptic transmission selectively at
mPFC inputs onto DI-MSNs. This potentiation was accompanied by an increase in
glutamate release. Mimicking this ethanol-evoked mPFC—>D1-MSN potentiation via
self-stimulation of this synapse using optogenetic LTP induction was sufficient to elicit
reinforcement of operant behaviors. Importantly, reversal of this synaptic plasticity via
in vivo LTD induction produced a long-lasting reduction in ethanol-seeking behavior.
The present study has elucidated the detailed mechanisms involved in ethanol-mediated
circuit-specific plasticity in the DMS, which may contribute to excessive ethanol
consumption.
3.4.1. Ethanol-induced D1R-expressing neuronal ensembles in the dorsal striatum

Using the recently developed FosTRAP technology (Allen et al., 2017; DeNardo
et al., 2019), we found that a higher percentage of DMS D1R-expressing neurons were
activated in mice engaged in excessive ethanol consumption, as compared to those
drinking water only. These data are consistent with previous studies showing that
excessive ethanol consumption is associated with elevated D1-MSN activity, while
inhibition of D1-MSNs reduces ethanol intake (Cheng et al., 2017; Ma et al., 2018).
Surprisingly, we observed that the majority of neurons TRAPed during ethanol-drinking

sessions did not colocalize with the D1-MSN reporter. Because the vast majority of
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striatal neurons are MSNs (Kreitzer and Malenka, 2008; Cheng et al., 2017) and a
previous transgenic mouse model suggested less than 5% overlap of DMS D1-MSNs
and D2-MSNs (Cheng et al., 2017), those DI1R-negative ensembles were likely to be D2-
MSNSs. Our data appear to be inconsistent with the predominant current model of basal
ganglia function, which postulates that there should be more activity in the direct
pathway circuit than in the indirect pathway circuit during reward-driven behaviors
(DeLong, 1990; Kreitzer and Malenka, 2008). However, it is consistent with other
models proposing that the coordinated activation of both D1-MSNs and D2-MSNss is
important for action selection, by reinforcing the current action via the direct pathway
and suppressing potentially conflicting actions via the indirect pathway (Chan et al.,
2005; Brown, 2007; Bromberg-Martin et al., 2010; Hikida et al., 2010; Cui et al., 2013).
Additionally, we observed that 80% of TRAPed striatal cells in the water-drinking group
were putative D2-MSNs, with a significant decrease in this proportion in ethanol-
drinking mice. This observation is supported by our recent report that GABAergic
activity was exclusively increased in D2-MSNs following cycles of excessive ethanol
consumption and withdrawal (Cheng et al., 2017). Given the negative role of D2-MSNs
in the regulation of ethanol consumption (Cheng et al., 2017; Roltsch Hellard et al.,
2019), our findings indicate that under physiological conditions, D2-MSNs were highly
activated to suppress actions, but this activity was inhibited during the addictive ethanol-
drinking behaviors. Taken together, both increased activation of D1-MSNs and
decreased activation of D2-MSNs were associated with a reinforcement of pathological

excessive ethanol consumption.
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Interestingly, we also found a higher percentage of the D1R-expresing neuronal
ensemble in the posterior dorsal striatum than in the anterior region. The anterior dorsal
striatum has been shown to be important for visual cues (Williams and Eskandar, 2006)
and sensory-guided learning and behavior (Lee et al., 2019). The posterior striatum is
critical for selective instrumental and Pavlovian reward learning (Yin et al., 2005a;
Corbit and Janak, 2010; Shiflett et al., 2010). Considering that our animals were trained
to excessively consume 20% ethanol using intermittent-access two-bottle choice for 8
weeks, our data suggested that the posterior striatum may play an important role in
chronic excessive ethanol consumption.

3.4.2. Manipulation of ethanol-evoked circuit-specific plasticity

Ethanol induces abnormal learning and memory, and this involves modulation of
striatal synaptic plasticity (Abrahao et al., 2017; Ma et al., 2018). Chronic ethanol
exposure has been found to facilitate corticostriatal LTP and dampen endocannabinoid-
mediated LTD at corticostriatal synapse (Wang et al., 2012a; Ma et al., 2018). Using
optogenetic and transgenic tools, we observed ethanol-induced circuit-specific
potentiation at mPFC inputs onto D1-MSNs. This enhanced synaptic strength was due to
both stronger postsynaptic AMPAR- and GluN2B-containing NMDAR-mediated
responses, and an enhanced probability of presynaptic transmitter release. This is
consistent with other studies showing that addictive substances, including ethanol,
potentiated glutamatergic responses in D1-MSNs, but not D2-MSNs (MacAskill et al.,

2014; Wang et al., 2015; Cheng et al., 2017; Cheng et al., 2018; Ma et al., 2018).

86



A leading addiction hypothesis posits that drugs of abuse reinforce addictive
behaviors because they increase the concentration of dopamine in the brain (Pascoli et
al., 2015; Volkow and Morales, 2015; Bamford et al., 2018). The behavioral importance
of dopamine has been confirmed using optogenetic self-stimulation of mesolimbic
dopamine neurons to mimic the reinforcement of addictive drugs (Pascoli et al., 2015;
Pascoli et al., 2018). In addition to reinforcing behavior, self-stimulation of dopamine
neurons selectively elicited a synaptic potentiation in D1-MSNs that was
indistinguishable from cocaine-induced plasticity (Pascoli et al., 2012; Pascoli et al.,
2014; Pascoli et al., 2015). Dopamine-dependent corticostriatal plasticity has been
considered to be the mechanism underlying drug-induced reinforcement (MacAskill et
al., 2014; Pascoli et al., 2015; Bamford et al., 2018). The observation that cocaine self-
administration occluded optogenetic self-stimulation of dopamine neurons supports the
importance of this system (Pascoli et al., 2015). However, much less is known about
whether corticostriatal plasticity is sufficient to drive the reinforcement of behavior. To
circumvent issues of non-specificity, we trained rats to self-stimulate the corticostriatal
synapse via a well-established dual-channel optogenetic LTP-inducing protocol that
employed presynaptic high-frequency stimulation paired with postsynaptic
depolarization (Ma et al., 2018); this was used to mimic ethanol-evoked potentiation. We
repeatedly paired a specific action (active lever press) with in vivo stimulation of
mPFC->D1-MSN synapses to induce LTP and observed reinforcement in operant
behavior. Additionally, a reduction in the inter-action intervals between active lever

presses suggested that LTP induction at mPFC->D1-MSNs had a positive effect on the
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initial acquisition of instrumental contingency (Matamales et al., 2020). Lastly, the
induction of LTP was confirmed by post-induction electrophysiological recording.
Taken together, these results support the idea that corticostriatal synaptic plasticity is
sufficient for reinforcement learning.

Deep brain stimulation techniques are entering widespread use for the
investigation and treatment of neurological and neuropsychiatric disorders (Peterchev et
al., 2012; Creed et al., 2015). We recently reported that optogenetic inhibition of D1-
MSNs in the DMS, or of their axonal terminals in the SNr, transiently reduced lever
presses for ethanol without altering locomotor activity (Roltsch Hellard et al., 2019).
Moreover, in vivo induction of LTD in DMS D1-MSNs using optogenetic high-
frequency stimulation, combined with systemic administration of glutamatergic
NMDAR and D2R antagonists, persistently suppressed ethanol-seeking behavior (Ma et
al., 2018). However, systemically administered NMDAR and D2R antagonists can
influence neurons in both diseased and healthy brain regions. Additionally, our previous
studies induced oLTD outside the operant chambers, which occurred in the absence of
the context of alcohol-seeking or -taking behavior (Ma et al., 2018; Roltsch Hellard et
al., 2019). There is evidence showing that the state of the brain during the stimulation
can change the outcome of the intervention (Silvanto et al., 2008; Mansouri et al., 2018).
Previous studies (Verena Pawlak, 2008; Wu et al., 2015) have shown that
endocannabinoid-mediated LTD can be induced specifically in D1-MSNss in slices using
STDP without the inclusion of NMDAR and D2R antagonists. The present study took

advantage of in vivo dual-channel optogenetics to induce LTD when rats engaged in
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ethanol-seeking behavior. We discovered that optogenetic delivery of a post-pre STDP
LTD-inducing protocol reduced operant self-administration of ethanol for 10 d. Whole-
cell recording in DMS slices prepared from rats 2 d after light stimulation showed that
glutamate release was reduced, suggesting persistent expression of in vivo LTD.
Interestingly, we found that oLTD induction at the mPFC->D1-MSN synapse reduced
ethanol-seeking behavior more effectively than it did ethanol-taking (magazine entry)
behavior. It has been reported that brain circuits controlling drug-seeking behaviors are
dissociable from those regulating drug-taking behaviors (Luscher et al., 2020).

Acquisition of goal-directed drug-seeking depends on the DMS and on afferents
from the mPFC and orbitofrontal cortex (Luscher et al., 2020). This view is supported by
the observation that optogenetic inhibition of the corticostriatal pathway decreases
ethanol-seeking behaviors (Ma et al., 2018; Roltsch Hellard et al., 2019). Although drug-
taking behaviors also depend on the plasticity of projections from the mPFC and
orbitofrontal cortex to the DMS (Luscher et al., 2020), some evidence suggests that there
is more activity in orbitofrontal cortex-DMS connections and less engagement of mPFC-
ventrolateral striatum circuitry in compulsive methamphetamine taking (Hu et al., 2019).
Additionally, the oLTD induction in the present study was time-locked to pressing of the
active lever, which may have increased the sensitivity of this ethanol-seeking behavior to
the oLTD-mediated suppression.

In summary, the present study demonstrated that excessive ethanol consumption
potentiated glutamatergic mPFC->D1-MSN neurotransmission. Notably, we showed

that this corticostriatal plasticity was sufficient to elicit reinforcement behavior.
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Additionally, reversal of this potentiation reduced ethanol-seeking behavior. These
findings are expected to facilitate the development and optimization of future circuit-
based therapeutics for ethanol use disorder.
3.5. Materials and methods
3.5.1. Reagents

AAV8-Syn-Chronos-GFP and AAV8-Syn-Flex-Chrimson-tdTomato (tdT) were
purchased from the University of North Carolina Vector Core. Retrograde AA Vretro-
Cre-GFP (pENN.AAV.hSyn.HI.eGFP-Cre. WPRE.SV40) was obtained from Addgene.
NBQX and APV were purchased from R&D Systems. Ro 25-6981 was obtained from
Tocris Bioscience. Picrotoxin, strontium, 4-hydroxytamoxifen (4-OHT), and other
reagents were purchased from Sigma.
3.5.2. Animals

Drdla-Cre (D1-Cre) and Drd2-Cre (D2-Cre) mice were obtained from the
Mutant Mouse Regional Resource Centers (Wang et al., 2015; Cheng et al., 2017; Cheng
etal., 2018; Wei et al., 2018; Lu et al., 2019). Drd1a-tdT (Ade et al., 2011), Ail4
(Madisen et al., 2010), Snap25 (Madisen et al., 2015), and Fos-iCreER (TRAP2) mice
(Allen et al., 2017; DeNardo et al., 2019) were purchased from the Jackson Laboratory.
Long-Evans rats were obtained from Harlan Laboratories. TRAP2 mice were crossed
with Snap25 and D1-tdT mice to obtain the D1-tdT;Fos-Cre;Snap25 mice (Figure 3.1).
D1-Cre and D2-Cre mice were crossed with Ail4 to obtain D1-Cre;Ail4 and D2-
Cre;Ail4 mice (Figure 3.2). Mouse genotypes were determined by PCR analysis of Cre

or the fluorescent protein gene in tail DNA (Cre for D1-Cre and D2-Cre mice; tdT for
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D1-tdT and Ail4 mice; GFP for Snap25 mice) (Wang et al., 2015; Cheng et al., 2017;
Cheng et al., 2018; Wei et al., 2018; Lu et al., 2019). Male 2-3-month-old mice and
Long-Evans rats were used in Figures 3.2-3.5; male and female mice were used in
Figure 3.1. Animals were housed in a temperature- and humidity-controlled vivarium
with a 12-h light/dark cycle (lights on at 11:00 P.M.). All behavior experiments were
conducted in their dark cycle. Food and water were available ad libitum. All animal care
and experimental procedures were approved by the Texas A&M University Institutional
Animal Care and Use Committee.
3.5.3. Intermittent-access to 20% ethanol two-bottle-choice drinking procedure

To establish high levels of ethanol consumption in mice, we utilized the
intermittent-access to 20% ethanol two-bottle-choice drinking procedure (Wang et al.,
2015; Cheng et al., 2017; Cheng et al., 2018; Wei et al., 2018). D1-tdT;Fos-Cre;Snap25
mice, D1-Cre;Ail4, and D2-Cre;Ail4 mice were given free access to two bottles
containing water or 20% ethanol for three 24-h sessions (Mondays, Wednesdays, and
Fridays), with 24-h or 48-h withdrawal periods (Tuesdays, Thursdays, Saturdays, and
Sundays) each week. During the withdrawal periods, the mice had unlimited access to
water bottles. The placement of the ethanol bottle was alternated for each drinking
session to control for side preferences. Control animals were treated in the same manner,
except that they were presented with water only. This procedure was followed for 8

weeks.
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3.5.4. Capturing neuronal ensembles and drug preparation

After 8 weeks of two-bottle choice training, D1-tdT;Fos-Cre;Snap25 mice were
habituated to intraperitoneal (i.p.) injection of saline for three consecutive ethanol-
drinking sessions. On the fourth ethanol-drinking session (TRAPing day), animals were
i.p. injected with either 50 mg/kg 4-OHT or saline under infrared light 2 h before ethanol
exposure. Animals were then returned to their home-cage until the time of sacrifice,
which was 2 weeks after TRAPing. 4-OHT was prepared as described in previous
studies (Allen et al., 2017; DeNardo et al., 2019). Briefly, a 20-mg/mL stock solution
was prepared by shaking 4-OHT powder in 200 proof ethanol at 37°C until the 4-OHT
had dissolved. The stock solution was protected from light and stored as aliquots at -
20°C for several weeks. Before each use, the 4-OHT stock was shaken at 37°C to ensure
that it was dissolved. An equal volume of a 1:4 mixture of castor oil:sunflower seed oil
was added to give a final concentration of 10 mg/mL 4-OHT, and the ethanol was
evaporated by centrifugation under a vacuum. The final 4-OHT in oil was stored at 4°C
for a maximum of 12 h before use.
3.5.5. Confocal imaging and cell counting

Animals were perfused intracardially with 4% paraformaldehyde in phosphate-
buffered saline. The brains were removed and post-fixed overnight in 4%
paraformaldehyde in phosphate-buffered saline at 4°C prior to dehydration in 30%
sucrose solution. The brains were cut into 50-pm coronal or sagittal sections using a
cryostat. Fluorescent images were acquired using a confocal microscope (FluoView

1200, Olympus, Tokyo, Japan) and analyzed using IMARIS 8.3.1 (Bitplane, Ziirich,
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Switzerland), as previously reported (Cheng et al., 2017; Wei et al., 2018; Lu et al.,
2019). Cell counting was performed in 11 D1-tdT;Fos-Cre;Snap25 mice. In each brain
region, a total of 33-35 brain sections were imaged from each mouse. Imaris 8.3.1 was
used to count green and red neurons, and to calculate co-localization. Brain regions were
subdivided using the Paxinos Mouse Brain Atlas (Franklin and Paxinos, 2007).
3.5.6. Stereotaxic virus infusion

The stereotaxic virus infusion procedure was conducted as described previously
(Maetal., 2018; Lu et al., 2019; Roltsch Hellard et al., 2019). Where required for the
experimental design, AAV-Chronos-GFP was bilaterally infused into the mPFC (AP:
+1.94 mm, ML: £0.25 mm, DV: -2.5 mm from the Bregma) of D1-Cre;Ai14 and D2-
Cre;Ai14 mice (Figure 3.2). In rats, AAV-Chronos-GFP was infused into the mPFC
(AP1: +3.2 mm, ML1: £0.65 mm, DV1: -4.0 mm; AP2: +2.6 mm, ML2: +£0.65 mm,
DV2: -4.0 mm from the Bregma), AAV-Flex-Chrimson-tdT was infused into the DMS
(AP1: +1.2 mm, ML1: £1.9 mm, DV1: -4.7 mm; AP2: + 0.36 mm, ML2: £2.3 mm,
DV2: -4.7 mm from the Bregma), and AAVretro-Cre-GFP was infused into the
substantia nigra pars reticulata (SNr) (AP1: -4.92 mm, ML1: +2.3 mm, DV1: -8.3 mm;
AP2: -5.5 mm, ML2: £2.0 mm, DV2: -8.6 mm from the Bregma). Animals were
anesthetized with 3 4% isoflurane at 1.0 L/min and mounted in a stereotaxic surgery
frame. The head was leveled and craniotomy was performed using stereotaxic
coordinates adapted from the mouse brain atlas (Franklin and Paxinos, 2007). A volume
of 0.5 pL/site (mice) or 1 pL/site (rats) of virus was infused at a rate of 0.08 uL/min. At

the end of the infusion, the injectors remained at the injection site for an additional 10-15
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min before removal to allow for virus diffusion. The scalp incision was then sutured, and
the animals were returned to their home cage for recovery.
3.5.7. Slice electrophysiology

Slice preparation. Slices were prepared and electrophysiological recordings
were conducted as described previously (Cheng et al., 2017; Huang et al., 2017; Ma et
al., 2017; Ma et al., 2018; Lu et al., 2019; Roltsch Hellard et al., 2019). Briefly, coronal
sections containing the striatum (250 um) were cut in an ice-cold cutting solution
containing (in mM): 40 NaCl, 148.5 sucrose, 4 KCl, 1.25 NaH,PO4, 25 NaHCO3, 0.5
CaCly, 7 MgCl,, 10 glucose, 1 sodium ascorbate, 3 sodium pyruvate, and 3 myo-inositol.
The solution was saturated with 95% O and 5% COz. Slices were then incubated in a
1:1 mixture of the cutting solution and external solution at 32°C for 45 min. The external
solution was composed of the following (in mM): 125 NacCl, 4.5 KCl, 2.5 CaCly, 1.3
MgCl,, 1.25 NaH2POy4, 25 NaHCO;3, 15 glucose, and 15 sucrose. The external solution
was saturated with 95% Oz and 5% COa.. Slices were then maintained in the external
solution at room temperature until use. Striatal slices were prepared from ethanol-
drinking mice 24 h after the last ethanol-drinking session (Figure 3.2), 24 h after the last
self-stimulation to induce optogenetic LTP (oLTP) in rats (Figure 3.3), and 2 d after the
last time-locked optogenetic LTD (oLTD) induction in rats (Figure 3.7).

Whole-cell recordings. Individual slices were transferred to a recording
chamber and continuously perfused with the external solution at a rate of 2-3 mL/min at
32°C. Picrotoxin (100 uM) was included in the external solution of all recordings to

block GABA4 receptor-mediated transmission. Fluorescent axonal fibers and neurons
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were visualized using an epifluorescent microscope (Examiner A1, Zeiss). Prior to
patching onto a cell, the presence of tdT expression was used to verify the cell type, as
well as GFP expression for mPFC terminal expression of Chronos. MSNs were clamped
at -70 mV. We used a Cs-based intracellular solution containing (in mM): 119
CsMeSOqs, 8 tetracthylammonium chloride, 15 4-(2-hydroxyethyl) piperazine-1-
ethanesulfonic acid (HEPES), 0.6 ethylene glycol tetraacetic acid (EGTA), 0.3 Na;GTP,
4 MgATP, 5 QX-314, and 7 phosphocreatine, with an osmolarity of ~280 mOsm/L. The
pH was adjusted to 7.3 with CsOH.

For selective stimulation of inputs from channelrhodopsin-expressing fibers onto
DMS neurons, 470-nm light was delivered through the objective lens for 2 ms. To
generate input-output curves for AMPAR- and NMDAR-mediated EPSCs, light-evoked
currents were recorded at 5 different stimulation intensities. NMDAR-EPSCs were
measured in the presence of 0.05 mM Mg?* and 10 uM NBQX. Paired-pulse ratios were
calculated by dividing the second light-evoked EPSC by the first, with a 100-ms interval
between the two. The proportion of NMDARSs containing the GluN2B subunit
(GluN2B/NMDAR ratio) was measured using the GluN2B antagonist, Ro 25-6981 (0.5
uM). GluN2B-EPSCs were obtained by digital subtraction of NMDAR-EPSCs observed
in the presence of Ro 25-6981 from those observed in the absence of this antagonist. The
GluN2B/NMDAR ratio was determined by the peak amplitude of GluN2B-EPSCs
divided by the peak amplitude of NMDAR-EPSCs. To obtain AMPAR/NMDAR ratios,
we initially clamped neurons at -70 mV and measured five EPSCs; neurons were then

clamped to +40 mV, and five additional EPSCs were recorded. AMPAR values were
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calculated by averaging the current traces recorded at -70 mV and measuring the
amplitude of the averaged peak. The +40 mV traces were also averaged, and the
NMDAR current was determined 30 ms after the peak AMPAR current, when the
contribution of the AMPAR component was minimal (Maroteaux and Mameli, 2012; Ma
et al., 2018). The AMPAR/NMDAR ratio was calculated by dividing the peak amplitude
of AMPAR-EPSCs by that of NMDAR-EPSCs. Evoked EPSC data were analyzed using
Clampfit 10.5. To record asynchronous release, 2.5 mM Ca?" was replaced with 2.5 mM
strontium (Sr?*) in the recording solution. AMPAR-mediated quantal events were
collected between 50 ms and 500 ms after each stimulus (delivered once every 30 s) in
an external solution containing APV (50 uM), 2.5 mM Sr?*, and 0 Ca?* (Ding et al.,
2008; Lu et al., 2019). Quantal events were analyzed using MiniAnalysis software
(Synaptosoft) with a detection parameter of > 5 pA amplitude. For each cell, at least 30
trials were conducted.

Field recording. For LTD experiments, extracellular field recordings were
conducted as described previously (Ma et al., 2017; Ma et al., 2018; Roltsch Hellard et
al., 2019). Specifically, the recording used a patch pipette filled with 1 M NaCl, which
was placed within the DMS. Field excitatory postsynaptic potentials/population spikes
(fEPSP/PS) were evoked by optical stimulation (2 ms, 470 nm) through the objective
lens at 0.05 Hz. After a stable baseline had been established for 10 min, post-pre-STDP
stimulation was delivered through the objective lens to induce LTD. Postsynaptic
depolarization preceded presynaptic stimulation by 30 ms, and either 60 pairs (0.1 Hz) or

900 pairs (5 Hz) were delivered. fEPSP/PS were continuously measured for another 40
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min. For the LTD analysis, the peak amplitude of each fEPSP/PS was measured and
normalized to the mean peak amplitude of all fEPSP/PS during the 10-min baseline. The
magnitude of fEPSP/PS potentiation was calculated using the mean peak amplitude of
responses measured 30-40 min post LTP induction.
3.5.8. Optical fiber implantation

The optical fiber implantation was conducted as described previously (Ma et al.,
2018; Roltsch Hellard et al., 2019). Animals were anesthetized with isoflurane and then
placed in a stereotaxic frame. An incision was made, and optical fiber implants (300-pum
diameter optical fiber secured to a 2.5-mm stainless steel ferrule) were lowered into the
mPFC (AP: 2.6 mm; ML: £0.0 mm; DV: -3.5 mm from Bregma) and/or bilateral DMS
(AP: +0.78 mm; ML: £2.93 mm; DV: -4.65 mm from Bregma) at a 10-degree angle.
Four metal screws were fixed into the skull to support the implants, which were further
secured with dental cement (Henry Schein). Meloxicam was administered for pain
management. Rats were monitored for one week or until they resumed normal activity.
3.5.9. Operant self-administration of ethanol

Long-Evans rats were trained to self-administer 20% ethanol in operant
chambers using a fixed ratio 3 (FR3) schedule, as described previously (Huang et al.,
2017; Ma et al., 2018; Roltsch Hellard et al., 2019). Each chamber contained two levers:
pressing an active lever three times resulted in delivery of 0.1 mL of 20% ethanol;
presses of the inactive lever were recorded but did not result in a programmed event. The
ethanol solution was delivered via a stainless steel dipper that rested within an ethanol

reservoir. When rats pressed the active lever three times, the dipper (filled with ethanol)
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was raised into the magazine port for 20 s before returning to the reservoir. The weight
of the ethanol reservoir was measured before and after the operant session. During
ethanol delivery, the magazine port was illuminated to provide a cue for reward
availability. Once a stable baseline of active lever presses was achieved, the animals
underwent in vivo oLTD induction (described below). Following the induction, the
operant behavior of some rats was continuously monitored for 10 d, while other rats
were euthanized for electrophysiology recording 2 d after LTD induction. Ethanol-
seeking behavior was quantified using the number of active lever presses, while ethanol-
taking was determined as the difference in ethanol reservoir weight before and after the
30-min operant session.
3.5.10. In vivo dual-channel optogenetic stimulation

Self-stimulation of mPFC->D1-MSN synapses for oLTP induction. Rats were
food-restricted the night before the mock and first training session. Each session lasted
30 min. The optical fiber from each hemisphere of the rat was connected to the laser via
fiber-optic patch cords (Doric Lenses or Thorlab), a 1x2 intensity division fiberoptic
rotary joint (FRJ 1x2i FC-2FC; Doric Lenses), and FC/PC fiber cables (Thorlabs),
allowing free movement during operant behavior. Bilateral optical stimulation was
administered by the laser at wavelengths of 473 nm and 590 nm (Ma et al., 2018;
Roltsch Hellard et al., 2019). Each light pulse was 2 ms, with 8 mW power at the fiber
tip. The rats learned to self-stimulate corticostriatal synapses in the operant chamber for
12 consecutive days. Active (laser-paired) and inactive levers were present on one wall

of the chamber, and a cue light was located above each lever. On day 1, rats were
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habituated in the operant chamber and then a 30-min baseline was collected with the
patch cord attached but no laser stimulation delivery (mock induction). On day 2, rats
that pressed the active lever received 100 pulses of 473-nm light at 50 Hz, with constant
590-nm light for 2 s, to induce oLTP. Presses of the inactive lever were recorded, but did
not result in any light delivery. During the first 3 sessions (days 2-4), a single press of
the active lever (FR1) resulted in the illumination of a cue light for 10 s. After a delay of
5's, the 2-s oLTP was delivered. A FR2 schedule was used on days 5-8 and FR3 was
used on days 9 12.

oLTD induction time-locked to active lever presses for ethanol. Rats were
trained to self-administer 20% ethanol in the operant chamber using the FR3 schedule.
The optical fibers from the mPFC and bilateral DMS of the rat were separately
connected to the 473-nm and 590-nm laser via fiber optic patch cords (Doric Lenses), a
separate light path 2x2 fiberoptic rotary joint (FRJ 2x2 2FC-2FC; Doric Lenses), and
FC/PC fiber cables (Thorlabs). Light stimulation at 473 nm was used to activate mPFC
neurons, while 590-nm light was utilized to depolarize D1-MSNs. Once a stable baseline
of active lever presses had been attained during mock induction, the LTD-inducing
protocol was delivered at the same time as ethanol during 30-min operant sessions. In
these sessions, three presses of the active lever by the rat (FR3) triggered delivery of
post-pre stimulations (10 pairs at 5 Hz), where 590-nm light preceded 473-nm light by

30 ms and each light pulse lasted 2 ms, with 8 mW power at the fiber tip.
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3.5.11. Statistical analysis

All data are expressed as the mean + the standard error of the mean. Data were
analyzed by two-tailed t test (unpaired or paired), one- or two-way ANOVA with
repeated measurement, followed by the Student-Newman-Keuls (SNK) post hoc test.
Significance was determined if p < 0.05. Statistical analysis was conducted by the

SigmaPlot program. Graphs were constructed using the OriginPro program.
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CHAPTER IV
WHOLE-BRAIN MAPPING OF DIRECT INPUTS TO DOPAMINE D1 AND D2
RECEPTOR-EXPRESSING MEDIUM SPINY NEURONS IN THE POSTERIOR

DORSOMEDIAL STRIATUM

4.1. Overview

The posterior dorsomedial striatum (pDMS), which is mainly composed of
medium spiny neurons (MSNs) expressing either dopamine D1 receptors (D1Rs) or
D2Rs, is crucial for goal-directed actions and drug-seeking behavior. Activation of these
two MSN types produces opposing effects on addictive behaviors. However, it remains
unclear whether pDMS D1- or D2-MSNs receive afferent inputs from different brain
regions or whether the extra-striatal afferents express distinct dopamine receptors. To
assess whether these afferents also contained D1Rs or D2Rs, we generated double
transgenic mice, in which D1R- and D2R-expressing neurons were fluorescently labeled.
We utilized rabies virus-mediated retrograde tracing in these mice to perform whole-
brain mapping of direct inputs to DI-MSNs or D2-MSNs in the pDMS. We found that
D1-MSNs preferentially received inputs from the secondary motor, secondary visual,
and cingulate cortices, whereas D2-MSNs received inputs from the primary motor and
primary sensory cortices, and the thalamus. We also discovered that while the bed
nucleus of the stria terminalis (BNST) and central nucleus of the amygdala are not the
major inputs to pPDMS MSN:ss, these regions contained abundant D2R-expressing, but

few D1R-expressing, neurons in a triple transgenic mouse model. Remarkably, although
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limited DIR or D2R expression was observed in extra-striatal neurons that projected to
D1- or D2-MSNs, we found that cortical structures preferentially contained D1R-
expressing neurons that projected to D1- or D2-MSNs, while the thalamus, substantia
nigra pars compacta, and BNST had more D2R-expressing cells that projected to D2-
MSNs. Taken together, these findings provide a foundation for future understanding of
the pDMS circuit and its role in action selection and reward-based behaviors.
4.2. Introduction

The basal ganglia has critical roles in movement control and action selection
(Balleine et al., 2009). The striatum, which provides the primary input to the basal
ganglia, receives and integrates information from cortical, thalamic, and limbic
structures before passing this to the basal ganglia for an appropriate action (Bamford et
al., 2018). Growing evidence indicates that the dorsomedial striatum (DMS) is involved
in the control of goal-directed actions and drug-seeking behaviors (Volkow et al., 2006;
Wang et al., 2010; Ma et al., 2018). Two distinct subtypes of medium spiny neuron
(MSN) make up as much as 95% of neurons within the DMS (Gerfen and Surmeier,
2011; Cheng et al., 2017). One type of MSN expresses dopamine D1 receptors (D1Rs)
and projects to the substantia nigra pars reticulata (SNr), forming the direct pathway
(Kreitzer and Malenka, 2008; Gerfen and Surmeier, 2011). The other type of MSN
expresses dopamine D2 receptors (D2Rs) and projects to the external globus pallidus
(GPe), forming the indirect pathway (Kreitzer and Malenka, 2008; Gerfen and Surmeier,
2011). Activation of D1R-expressing MSNs (D1-MSNs) or D2R-expressing MSNs (D2-

MSNs) produces opposing effects on movement and reward-related behaviors (Gerfen
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and Surmeier, 2011; Cheng et al., 2017; Luscher et al., 2020). Thus, many learned
responses require the coordinated activation of the direct pathway and inhibition of the
indirect pathway in the DMS. Importantly, recent studies have found that the posterior
region of the DMS (pDMS) is likely to play a greater role in goal-directed behavior than
the anterior DMS (aDMS) (Yin and Knowlton, 2004; Yin et al., 2005a; Regier et al.,
2015). While the aDMS is important for sensory-guided learning (Williams and
Eskandar, 2006; Lee et al., 2019), the pDMS is necessary for the integration of action-
outcome associations and expression of goal-directed learning (Yin and Knowlton, 2004;
Yin et al., 2005a; Yin et al., 2005b; Corbit and Janak, 2010; Shiflett et al., 2010). In
addition to these differences in behavioral function, a recent anatomical study also found
different cortical inputs to the aDMS and pDMS (Hunnicutt et al., 2016). While the
aDMS mainly received inputs from the orbital, prelimbic, infralimbic, and anterior
cingulate cortices, the pDMS primarily received inputs from the motor, orbital,
cingulate, and visual cortices (Hunnicutt et al., 2016). While the innervation of D1-
MSNs and D2-MSNs in the aDMS has been studied using the rabies virus-mediated
retrograde monosynaptic tracing system (Wall et al., 2013), it remains unclear whether
D1- and D2-MSNs in the pDMS receive distinct inputs from other brain areas.

In addition to receiving excitatory glutamatergic inputs from the cortex,
thalamus, and amygdala, DMS D1- and D2-MSNs are modulated by dopaminergic
inputs from the substantia nigra pars compacta (SNc) (Bamford et al., 2018). Dopamine
can alter MSN activity by acting on their postsynaptic DIRs or D2Rs (Gerfen and

Surmeier, 2011; Cheng et al., 2017; Luscher et al., 2020), as well as by acting on
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presynaptic receptors (Wang and Pickel, 2002; Dumartin et al., 2007; Lu et al., 2019).
Electron microscopy studies have provided evidence that cortical fibers in the dorsal
striatal contain both D1Rs and D2Rs (Wang and Pickel, 2002; Dumartin et al., 2007),
although D1R immunoreactivity was observed less frequently (Dumartin et al., 2007). A
recent study also showed that cortical neurons that projected to the DMS preferentially
expressed D2Rs, rather than D1Rs (Lu et al., 2019). However, these studies could not
determine which specific DMS neuron types received the D1R- or D2R-expressing
inputs.

In this study, we assessed D1R and D2R expression patterns in extra-striatal
neurons by generating cell-type-specific Cre-expressing double transgenic mice, in
which D1R- and D2R-expressing cells were labeled by a fluorescent protein. To map
direct inputs to D1- or D2-MSNs, we utilized the rabies virus-mediated monosynaptic
tracing approach; this allowed us to label neurons anywhere in the brain that projected
monosynaptically to D1- or D2-MSNs (Wall et al., 2013; Ogawa and Watabe-Uchida,
2018). We discovered that neurons in the orbital frontal, secondary motor, visual cortex,
and cingulate cortices preferentially targeted pDMS D1-MSN:s. In contrast, neurons in
the thalamus, primary motor cortex, and primary sensory cortex preferentially projected
to pDMS D2-MSNs. Furthermore, our triple transgenic mouse models showed that the
bed nucleus of the stria terminalis (BNST) and the central nucleus of the amygdala
(CeA) contained abundant D2R-expressing neurons, but few D1R-expressing cells.
Lastly, we found that while the number of D1R- or D2R-expressing neurons that

projected to pPDMS MSNs was low, they exhibited distinct distribution across different
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brain regions. These findings lay a foundation for an improved understanding of how the
pDMS organizes information from multiple upstream brain regions to determine an
action.
4.3. Results
4.3.1. Identification of distinct whole-brain extra-striatal inputs to D1-MSNs and
D2-MSNs in the pDMS

To compare afferent inputs onto pDMS D1- and D2-MSNs, we employed rabies-
mediated monosynaptic retrograde tracing in D1-Cre;Snap25 and D2-Cre;Snap25 mice,
in which D1-MSNs or D2-MSN s selectively expressed Cre (and thus GFP), respectively
(Madisen et al., 2015; Wei et al., 2018; Lu et al., 2019). In these mouse lines, the pDMS
was injected with Cre-dependent AAVs that expressed TVA-mCherry and RG (Figure
4.1 A). TVA facilitated neuronal infection by the pseudotyped rabies virus, while RG
facilitated retrograde monosynaptic spread of the rabies virus from infected neurons
(Wall et al., 2013; Ogawa and Watabe-Uchida, 2018). Three weeks after the infusion of
these vectors, we injected the glycoprotein-deleted pseudotyped rabies virus, EnvA-
SADAG-mCherry, at the same pDMS location using an angled injection tract (Figure 4.1
B), to prevent coincident infection (Wall et al., 2013). This strategy of selectively
expressing TVA and RG in Cre-expressing D1-MSNs in D1-Cre;Snap25 mice or D2-
MSNss in the D2-Cre;Snap25 mice meant that the rabies virus infected these neurons and
spread to neurons with monosynaptic inputs to them (Figure 4.1 C). One week after the
rabies virus infusions, serial coronal 50-um sections of the whole brain were prepared,

and every fourth section was imaged using confocal laser-scanning microscopy. We
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observed intense GFP expression in the striatum and at D1-MSN projection targets,
including the GPe (Figure 4.1 Div), entopeduncular nucleus (Figure 4.1 Dv), and SNr
(Figure 4.1 Dvii), and at D2-MSN projection targets such as the GPe (Figure 4.1 Dxi).
We also observed a large number of mCherry-positive extra-striatal neurons with
monosynaptic connections to D1-MSNs (Figure 4.1 Di—Dvii) or D2-MSNs (Figure 4.1
Dviii—Dxiv); these were located in the cortex (Figure 4.1 Di—Dxiv), BNST (Figure 4.1
Diii and Dx), GPe (Figure 4.1 Div and Dxi), amygdala (Figure 4.1 Dv and Dxii),
thalamus (Figure 4.1 Dvi and Dxiii), and the midbrain (Figure 4.1 Dvii and Dxiv).
These rabies-labeled afferent (mCherry-positive) neurons in both hemispheres
were counted relative to brain region boundaries. The total number of extra-striatal
mCherry-positive neurons did not differ significantly between D1-Cre;Snap25 and D2-
Cre;Snap25 mice (Figure 4.1 E; #11) = -0.55, p > 0.05). Since both AAV8-Flex-TVA-
mCherry and the rabies virus expressed mCherry, this did not allow for selective
visualization of starter cells, which expressed the rabies virus and AAV8-Flex-RG.
Thus, labeled neuron counts from any given brain region were normalized to the total
inputs to the pDMS detected within each animal. This approach was used to account for
any inter-animal differences in viral infusion. This analysis identified significant
differences in the extent of inputs from distinct brain regions (Figure 4.1 F; F(555) =
627.19, p <0.001). Specifically, the majority of inputs onto pDMS D1-MSNs and D2-
MSNs arose from the cortex (Figure 4.1 F; g = 54.22, 60.72, 62.5, 63.38, and 63.05, p <
0.001 for cortex versus thalamus, basal ganglia, amygdala, midbrain and others), and

thalamus (Figure 4.1 F; ¢ = 6.50, 8.28, 9.16, and 8.83, p < 0.001 for thalamus versus
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basal ganglia, amygdala, midbrain and others). Interestingly, the cortical neurons
innervated significantly more D1-MSNs than D2-MSNs, whereas thalamic neurons
connected with significantly more D2-MSNs than D1-MSNs (Figure 4.1 F; cortical
neurons: g = 4.56, p <0.01; thalamic neurons: ¢ = 3.51, p < 0.05).

Both the cortex and thalamus contain many sub-regions. Within the cortex, the
most prominent inputs to D1-MSNs (expressed as a percentage of total inputs) were
from the orbital frontal cortex (6.62 + 1.45%), primary (6.17 + 1.31%) and secondary
(21.93 + 1.47%) motor cortices, primary sensory cortex (10.53 + 1.25%), and cingulate
cortex (18.59 £ 1.27%) (Figure 4.2). For D2-MSNs, the equivalent percentages were
5.20 £ 0.93%, 8.40 £ 0.94%, 17.13 + 0.42%, 15.31 = 1.52%, and 11.66 = 1.10% of total
D2-MSN inputs, respectively (Figure 4.2). Within the thalamus, the parafascicular
nucleus, mediodorsal thalamic nucleus, and central thalamic nucleus gave rise to the
majority of thalamostriatal inputs to D1- and D2-MSNs (Figure 4.2; 2.75% + 0.77%,
2.21% + 0.40%, and 1.28% =+ 0.21% of total DI-MSN inputs, respectively; and 2.97% +
1.10%, 2.29% £ 0.31%, and 3.10% = 0.86% of total D2-MSN inputs, respectively).
These data suggest that pPDMS MSNs receive inputs primarily from the cortex and
thalamus, which preferentially project to D1-MSNs and D2-MSNss, respectively.

Previous studies have demonstrated that the striatum plays a critical role in
sorting sensory, motor, and reward information arriving from two major excitatory
sources: the cortex and thalamus (Lovinger, 2010; Bamford et al., 2018). Differential
activation of the direct and indirect pathways subsequently results in the selection and

execution of appropriate responses. Therefore, we next analyzed whether there were
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cortical or thalamic subregions that preferentially targeted D1-MSNs or D2-MSNss.
Although many cortical structures provided similar proportions of the inputs to D1-
MSNs and D2-MSNs, we identified some cortical regions that showed a considerable
bias in their synaptic input to a specific cell type. The secondary motor, cingulate, and
secondary visual cortices provided significantly higher proportions of the inputs to D1-
MSNS, as compared with D2-MSNs (Figure 4.1 D; Figure 4.2; ¢ = 9.13, p <0.001; g =
13.19, p <0.001; g = 2.95, p < 0.05, respectively). This trend was also observed in the
orbital frontal cortex (Figure 4.2; ¢ = 2.71, p <0.001). In contrast, the primary motor and
primary sensory cortices provided more inputs to D2-MSNs than to D1-MSNs (Figure
4.1 D; Figure 4.2; g = 4.24, p <0.05; ¢ = 9.10, p < 0.001, respectively). The other major
source of glutamatergic input to the striatum, the thalamostriatal projections, also
showed some biased connectivity. Both the central and ventromedial thalamic nuclei
provided significantly higher proportions of inputs to D2-MSNs than to D1-MSNs
(Figure 4.1 D; Figure 4.2; g = 3.47, p <0.05; g = 3.15, p < 0.05, respectively). In
addition to these cortical and thalamic inputs, the amygdala provides glutamatergic
inputs to the DMS. The present study found similar proportions of synaptic inputs to D1-
MSNs and D2-MSNs from the central, basal, and lateral amygdala (Figure 4.1 D; Figure
4.2;¢=10.09, p>0.05;¢g=0.51; p>0.05; g = 0.08; p > 0.05, respectively).

We also compared the projections from the SNc, a known dopaminergic input to
the DMS, to D1- and D2-MSNs (Surmeier et al., 2009). Consistent with previous report
(Wall et al., 2013), we found that a relatively small proportion of the total inputs were

from the SNc, and there was no significant difference between the percentages of these
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inputs to D1-MSNs and D2-MSNs (Figure 4.1 D; Figure 4.2; ¢ = 0.04, p > 0.05). Lastly,
we compared the GABAergic inputs from the GPe to the DMS (Lee et al., 2004;
Hernandez et al., 2015) and found significantly greater D2-MSN innervation (Figure 4.1
D; Figure 4.2; g = 3.04, p < 0.05).

Taken together, these observations demonstrated input specificity onto two MSN
subtypes in the pPDMS. We discovered that the secondary motor, secondary visual, and
cingulate cortices preferentially targeted D1-MSNs, whereas inputs from the thalamus,
primary motor cortex, and primary sensory cortex preferentially projected to D2-MSNs.
Consequently, the cortex and thalamus preferentially project to pDMS D1-MSNs and

D2-MSN:ss, respectively.
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Figure 4.1 Rabies virus-mediated retrograde monosynaptic whole-brain tracing of
neurons projecting to D1-MSNs and D2-MSNs in the pDMS.

A and B, The experimental design used to trace neurons with afferent inputs to D1-
MSNs in the pDMS. The design shows how we employed D1-Cre;Snap25 transgenic
mice, in which D1-MSNs selectively expressed Cre and GFP (green). Please note that
the same approach was repeated in D2-Cre;Snap25 and D1-tdTomato;D2Cre mice,
where we traced afferent inputs to D2-MSNs. Selective rabies infection of D1-MSNs
was achieved by injecting the pDMS of these mice with Cre-dependent helper viruses
expressing an avian membrane EnvA receptor protein (TVA) and rabies glycoprotein
(RG) (AAV-Flex-TVA-mCherry and AAV-Flex-RG) three weeks before injection of a
modified rabies virus (EnvA-SADAG-mCherry) into the same area at a 10-degree angle.
C, One week after rabies injection, the rabies virus had specifically infected TVA-
expressing D1-MSNs, and spread retrogradely from RG-expressing D1-MSNs to
neurons with monosynaptic connections with them. Note that extra-striatal neurons with
monosynaptic connections to RG-expressing D1-MSNs expressed rabies-derived
mCherry (red). mCherry-expressing neurons that also contained D1Rs and thus
expressed Cre-driven GFP (green) appeared yellow. Extra-striatal neurons that expressed
DI1Rs but did not make any connections with RG-expressing D1-MSNs were labeled
green. D, Representative confocal images of rabies virus-labeled mCherry-expressing
neurons (red) that project to D1-MSNs (i—vii) or D2-MSNs (viii—xiv) throughout the
brain in the D1-Cre;Snap25 or D2-Cre;Snap25 mice, respectively. Rows 2 and 4 show
enlarged images of the boxed areas in rows 1 and 3, respectively. Note that there were
extensive mCherry-positive neurons in the cortex (i—xiv), BNST (iii, x), GPe (iv, xi),
amygdala (v, xii), thalamus (vi, xiii), and midbrain (vii, xiv). M2, secondary motor
cortex; Cg, cingulate cortex; PrL, prelimbic cortex; S1, primary sensory cortex; M1,
primary motor cortex; BNST, bed nucleus of the stria terminalis; GPe, globus pallidus
external; AD, anterior dorsal thalamus; AV, anterior ventral thalamus; BLA, basolateral
amygdala; CeA, central amygdala; EP, entopeduncular nucleus; Pf, parafascicular
thalamic nucleus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars
reticulata; inj. site, injection site. Scale bars: 500 um (rows 1 and 3), 200 pm (rows 2 and
4). E, There was no significant difference between the total number of extra-striatal
neurons with projections to D1-MSNs or D2-MSNs; unpaired t test. F, Extra-striatal
inputs onto D1-MSNs (blue) versus D2-MSNs (orange); *p < 0.05, **p < 0.05, ***p<
0.001; two-way RM ANOVA followed by SNK test for the indicated comparisons; n =5
mice for D1-MSNs (D1-Cre;Snap25 mice) and 8 mice for D2-MSNs (4 D2-Cre;Snap25
mice and 4 D1-tdTomato;D2-Cre mice) (E and F).
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Figure 4.2 Summary of brain-wide monosynaptic inputs to pDMS D1-MSNs and
D2-MSN:s.

The majority of direct synaptic inputs to the pDMS arose in the cortex and thalamus.
Analysis of the normalized distribution of rabies virus-labeled neurons showed that the
orbital frontal cortex, secondary motor cortex, cingulate cortex, and secondary visual
cortex preferentially projected to D1-MSNs versus D2-MSNs. The primary motor
cortex, primary sensory cortex, central thalamic nucleus, ventromedial thalamic nucleus,
and globus pallidus preferentially innervated D2-MSNs versus D1-MSNs. The extra-
striatal inputs onto D1-MSNs (blue) or D2-MSNs (orange) are expressed as a percentage
of the total inputs to these cell types; *p <0.05, two-way RM ANOVA followed by SNK
test; n = 5 mice for D1-MSNs (D1-Cre;Snap25 mice) and 8 mice for D2-MSNs (4 D2-
Cre;Snap25 mice and 4 D1-tdTomato;D2-Cre mice).
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4.3.2. Preferential expression of D2Rs versus D1Rs in the BNST and CeA

There is increasing evidence that the BNST and CeA play crucial roles in many
neuropsychiatric disorders that include fear formation, anxiety, or reward-related
impulsivity (Davis et al., 2010; Kim et al., 2018). Dopaminergic afferents from the
ventral tegmental area innervate the amygdala and BNST, but the detailed DIR- and
D2R-expression patterns remain unclear. Therefore, we crossed D1-tdTomato transgenic
mice, which expressed tdTomato under the control of the DIR gene, with D2-
Cre;Snap25 mice. We counted neurons expressing D1Rs (tdTomato-positive) and D2Rs
(GFP-positive) in coronal sections containing the BNST and CeA of these D1-
tdTomato;D2-Cre;Snap25 transgenic mice. Strong expression of GFP and tdTomato was
observed in the striatum (Figure 4.3 A; Figure 4.3 B). However, while strong GFP
expression was present in the BNST area, tdTomato expression was barely detectable
(Figure 4.3 A; Figure 4.3 B). For each mouse, we examined six BNST sections from
Bregma AP +0.26 to -0.34 mm (Figure 4.3 C). The average number of D1R-expressing
neurons (41) was significantly lower than the average number of D2R-expressing

neurons (215) (Figure 4.3 D; #34) = -3.28, p < 0.01).
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Our previous study showed relatively high DIR expression and weak D2R
expression in the basolateral amygdala (Wei et al., 2018). Interestingly, using the same
transgenic animals, the present study identified high D2R expression levels in the CeA
(Figure 4.3 E; Figure 4.3 F). We examined six CeA sections from Bregma AP -0.82 to -
1.46 mm (Figure 4.3 G). An average of 82 D1R-expressing neurons was observed, and
this value was significantly lower than the average number of D2R-expressing neurons
(439) (Figure 4.3 H; t34)=-7.42, p < 0.001). These results indicate that D2Rs are

preferentially expressed in the BNST and CeA.
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Figure 4.3 The BNST and CeA preferentially express D2Rs versus D1Rs.

A, Representative fluorescent image of a coronal section of the BNST from a D1-
tdTomato;D2-Cre;Snap25 mouse. The atlas skeleton (left) shows the BNST location at
+0.26 mm relative to Bregma. B, Representative dual-channel higher magnification
fluorescent images of the boxed region of panel A showing abundant GFP-expressing
(D2R-positive) neurons (left), a few tdTomato-expressing (D1R-positive) neurons
(middle), and some colocalization (right). The bottom panels show an enlarged image of
the boxed region from the top panels. Str, striatum; aca, anterior commissure area; acp,
posterior commissure area. C, Schematic representation of the BNST starting at +0.26
mm and ending at -0.34 mm relative to Bregma. D, Bar graph summarizing the numbers
of D1R- and D2R-expressing neurons in the BNST; **p <0.01, unpaired t test; n =18
sections from three mice. E, Representative fluorescent image of a coronal section of the
CeA from a D1-tdTomato;D2-Cre;Snap25 mouse. The atlas skeleton (left) shows the
location of the CeA at -1.22 mm relative to Bregma. F, Representative dual-channel
higher magnification fluorescent images of the boxed region of panel E showing
abundant GFP-expressing D2R-positive neurons (left), a few tdTomato-expressing D1R-
positive neurons (middle), and some colocalization (right). The bottom panels show
enlarged images of the boxed region of the top panels. GPe, globus pallidus external;
tDS; tail of the striatum; BLA, basolateral amygdala. G, Schematic representation of the
CeA starting at -0.82 mm and ending at -1.46 mm relative to Bregma. H, Bar graph
depicting the higher average number of D2R-expressing neurons than D1R-expressing
neurons in the CeA; ***p <0.001, unpaired t test; n = 18 sections from three mice. Scale
bars: 1 mm (A, E); 250 um (B, F, top panels); 20 um (B, F, bottom panels).
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4.3.3. Whole-brain mapping of D1R- or D2R-expressing inputs to pPDMS MSN
subtypes

The above results (Figure 4.3) and recent transgenic models have revealed a tight
segregation of DIRs and D2Rs in some reward structures, including the orbitofrontal
cortex, prefrontal cortex, and amygdala (Wei et al., 2018). In addition to the differential
innervation of D1-MSNs and D2-MSN:gs, it is essential to note that previous anatomical
studies indicated that cortical fibers in the dorsal striatum contained abundant D2Rs, but
few D1Rs (Wang and Pickel, 2002; Dumartin et al., 2007). In addition, we recently
discovered that DMS-projecting extra-striatal neurons preferentially expressed D2Rs,
rather than D1Rs (Lu et al., 2019). We thus asked whether extra-striatal D1R- or D2R-
expressing inputs showed biased projections to D1-MSNs or D2-MSNs in the pDMS. To
test this, we measured the overlap between neurons that projected to D1-MSNs or D2-
MSNss in the pDMS, and extra-striatal neurons that expressed D1Rs or D2Rs. To explore
the anatomical connections between extra-striatal D1R-expressing inputs and D1-MSNs
(D1->D1), and between D2R-expressing inputs and D2-MSNs (D2->D2), we analyzed
the numbers of neurons that were both GFP-positive and tdTomato-positive in D1-
Cre;Snap25 and in D2-Cre;Snap25 mice following EnvA-SADAG-mCherry injection.

DIR- or D2R-expressing neurons were selectively labeled with GFP (Figure 4.4
A, Figure 4.4 B, Figure 4.4 D; left and middle) and the EnvA-SADAG-mCherry rabies
virus infected D1-MSNs or D2-MSNs before spreading to neurons with direct inputs to
these cells (Figure 4.4 A, Figure 4.4 B, Figure 4.4 D; left and middle). As a result,

neurons that projected to D1-MSNs or D2-MSNs were labeled red (mCherry) in these
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mice. To probe the connections between extra-striatal D1R-expressing inputs and D2-
MSNs (D1->D2), we employed D1-tdTomato;D2-Cre mice, in which extra-striatal D1R-
expressing neurons and pDMS D1-MSNs were both labeled red (tdTomato) (Figure 4.4
C, Figure 4.4 D; right). These mice did not express GFP in D2-MSNs as GFP was
subsequently used in the rabies virus. Injection of AAV8-Flex-TVA-mCherry and
AAVS-Flex-RG into the pDMS, followed by EnvA-SADAG-GFP, led to the infection of
Cre-positive D2-MSNs and extra-striatal inputs to D2-MSNs by rabies virus; these
expressed GFP and were thus labeled green (Figure 4.4 C, Figure 4.4 D; right). Note that
pDMS-projecting neurons that contained D1Rs (or D2Rs) showed co-expression of
mCherry (or tdTomato) and GFP and were thus yellow (Figure 4.4 D).

To our surprise, the majority of extra-striatal neurons that projected to DI-MSNs
or D2-MSNs did not express D1Rs or D2Rs. Specifically, the D1R was expressed by 2.6
+ 0.5% of the rabies virus-labeled neurons that projected to D1-MSNs in D1-Cre;Snap25
mice (D1->D1), and the D2R were expressed by 5.4 + 0.9% of the inputs to D2-MSNs
in D2-Cre;Snap25 mice (D2->D2). The D1R was expressed by 0.8 + 0.4% of the inputs
to D2-MSNs in D1-tdTomato;D2-Cre mice (D1->D2). However, analysis of these
findings showed that there were significantly more D2->D2 connections than either
D1->D1 or D1->D2 connections (Figure 4.4 E; g = 4.34, p <0.05; ¢ =6.73, p <0.01,
respectively). This was consistent with previous anatomical studies showing greater D2R
expression, as compared with D1R expression, at presynaptic terminals in the dorsal

striatum (Wang and Pickel, 2002; Dumartin et al., 2007; Lu et al., 2019).
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Interestingly, although the number of extra-striatal D1R- or D2R-expressing
neurons that projected to D1-MSNs or D2-MSNs was low, these neurons showed
distinct distribution patterns across the brain. We normalized D1R- or D2R-expressing
inputs from individual brain regions to the total number of extra-striatal D1R- or D2R-
expressing inputs. D1-2>D1, D2->D2, and D1->D2 connections were observed in
cortical and thalamic structures, but not in the amygdala (Figure 4.4 F; Fi220) = 60.22, p
<0.001). Cortical regions had higher percentages of D1>D1 and D1->D2 connections,
as compared with D2->D2 (Figure 4.4 F; g =5.44, p <0.001; ¢ = 5.36, p < 0.01;
respectively), while the thalamus had a higher percentage of D2->D2 than of D1->D1 or
D1->D2 (Figure 4.4 F; g =2.93, p <0.05; g = 4.44, p < 0.05; respectively). In the SNc,
lateral habenula, and BNST, a higher percentage of the connections were D2->D2, as
compared with D1->D1 or D1->D2 (Figure 4.4 G; SNc: ¢ =4.55,p<0.01; ¢ =4.52,p <
0.01; lateral habenula: g =2.87, p = 0.052, D2->D2 vs. D1->D1; BNST: ¢ =3.50, p <
0.05; g =4.25, p <0.05; respectively).

We also analyzed the distribution of D1->D1, D2->D2, and D1->D2 in sub-
regions of the cortex, amygdala, and thalamus that provided the most inputs to the
pDMS. Analysis of ten cortical regions found a significantly higher percentage of
D1->D2 than of D1->DI1 projections from the frontal associate cortex (Figure 4.5 A; ¢
=2.87, p <0.05). D1->D2 was also detected more frequently than D2->D2 from the
cingulate cortex, and D1->D1 was detected more frequently than D2->D2 from the
secondary motor cortex, although these differences did not achieve statistical

significance (Figure 4.5 A; ¢ =3.13, p = 0.074; g = 2.46, p = 0.085, respectively). The
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basolateral amygdala and CeA contained similar percentages of D1->D1, D2->D2, and
D1->D2 connections (Figure 4.5 B; F1,10)= 0.62, p > 0.05). The data presented in
Figure 4.5 C showed that a significantly higher percentage of D2->D2 than of D1->D1
or D1->D2 projections arose from the mediodorsal thalamic nucleus (¢ = 10.33, p <
0.001; g = 14.05, p < 0.001), central thalamic nucleus (g = 8.26, p <0.001; ¢ = 10.18, p
< 0.001), and ventromedial thalamic nucleus (¢ =4.91, p <0.001; g = 5.19, p < 0.001).
A higher percentage of D1->D1 than of D1->D2 was observed in the parafascicular
thalamic nucleus (Figure 4.5 C; g = 3.53, p < 0.05). Together, these results suggest that
while the number of D1R- or D2R-expressing neurons with projections to pPDMS MSNs

was low, they exhibited distinct brain distribution.
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Figure 4.4 Rabies virus-mediated retrograde monosynaptic whole-brain labeling of
D1R- and D2R-expressing neurons projecting to D1-MSNs and D2-MSNs in the
pDMS.

A-C, Schematic showing the experimental approach used to label extra-striatal DIR- or
D2R-expressing neurons with projections to pDMS D1-MSNs or D2-MSNs. D1-
Cre;Snap25 mice were employed to identify D1->D1 connections (A), D2-Cre;Snap25
mice for D2->D2 connections (B), and D1-tdTomato;D2-Cre mice for D1->D2
connections (C). D1-Cre;Snap25 and D2-Cre;Snap25 mice expressed GFP in DIR- and
D2R-expressing neurons, respectively (A and B). In D1-tdTomato;D2-Cre mice, D1R-
expressing neurons were labeled red (C). Injection of Cre-dependent helper viruses
(AAV-Flex-TVA-mCherry and AAV-Flex-RG) into the pDMS induced selective
expression of TVA and RG in Cre-expressing D1-MSNs (A), D2-MSNs (B), and D2-
MSNss (C). Three weeks after helper virus infusion, injection of EnvA-SADAG-mCherry
into the same site of the D1-Cre;Snap25 (A) and D2-Cre;Snap25 (B) mice, and of EnvA-
SADAG-GEFP into the same site of D1-tdTomato;D2-Cre mice (C) caused selective
rabies infection and expression of mCherry by D1-MSNs (A) or D2-MSNs (B), and
expression of rabies-GFP by D2-MSNs (C). Retrograde spread of rabies virus then
occurred from D1-MSNs (A) or D2-MSNs (B, C) to extra-striatal presynaptic neurons.
This facilitated identification of D1->D1 (A), D2->D2 (B), and D1->D2 (C)
connections, as indicated. D, Representative confocal images of the cortex in the
indicated mice following injection of either EnvA-SADAG-mCherry or EnvA-SADAG-
GFP. White arrows indicate colocalization of D1->D1 (left), D2->D2 (middle), and
D1->D2 (right). Scale bars: 10 um. E, The relative levels of the indicated connections,
where D1->D1 is expressed as a percentage of the total number of D1-MSN inputs, and
D2->D2 or D1->D2 is expressed as a percentage of the total number of D2-MSN inputs;
*p <0.05, **p <0.01 for the indicated comparisons, one-way ANOVA followed by SNK
test. F, Bar graph comparing DI1R- and D2R-expressing inputs from the cortex,
amygdala, and thalamus onto MSNs. D1R- or D2R-expressing inputs from the indicated
brain regions were normalized to the total extra-striatal D1R- or D2R-expressing inputs,
as appropriate. Note that the cortex exhibited high percentages of D1->D1 and D1->D2
connections, whereas the thalamus showed a high percentage of D2->D2 connections;
**%p <0.001, *p <0.05, two-way RM ANOVA followed by SNK test. G, Bar graph
comparing DIR- and D2R-expressing inputs from the SNc, lateral habenula (LHb), and
BNST onto MSNs. DIR- or D2R-expressing inputs from these brain regions were
normalized to the total extra-striatal D1R- or D2R-expressing inputs; **p <0.01, *p
<0.05, two-way RM ANOVA followed by SNK test. n=5 (D1->D1), 4 (D2->D2), 4
(D1->D2) mice (E-G).
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Figure 4.5 Distribution of extra-striatal D1R- or D2R-expressing inputs onto MSNs
from the cortex, amygdala, and thalamus.

DIR- or D2R-expressing inputs from the indicated brain regions were normalized to the total
extra-striatal D1R- or D2R-expressing inputs, as appropriate. A, Bar graph of cortical inputs,
segregated into ten major sub-regions, indicating that the frontal associate cortex had a high
proportion of D1->D2 connections; *p <0.05, two-way RM ANOVA followed by SNK test. No
significant differences were found in the proportions of connection types between the BLA or
CeA and the pDMS. C, No significant differences were found in the proportions of connection
types between the paraventricular thalamic nucleus (PVT), anterior thalamic nucleus (ATN),
anteroventral thalamic nucleus (AV), intermediodorsal thalamic nucleus (IMD), or posterior
thalamic nucleus (Po) and the pDMS. However, the mediodorsal thalamic nucleus (MD), central
thalamic nucleus (CM), and ventromedial thalamic nucleus (VM) were found to have high
percentages of D2->D2 connections, while the parafascicular thalamic nucleus (Pf) had a high
percentage of D1->D1 connections; ***p <0.001, **p <0.01, *p <0.05, two-way RM ANOVA
followed by SNK test. n=5 (D1->Dl1), 4 (D2->D2), 4 (D1->D2) mice.
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4.4. Discussion

Using the rabies virus-mediated retrograde monosynaptic tracing system, the
present study investigated the inputs onto pPDMS D1-MSNs and D2-MSNs and
examined the distribution pattern of brain-wide extra-striatal D1R- and D2R-expressing
inputs to these MSNs. We found that the cortex, including the secondary motor and
cingulate cortices, preferentially projects to pPDMS D1-MSNs, whereas the thalamus,
including the central and ventromedial thalamic nuclei, preferentially innervates pDMS
D2-MSN:ss. In addition, while providing fewer inputs than the cortex and thalamus to the
pDMS, the BNST and CeA contained more D2R-expressing than D1R-expressing
neurons. Lastly, we discovered that MSN-projecting neurons exhibited distinct
distribution of the D1R and D2R across the whole brain. These results suggest that the
segregation of connections between upstream brain regions and pDMS D1- or D2-MSNs
may provide the basis for biased information propagation to basal ganglia structures,
resulting in differential effects on behavior. In addition, D2R-expressing neurons in the
BNST and CeA may exert distinct roles in anxiety and addiction.
4.4.1. Distinct monosynaptic inputs to pDMS D1-MSNs and D2-MSNs

Given the broad roles of the striatum in motor execution, action selection,
learning, behavioral flexibility and reinforcement-associated behaviors such as reward-
seeking and reinstatement (Ragozzino ME et al., 2002; Bamford et al., 2018; Roltsch
Hellard et al., 2019), improving our understanding of how individual brain regions
precisely innervate two major subtypes of striatal neuron represent an essential step

towards dissecting the circuits that impact on striatal function. The present study
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discovered that pDMS D1-MSNs and D2-MSNs received asymmetric inputs from other
brain regions. We employed a monosynaptic rabies virus system (Wall et al., 2013) to
label brain-wide neurons with direct connections to pDMS D1-MSNs or D2-MSNs. We
discovered that these two MSN subtypes received asymmetric inputs from other whole
brain regions. Dense D1-MSN innervations were originated primarily from the orbital
frontal, secondary motor, cingulate, and secondary visual cortices. These prefrontal and
limbic association structures are devoted mainly to reward motivation, emotional
regulation, planning of complex cognitive behaviors, and decision making (Floresco et
al., 2008; Balleine et al., 2009; Gremel et al., 2016; Barthas and Kwan, 2017). Therefore,
our results suggested that information related to reward, based on past experience, may
be preferentially passed to the direct pathway circuit and thus facilitate actions likely to
procure a reward. In contrast, D2-MSNs received inputs that mainly originated from the
primary motor cortex, primary sensory cortex, central thalamic nucleus, and
ventromedial thalamic nucleus. Concurrent activation of D1- and D2-MSNs has been
reported during action initiation (Hikida et al., 2010; Cui et al., 2013). Biased projections
from the primary motor and sensory cortices onto D2-MSNs may contribute to the
suppression of unwanted behavior via activation of D2-MSNs. In addition, there is
growing evidence that the thalamostriatal pathway plays an essential role in responses to
salient stimuli and behavioral flexibility; projections from the central median and
parafascicular nuclei onto cholinergic interneurons, which have also been found to
express the D2R, appear to be particularly important in this context (Smith et al., 2011;

Bradfield et al., 2013; Guo et al., 2015). The present study used D2-Cre mice to identify
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extra-striatal inputs onto D2-MSNs. Despite the relatively low abundance of striatal
cholinergic interneurons (Kreitzer and Malenka, 2008) , we cannot rule out the
possibility that the observed connections between central and ventromedial thalamic
regions and D2-expressing striatal neurons may also have included some projections to
cholinergic interneurons. This architecture suggests that salient information from the
thalamus may be differentially transmitted to D2R-expressing cholinergic interneurons
and D2-MSNs to stop a current ongoing action and initiate a new action, thus facilitating
flexible switching between behaviors.

The pDMS appears to be more involved in the acquisition of goal-directed
actions than the aDMS (Yin et al., 2005a; Corbit and Janak, 2010; Shiflett et al., 2010),
and the present study, therefore, focused on inputs to the pDMS. Our results were mostly
consistent with other recent studies, which identified major inputs onto D1-MSNs and
D2-MSNss that arose in the cortex and thalamus (Doig et al., 2010; Wall et al., 2013;
Hunnicutt et al., 2016). Interestingly, in contrast to a previous observation (Wall et al.,
2013), we identified significant projections from the secondary motor cortex and
cingulate cortex to the pDMS. These inputs selectively innervated D1-MSNss.
Anatomical and functional studies have suggested that the dorsomedial, dorsolateral, and
ventral striatum received preferential inputs from the associative, sensorimotor, and
limbic structures, respectively (Burton et al., 2015; Hunnicutt et al., 2016). Thus, this

discrepancy may reflect the medial injection site employed in the present study.
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4.4.2. Distinct expression of D1Rs and D2Rs in the BNST and CeA

Interestingly, we observed that D2R-expressing neurons predominated in the
BNST and CeA, which are closely associated with anxiety and addictive disorders
(Davis et al., 2010; Kim et al., 2018). This was consistent with previous anatomical
studies that identified a high proportion of D2R-expressing cells in the BNST and CeA
using D2-GFP transgenic animals and D2 in situ hybridization (Perez de la Mora et al.,
2012; De Bundel et al., 2016). The CeA and BNST receive dense dopaminergic inputs
that originate in the ventral tegmental area (Hasue and Shammah-Lagnado, 2002;
Krawczyk et al., 2011). A study using a mouse behavioral paradigm for auditory threat
response generalization found that dopamine facilitated the consolidation of fear
memory through concomitant activation of D2Rs in the CeA and BNST (De Bundel et
al., 2016). A previous immunohistochemical study revealed that most D2R-expressing
cells were also positive for protein kinase C-6-positive (Kim et al., 2018), a marker
previously shown to identify GABAergic neurons. Selective expression of D2Rs in the
BNST and CeA may have a critical impact on final behavioral outcomes in anxiety- and
reward-related processes.
4.4.3. D1R- or D2R-expressing inputs to D1- and D2-MSNs in the pDMS

Dopaminergic modulation of corticostriatal neurotransmission is particularly
crucial during reward-based behaviors (Luscher and Malenka, 2011; Bamford et al.,
2018; Ma et al., 2018). Our recent anatomical study observed high expression levels of
DI1Rs and D2Rs in the medial prefrontal cortex, orbital frontal cortex, and amygdala

(Wei et al., 2018). Furthermore, these D1R- and D2R-expressing neurons were highly
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segregated, with a low percentage of neurons co-expressing both D1Rs and D2Rs (Wei
et al., 2018). Importantly, we found that D1R- or D2R-expressing neurons within the
cortex and amygdala sent projections to the DMS, and formed functional connections
with D1-MSNs or D2-MSNs (Lu et al., 2019). Thus, we expected that there would be
strong anatomical connections between extra-striatal D1R- or D2R-expressing DMS-
projecting neurons and D1-MSNs or D2-MSNs. Surprisingly, we did not detect a high
level of overlap between extra-striatal neurons expressing D1Rs or D2Rs and D1- or D2-
MSN:ss; this suggested that the majority of extra-striatal neurons projecting to D1- or D2-
MSNss did not express these receptors. Although only a minority of neurons with inputs
to D1- or D2-MSNs expressed D1Rs or D2Rs, increasing evidence indicates that
presynaptic D1Rs and D2Rs are essential for dopamine-dependent modulation of
glutamate release at corticostriatal synapses (Wang and Goldman-Rakic, 2004; Bamford
etal., 2018; Cui et al., 2018; Lu et al., 2019).

When the cortical inputs are stimulated at a low frequency, activation of
presynaptic D1Rs was shown to boost glutamate release to D1- and D2-MSNs, whereas
activation of presynaptic D2Rs suppressed glutamate release (Wang et al., 2012b; Cui et
al., 2018; Lu et al., 2019). When the cortical inputs are stimulated at a higher frequency,
this dopaminergic modulation of glutamate release was blocked by adenosine and
endocannabinoids (Wang et al., 2012b; Bamford et al., 2018). This type of presynaptic
dopaminergic modulation facilitates the appropriate selection and transmission of

excitatory inputs via corticostriatal synapses during learning (Bamford et al., 2018). The
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DIR- and D2R-expressing inputs to D1-MSNs or D2-MSNs may play important roles in
this presynaptic filtration.

We observed that DIR- or D2R-expressing neurons with inputs to pDMS D1- or
D2-MSNs had distinct brain distribution patterns. Cortical regions contained a higher
percentage of D1->D1 or D1->D2 connections, as compared with D2->D2, while
thalamic areas had more D2->D2 connections, as compared with either D1->D1 or
D1->D2. It is known that D1Rs exhibit a relatively low affinity for dopamine and are
mainly activated by fast phasic release of high concentrations of dopamine, while D2Rs
have a higher affinity for dopamine and mainly respond to slow tonic dopamine release
(Richfield EK et al., 1989; Grieder et al., 2012). The relative levels of DIR- and D2R-
expressing inputs to MSNs from cortical and thalamic regions observed in this study
suggest that the corticostriatal pathway may be more sensitive to phasic dopamine
release. In contrast, the thalamostriatal pathway would be modulated by an increased
basal dopamine level. These anatomical findings indicate that phasic dopamine release
would preferentially initiate an action, while an increased basal dopamine level would
stop an action. In addition, the SNc, lateral habenula, and BNST were similar to thalamic
regions in that they expressed high levels of D2Rs than of D1Rs (Krawczyk et al., 2011;
Ford, 2014). As we did not examine the anatomical connections between D2R-
expressing inputs and D1-MSNs in the present study, it is not surprising that D2->D2
connections were more prevalent than either D1->D1 or D1->D2 in these regions.

In summary, we have demonstrated that pDMS D1-MSNs and D2-MSNs receive

differential innervation from cortical and thalamic structures. Additionally, we found
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that the majority of brain-wide extra-striatal inputs to D1-MSNs or D2-MSNs did not
express DIRs or D2Rs, and that the input neurons that did express these receptors
exhibited distinct distribution patterns. These findings provide a foundation for the
understanding of information segregation in pDMS circuits that will guide future studies.
4.5. Materials and methods
4.5.1. Reagents

Two Cre-dependent (Flex) adeno-associated virus (AAV) serotype 8 vectors were
employed in this study; one expressed rabies glycoprotein (RG) (AAV8-Flex-RG) and the
other expressed an avian membrane EnvA receptor protein (TVA) and mCherry (AAVS-
Flex-TVA-mCherry). These helper viruses were purchased from the University of North
Carolina Vector Core. Pseudotyped rabies viruses, EnvA-SADAG-mCherry and EnvA-
SADAG-GFP (2.04 x10® TU/mL), were obtained from the Salk Institute Vector Core. All
other reagents were purchased from Sigma.
4.5.2. Animals

Drdla-Cre (D1-Cre) and Drd2-Cre (D2-Cre) mice were acquired from Mutant
Mouse Regional Resource Centers. Snap 25 mice and D1-TdTomato mice were
purchased from the Jackson Laboratory. D1-Cre and D2-Cre mice were crossed with
Snap25 mice on a C57BL/6J background to produce D1-Cre;Snap25 and D2-
Cre;Snap25 offspring, respectively. D2-Cre mice were also crossed with D1-tdTomato
mice on a C57BL/6J background to produce D1-tdTomato;D2-Cre offspring. Mouse
genotypes were determined by PCR analysis of Cre or the fluorescent protein gene in tail

DNA (Cre for D1-Cre and D2-Cre mice; tdT for D1-tdTomato; GFP for Snap25 mice)
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(Wang et al., 2011; Wang et al., 2015; Cheng et al., 2017; Wei et al., 2018; Lu et al.,
2019). Mice were group housed at 23 degrees Celsius with a 12 hour light: dark cycle
(lights on at 11:00 pm). Food and water were provided ad libitum. Male 2- to 3-month-
old mice were used in this study. All animal care procedures and experimental protocols
were approved by the Texas A&M University Institutional Animal Care and Use
Committee and were performed in agreement with the National Research Council Guide
for the Care and Use of Laboratory Animals.
4.5.3. Stereotaxic virus infusion

Stereotaxic viral infusions were performed as described previously (Wang et al.,
2015; Cheng et al., 2017; Ma et al., 2017; Ma et al., 2018; Lu et al., 2019; Roltsch
Hellard et al., 2019). Briefly, mice were anesthetized using isoflurane and mounted in a
rodent stereotaxic frame (Kopf). A three-axis micromanipulator was used to measure
spatial coordinates for Bregma and Lambda. Small drill holes were made in the skull at
the appropriate coordinates, according to the Paxinos atlas (Franklin and Paxinos, 2007).
Two microinjectors were loaded with 0.5 pL of a 1:1 mixture of AAV8-Flex-RG and
AAVS-Flex-TVA-mCherry and then lowered into the pDMS (AP: 0.0 mm, ML: + 1.87
mm, DV: -2.90 mm). This helper virus mixture was infused into the brain at a rate of 0.1
pL/min. To avoid backflow of virus, microinjectors were left in place for 10 minutes
after the infusion was complete, and were then removed. The skin was sutured, and the
mice were allowed to recover for 3 weeks prior to the infusion of pseudotyped rabies
virus (EnvA-SADAG-mCherry or EnvA-SADAG-eGFP). The rabies virus was injected

at the same site and using the same injection volume as the initial helper virus injection.
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To prevent coincident rabies infection along the AAV injection tract, the rabies virus
was infused at an angle of 10 degrees (Wall et al., 2013) into adapted coordinates (AP,
0.0 mm; ML, £+ 2.42 mm; DV, -2.94 mm). The modified coordinates were calculated by
measuring from the midline and parallel to the dorsal-ventral axis.
4.5.4. Confocal imaging and cell counting

Rabies virus was allowed to replicate and spread for 7 days prior to perfusing the
mice intracardially with 4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS) (Wall et al., 2013). The brains were extracted and post-fixed overnight in 4%
PFA/PBS solution, followed by dehydration in 30% sucrose. Each whole brain was
sectioned serially into 50-um coronal sections using a cryostat. We mounted sections in
a 1 in 4 series. Confocal images were obtained using a confocal laser-scanning
microscope (Fluoview 1200, Olympus). Fluorescent images were reconstructed in three
dimensions, and cell counts from these scans were manually acquired using the Bitplane
Imaris 8.3.1 (Bitplane, Zurich, Switzerland), as previously reported (Wei et al., 2018; Lu
et al., 2019). Green and red neurons were counted using the Spot module within Imaris,
which also calculate co-localization. Brain structures were registered using the Paxinos
mouse atlas as a reference (Franklin and Paxinos, 2007).
4.5.5. Statistical analysis

Data were analyzed by two-tailed t test, two-way ANOVA with repeated
measurement, or one-way ANOVA followed by the Student-Newman-Keuls (SNK) post
hoc test. Significance was determined if p < 0.05. Statistical analysis was conducted by

SigmaPlot.
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CHAPTER V
CONCLUSIONS

Striatal circuits exert powerful control over reward-driven behaviors. Alcohol-
evoked aberrant synaptic plasticity in the DMS might drive compulsive alcohol-seeking
and alcohol-taking behaviors in the AUD. Thus, exploring the input-specific and cell
type-specific contributions of striatal circuits to AUD is important for elucidating the
mechanism by which aberrant glutamatergic synaptic plasticity potentially drives
excessive alcohol intake.

In chapter II, I demonstrated that glutamatergic inputs to the DMS can be
classified in a cell type-specific manner and that the strengths of their glutamatergic
connections with two types of MSN were not identical. One major finding of this chapter
is that striatal synapses containing presynaptic D2Rs and postsynaptic D1Rs (D2->D1)
exhibited stronger glutamatergic connectivity than the other tested synapses (D1->D1,
D1->D2, and D2->D2). Additionally, I discovered that excessive alcohol consumption
induced a long-lasting potentiation of glutamatergic transmission at the corticostriatal
D2->D1 synapse. To our knowledge, we provide the first demonstration that
corticostriatal circuits can be further characterized according to the cell type-specific
inputs. The main reason why we classified glutamatergic inputs based on presynaptic
dopamine receptor expression is that during reward-based behaviors, dopamine acts on
not only its postsynaptic receptors but also its presynaptic ones; the latter provides
presynaptic filtering to select appropriate excitatory synapses, allowing their specific

signals to pass to the direct and indirect pathway of the basal ganglia (Bamford et al.,
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2004; Bamford et al., 2018). Appropriate presynaptic filtering may be critical to select
the most effective corticostriatal synapses during learning (Bamford et al., 2018). Since
DI1Rs and D2Rs are major dopamine receptors at the corticostriatal pathway (Wei et al.,
2018) and they are few overlapped, we think that there are at least four pathways that
can be examined: D1->D1, D1->D2, D2->D1, and D2->D2. The finding showing
intrinsic differences of glutamatergic connectivity at four types of striatal synapses with
both pre-and postsynaptic dopamine receptors may provide a foundation for
understanding how different inputs onto distinct DMS neurons are regulated by
dopamine. Furthermore, these findings also provide new insights into alcohol-evoked
circuit-specific plasticity at the behavior level. D2Rs are linked to Gai (Xing et al.,
2016), activation of which negatively regulates neuronal activity; this suggested that
activation of the presynaptic D2Rs may negatively regulate glutamatergic transmission
of corticostriatal D2->D1 circuit. The reduced dopamine levels induced by chronic
alcohol intake (Barak et al., 2011) may decrease D2R signaling and consequently
disinhibit the regulation of “Go” actions by DMS D1-MSNs (Cheng et al., 2017). The
elucidation of this alcohol-evoked circuit-specific plasticity could provide the basis for
new neuronal therapeutic targets for the treatment of alcohol use disorder.

Another major finding of chapter II is that D2R-mediated inhibition of
glutamatergic transmission in the DMS is mediated by distinct pre- and postsynaptic
mechanisms. It is known that D2R activation inhibits corticostriatal transmission, but the
underlying mechanism is not completely understood (Bamford et al., 2004; Yin and

Lovinger, 2006; Bamford et al., 2018). Since we can selectively measure the
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glutamatergic transmission at D2->D1 or D1->D2, which did not express postsynaptic
D2Rs or presynaptic D2Rs, respectively, we are able to separate the contribution of
presynaptic and postsynaptic D2Rs to their inhibitory role on corticostriatal
transmission. Our results contribute to the clarification of previous controversial findings
(Bamford et al., 2004; Yin and Lovinger, 2006) relating to the role of the D2R in
inhibitory presynaptic filtering of cortical inputs. Postsynaptic D2R-mediated
suppression of glutamatergic transmission required eCB signaling, whereas presynaptic
D2Rs mediated eCB-independent suppression.

In chapter III, I employed activity-dependent genetic labeling using the
FosTRAP method and found a higher percentage of DMS D1R-expressing neurons were
activated by excessive intake of ethanol, as compared with water only. These data are
consistent with previous studies showing that excessive alcohol consumption is
associated with elevated D1-MSN activity (Cheng et al., 2017; Ma et al., 2018). Then,
using optogenetics and whole-cell patch clamp recording, I observed alcohol-induced
circuit-specific potentiation at mPFC inputs onto D1-MSNs. This enhanced synaptic
strength was due to both stronger postsynaptic AMPAR- and GluN2B-containing
NMDAR-mediated responses, and an enhanced probability of presynaptic transmitter
release. This is consistent with other studies showing that addictive substances, including
ethanol, potentiated glutamatergic responses in D1-MSNs, but not D2-MSNs (MacAskill
et al., 2014; Cheng et al., 2017; Ma et al., 2018).

Accumulating evidence indicates that the reinforcement behavior induced by

addictive substances requires dopamine-dependent long-term synaptic plasticity in the
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striatum (MacAskill et al., 2014; Pascoli et al., 2015; Bamford et al., 2018). We utilized
dual-channel optogenetic approaches to manipulate synaptic plasticity at the mPFC onto
DMS D1R-MSN synapse, mimicking the ethanol-mediated potentiation. We provide
direct evidence that induction of LTP specifically at corticostriatal synapses reinforced
operant behavior. Our findings will facilitate future research exploring the neurons and
circuits that are responsible for the regulation of long-term behaviors relevant to
addition.

Another major finding in chapter III is that time-locked depression of
mPFC->D1-MSN transmission persistently decreased ethanol-seeking behavior. This
finding was made using an experimental design where ethanol-seeking behavior in rats
triggered an in vivo dual-channel optogenetic post-pre spike-timing dependent plasticity
protocol that induced LTD of mPFC—>D1-MSN synapses. This plasticity-based
reduction in ethanol-seeking behavior represents a potential therapeutic strategy to
modulate dysregulated brain circuits in addiction.

In chapter IV, we generated a brain-wide map showing the distribution of
neurons outside of striatum that project to pPDMS D1-MSNs or D2-MSNs using recently
developed rabies virus-mediated monosynaptic tracing approach. Although a variety of
cortical, thalamic, amygdala, and midbrain structure send equivalent inputs onto D1-
MSNs and D2-MSNs, we discovered that orbital frontal cortex, secondary motor and
visual cortex, as well as cingulate cortex preferentially targeted pDMS D1-MSNs,
whereas primary motor, primary sensory, and thalamic inputs preferentially projected to

pDMS D2-MSNs. The prefrontal and limbic association structures that are devoted
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mainly to reward motivation, emotional regulation, planning of complex cognitive
behaviors, and decision making preferentially innervated D1-MSNs (Floresco et al.,
2008; Balleine et al., 2009; Gremel et al., 2016; Barthas and Kwan, 2017). Thus,
rewarded information based on the past experience may be preferentially passed to the
direct pathway circuit to facilitate prior rewarded actions to procure a reward. It has been
reported that during action initiation, D1-MSNs and D2-MSNs are concurrently
activated (Hikida et al., 2010; Cui et al., 2013). Biased projections from primary motor
and sensory cortex onto D2-MSNs may contribute to suppression of unwanted behavior
via activation of D2-MSNs.

In chapter 11, I found that extra-striatal D1R- or D2R-expressing neurons formed
strong glutamatergic connections with D1-MSNs or D2-MSNs. Surprisingly, in chapter
IV, we found that majority of extra-striatal neurons that innervated D1-MSNs or D2-
MSNs do not contain D1Rs (or D2Rs). While the number of D1R- or D2R-expressing
neurons that projected to pDMS MSNs was low, but they exhibited distinct distribution
across the different brain regions. Increasing evidence has indicated that presynaptic
DI1Rs and D2Rs present in cortical terminals are important for dopamine-dependent
modulation of glutamate release at corticostriatal synapses (Wang and Goldman-Rakic,
2004; Bamford et al., 2018; Cui et al., 2018). It has been shown that at low stimulation
frequency of cortical inputs, the presynaptic D1Rs boost, whereas the presynaptic D2Rs
suppress glutamate release to D1-MSN and D2-MSNs (Wang et al., 2012b; Cui et al.,
2018). At higher stimulation frequency of cortical inputs, this dopaminergic modulation

of glutamatergic terminals is occluded by adenosine and endocannabinoids (Wang et al.,
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2012b; Bamford et al., 2018).These findings lay a foundation for future understanding of
how pDMS sorts information from multiple upstream brain regions to determine the
action.

In summary, my research provides an insight into the detailed circuit
mechanisms underlying the control of alcohol consumption. It establishes a causal link
between corticostriatal synaptic potentiation and alcohol-seeking behavior. As
mentioned, current treatments for alcohol addiction are limited since they fail to achieve
long-term treatment goals. This research is highly significant because it aims to address
this gap by establishing reversal of alcohol-evoked long-term synaptic plasticity. It is
also highly innovative because it applied several state-of-the-art approaches, including
rabies virus-mediated retrograde monosynaptic tracing, dual-channel optogenetics, Fos
promoter-based TRAP techniques, and transgenic mice, which allow us to manipulate
the specific circuit. These data will enrich and help specify the understanding of how this
glutamatergic plasticity controls alcohol-seeking behavior, and these results can guide

subsequent manipulation studies.
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