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Chapter 1

Introduction

1.1 Anatomical and Physiological Properties of the Basal Ganglia

1.1.1 The Basal Ganglia

The basal ganglia is a complex network of structures in the brain that consists of several
interconnected nuclei within the cerebral hemispheres, diencephalon, and midbrain, and is
comprised mainly of the striatum, globus pallidus, substantia nigra, subthalamic nucleus, ventral
pallidum, and ventral tegmental area. These structures within the basal ganglia are contained
within several parallel cortico-basal ganglia-thalamo-cortical (CBGTC) loop circuits that
structurally and functionally distinct (Alexander & Crutcher, 1990; Haber, 2003). Although, up to
six different CBGTC loops have been identified by a recent tracing study (Foster et al., 2021),
these loops can be broadly categorized into three main types based upon their functional roles;
motor, cognitive, and limbic CBGTC loops (Balleine et al., 2007; Haber, 2003; Macpherson &
Hikida, 2019; Yin et al., 2008). These three feedback loops receive unique patterns of cortical
input that enable distinct functionality. (1) The motor loop originates in the sensorimotor cortex
and projects to motor-related areas of the basal ganglia and thalamus before returning to premotor
areas. (2) The cognitive loop originates in the association cortex and projects to cognitive-
associated areas of the basal ganglia and thalamus before returning to the prefrontal cortex. (3)
The limbic loop also originates in the association cortex and projects to limbic areas of the basal
ganglia and thalamus before returning to the medial prefrontal cortex (Alexander et al., 1986;
DeLong & Georgopoulos, 1981; Macpherson & Hikida, 2019).

1.1.1.1 Basal Ganglia Pathways
Basal ganglia pathways begin with the input of sensory and motor information from the

cerebral cortex and thalamus into the striatum, which is the main input nucleus of the basal ganglia.

Then, the striatum receives excitatory input from the cortex and inhibitory inputs from the



substantia nigra pars compacta (SNc), which contains dopaminergic neurons. within the striatum,
information is processed and integrated before being transmitted to basal ganglia output nuclei
including the internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata
(SNIr). These structures serve as the main output pathways of the basal ganglia. GPi/SNr neurons
send inhibitory projections to the thalamus, which serves as a relay station for motor information
between the basal ganglia and motor output regions as well as sending feedback projections to the
cortex to control the initiation, suppression, and execution of movements (Albin et al., 1989;
DeLong, 1990).

Within the BG, information can be sent via three distinct pathways, known as the direct,
indirect, and hyperdirect pathways. The direct pathway, also referred to as the “go” pathway,
comprises dopamine D1 receptor-expressing striatonigral medium spiny neurons (D1-MSNs) that
co-express the peptides dynorphin, and substance P (SP) (Gerfen 1990; Surmeier et al., 1996;
Castro and Bruchas, 2019). These D1-MSN send GABAergic projections that inhibit the SNr/Gpi
(Milardi et al., 2019; Young & Sonne, 2019), this in turn disinhibits the thalamus to which the
SNr/GPi send inhibitory projections to, and facilitates voluntary movement (DelLong, 1990;
Graybiel, 2000). On the other hand, the indirect pathway, also referred to as the “no-go” pathway,
comprises dopamine D2 receptor-expressing striatopallidal MSNs (D2-MSNs) co-expressing
adenosine 2A receptors (A2A) and enkephalin (ENK) (Gerfen 1990; Surmeier et al., 1996; Castro
and Bruchas, 2019). D2-MSNs project indirectly to the SNr/GPi via a polysynaptic pathway that
includes the pallidus external segment (GPe) and subthalamic nucleus (STN) (Milardi et al., 2019;
Young & Sonne, 2019). This activation of this pathway results in increased inhibition of thalamus
and acts to suppress unwanted or involuntary movements (DeLong, 1990; Graybiel, 2000). The
hyperdirect pathway, also referred to as the “global no-go” pathway, directly connects the cortex
and STN (Nambu, 2004). This pathway plays a crucial role in the rapid initiation and suppression
of movements. The balance of activity within the direct and indirect pathways is regulated by the
activity of the SNc, which releases dopamine into the striatum (Albin et al., 1989). Overall, the
basal ganglia functions to regulate motor activity, coordinate movement, and ensure the
appropriate selection and execution of actions. Dysfunction of the basal ganglia can lead to
movement disorders, such as Parkinson’s disease, Huntington’s disease, and dystonia (Graybiel,

2000), as well as psychiatric conditions including depression and schizophrenia (Macpherson &



Hikida, 2019) A detailed anatomical model of connectivity between BG pathways is provided in
Fig 1.1
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Figure 1.1 A simplified diagram of a basal ganglia circuit containing nucleus accumbens D1-
and D2-MSNs. NAc, nucleus accumbens; VP, ventral pallidum; GPe, external globus pallidus;
GPi, internal globus pallidus; STN, subthalamic nucleus; VTA, ventral tegmental area; SNc,

substantia nigra pars compacta; SNr, substantia nigra pars reticulata.



1.2 Anatomical and Physiological Properties of the Striatum
1.2.1 The Striatum

The striatum is a crucial component of the basal ganglia that is primarily responsible for
receiving and processing input from various regions of the brain related to motor control,

cognition, and reward processing (Graybiel, 2000).
1.2.1.1 The Striatal Medium Spiny Neurons (MSNSs)

The GABAergic inhibitory MSNs are the major output neuron type in the striatum and
represent roughly 95% of all neurons (Tepper and Bolam, 2004) . These neurons are characterized
by their unique morphology, electrophysiological properties, and neurotransmitter content
(Surmeier et al., 2007) and can largely be divided into MSNSs that express dopamine D1 receptors
(D1-MSNs) and MSNSs that express dopamine D2 receptors (D2-MSNSs) that are present in equal
proportions (Gerfen et al., 1990). D1- and D2-MSNs have distinct roles within the striatum; D1-
MSNSs are involved in facilitating movement initiation and reinforcement learning, while D2-
MSNs are associated with inhibiting movements and aversive learning (Macpherson et al., 2014;
Surmeier et al., 2007). These two neuron types are thought to be oppositely modulated by
dopamine release in the striatum due to their expression of different dopamine receptors. Indeed,
dopamine D1 receptors respond to phasic dopamine release to increase the activity of the neurons
through Gs and Go proteins that stimulate adenylyl cyclase, elevating intracellular levels of cyclic
monophosphate (CAMP), activating protein kinase A (PKA), and promoting long term potentiation
(LTP) (Gerfen & Surmeier, 2011; Grace et al., 2007; Shen et al., 2008). Oppositely, dopamine D2
receptors respond to tonic dopamine to reduce the activity of the neurons through Gi and Go
proteins that inhibit adenyl cyclase, decreasing intracellular levels of cAMP and PKA, and
promoting long-term depression (LTD) (Gerfen & Surmeier, 2011; Kreitzer & Malenka, 2007;
Shen et al., 2008).

1.2.1.2 The Striatal Interneurons

Interneurons comprise approximately 5% of all striatal neurons and can be anatomically
and histochemical separated into GABAergic and cholinergic interneurons (Tepper & Bolam,

2004). GABAergic interneurons can further be subdivided into various types, including



parvalbumin (PV)-expressing fast-spiking interneurons (FSIs) and somatostatin-releasing
interneurons (SOM) (Castro & Bruchas, 2019). These PV and SOM interneurons have distinct
functional roles, with PV interneurons contributing to a feedforward inhibition network (Swadlow,
2003), whereas SOM interneurons control to feedback inhibition (Isaacson & Scanziani, 2011).
These populations help to prevent excessive recurrent excitation (Scudder et al., 2018). SOM
interneurons are also known to play a role in regulating DA release in the striatum, and have been
reported to modulate DA-dependent turning behavior (Ikeda et al., 2012). Cholinergic interneurons
are the main endogenous source of acetylcholine in the striatum (Castro & Bruchas, 2019; Lee et
al., 2016) and play a modulatory or faciliatory role rather than a directive role on behavior by

regulating DA release in the striatum (Chuhma et al., 2014; Yorgason et al., 2017).
1.2.1.3 The Striatal Structure

The striatum has segregated output projections between distinct sections of the striatum:
the dorsal and ventral striatum. The dorsal striatum is composed of the caudate nucleus and the
putamen which have distinct anatomical connections and are involved in motor control and
cognitive processing, while the ventral striatum is composed of the nucleus accumbens (NAc) and
the olfactory tubercle and is involved in reinforcement learning and motivational control of
instrumental performance (Haber, 2016; Macpherson & Hikida, 2019; Yin et al., 2008).

Within the dorsal striatum, D1- and D2-MSNs differ in their projection targets. As
mentioned above, in the dorsal striatum, D1-MSNs project directly to the SNr/GPi in a “direct”
monosynaptic pathway, while D2-MSNs project to the GPe in an “indirect" pathway (Milardi et
al., 2019; Young & Sonne, 2019). However, within the nucleus accumbens (NAc) of the ventral
striatum, recent studies indicate that the coding of D1- and D2-MSNs to direct and indirect
pathways, respectfully is not valid (Kupchik et al., 2015; Young & Sonne, 2019). Indeed, while
D2-MSNs project exclusively to the ventral pallidum (VP), D1-MSNs project to both the
SNr/VTA and VP, meaning that they could possibly contribute to both direct and indirect pathways
(Kupchik et al., 2015).



1.2.1.4 The Nucleus accumbens (NACc)

The NAc is a key structure located in the basal forebrain and it is considered a part of the
ventral striatum. The NAc plays a crucial role in reward, motivation, and reinforcement processes
within the brain (Wise, 2004). The NAc is further divided into two primary subregions: the core
and shell subregions which have distinct anatomical connections and functional roles
(Groenewegen et al., 1999; Voorn et al., 2004). From the NAc core, D1-MSNs project primarily
to the VP and SNr, while D2-MSNs project to the VP (Kupchik et al., 2015). Whereas, from the
NAc shell, D1-MSNs project largely to the VP, VTA, and lateral hypothalamus (LH), while D2-
MSNSs project primarily to the VP, with minor innervation of the VTA and LH (Gibson et al.,
2018; O’Connor et al., 2015). These differences in projection targets are thought to enable different
functionality between these two NAc regions (discussed further below) (Ambroggi et al., 2011).
Additionally, the retrograde tracing studies have demonstrated differing innervation patterns
between the NAc core and shell, with the NAc core primarily receiving input from cortical and
allocortical structures (Li et al., 2018; Scofield et al., 2016) that are involved in reward processing
and goal-directed behavior (Scofield et al., 2016), while the NAc shell receives inputs from the

lateral hypothalamus that involved in reward learning and motivation (Castro & Bruchas, 2019).

Previous studies have revealed that the NAc core is primarily involved in the processing of
reward-related information that plays a role in evaluating rewards, initiating motivated behaviors,
and facilitating reinforcement learning (Klawonn & Malenka, 2018; Sicre et al., 2020). The NAc
core is also a critical structure for refining action selection that facilitates goal-direct behavior by
inducing approach behavior toward motivationally associated stimuli (Floresco, 2015) such as
food outcomes (Ambroggi et al., 2011; Floresco, 2015; Nicola, 2010). The NAc core is also known
to be involved in the rewarding and reinforcing the effects of addictive substances, mediating the
attribution of incentive salience to drug stimuli and controlling motivation to seek and consume
drug rewards (Crespo et al., 2008; Macpherson & Hikida, 2019; Yee et al., 2011). In contrast, the
shell is more closely associated with the affective and emotional aspects of natural rewards the
integration of reward-related information with affective valence, and motivated behavior. The NAc
shell also plays a role in refining action selection that facilitates goal-direct behavior by
suppressing non-rewarded actions (Floresco, 2015). For drug rewards, the NAc shell also plays

crucial role in addiction-related processes, and is known to be involved in the processing of drug-



related cues (Lobo et al., 2010), the attribution of incentive salience to drug stimuli, and the
regulation of drug-seeking and drug-taking behavior (Schlosburg et al., 2013; Whitfield et al.,
2015). Thus, while NAc core and shell regions show some differences in their functional roles,
they both contribute to the reward, motivation, and emotional regulation in the brain

1.2.1.5. Nucleus accumbens D1- and D2-MSN roles

Canonically, NAc D1- and D2-MSNs have been reported to have different and sometimes
opposing functional roles. Indeed, studies over the last decade have reported activation of D1-
MSNSs to be associated with reward (Hikida et al., 2010, 2013; Kravitz et al., 2012; Lobo et al.,
2010), while activation of D2-MSNs to be associated with aversion (Hikida et al., 2010, 2013;
Kravitz et al., 2012; Lobo et al., 2010). Interestingly, recent evidence has revealed that both NAc
D1- and D2-MSNs may be able to control reward or aversion. While brief stimulation of either
cell type was found to promote positive reinforcement in a real-time place preference task,
prolonged stimulation promoted aversion in the same task (Soares-Cunha et al., 2020). Similarly,
activation of either NAc D1- or D2-MSNs has been reported to promote instrumental self-
stimulation behavior in an operant chamber test. (Cole et al., 2018). NAc D2-MSNs are also known
to play an important role in controlling motivation; however, it has been unclear how these neurons
mediate both aversion and motivation. A recent finding suggests that the activation of D2-MSNs
projecting to the VP during reward-paired cues can increase motivation to seek the reward, wheras
activation of the same neurons during the delivery of rewarding outcomes results in aversion
(Soares-Cunha et al., 2022).

1.2.2 The Ventral Pallidum (VP)

The VP is a structure within the basal ganglia pathway that receives a major GABAergic
input from both NAc D1-MSNs and D2-MSNs (Kupchik et al., 2015). The VP is a critical brain
structure in the neural circuitry underlying reward-related behaviors (Creed et al., 2016; Smith et
al., 2009), and motivation (Robinson et al., 2014). Histologically the VP has been suggested to act
as a site for the ‘limbic-motor’ interface due to its closely connect with motor output regions
(Mogenson et al., 1980). Indeed, Swerdlow & Koob, (1987) evidence revealed that the NAc-VP

circuit links the mesoaccumbal dopamine system to motor circuitry. Within the VP, primarily
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GABAergic (GABA) and glutamatergic (GLUT) neurons were found. It was observed that
stimulation of VP GABA neurons can drive positive reinforcement by inhibiting VTA GABA
neurons. Conversely, activation of VP GLUT neurons leads to the inhibition of reward effects
through the lateral habenular (Faget et al., 2018; Tooley et al., 2018) These studies highlight the
specific role of VP cell types and their projections in behavioral reinforcement. Interestingly,
recent evidence has revealed that the VP is involved in processing both rewarding and aversive

stimuli.

This region can be classified into ventromedial (VPvm) and dorsolateral (VVpdl) subregions
which receive a projection from the NAc shell and core, respectively (Root et al., 2015). These
two subregions have distinct functional roles. It is assumed that VVPdIl neurons have a similar
function to NAc core neurons in biasing the direction of subsequent behavior towards approaching
a reward (Floresco, 2015). In contrast, the VPvm has a similar function to NAc shell neurons in
biasing behavior towards persisting with the current task (Floresco, 2015), and is also thought to

be involved in reward prediction (Root et al., 2015).

1.2.3 The Substantia Nigra pars Reticulata (SNr)

The SNr is the major output nuclei of the basal ganglia. The SNr receives inputs from
various structures within the basal ganglia, including NAc, GPe, and STN. These inputs converge
onto the GABAergic neurons in the SNr, allowing it to integrate and process information from
different components of the BG circuitry (Gerfen et al., 1990). The SNr sends inhibitory
projections to several key targets, including the thalamus, super colliculus, and brainstem
structures that are involved in motor control (Alexander et al., 1986; McHaffie et al., 2005). As
such, the SNr is known to play an important role in motor control via its GABAergic afferent
projection to the motor thalamic nuclei (Antal et al., 2014; Lai et al., 2021) and the sensory-motor
system (Gerashchenko et al., 2006; Lai et al., 2021; Liu et al., 2020).

The SNr can be divided into two distinct subregions, the lateral (ISNr) and medial (mSNr),
which receive innervation from the dorsal and ventral striatum, respectively (Aoki et al., 2019).
These two subregions are known to play different functional roles in the modulation of sleep and
motor activity. It has been reported that GABAergic neurons in mSNr regulate sleep, whereas PV

neurons in the ISNr control motor activity (Liu et al., 2020). However, other studies have suggested
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that the ISNr, rather than the mSNr, is responsible for sleep control (Gerashchenko et al., 2006;
Lai et al., 2021).

A detailed anatomical model of connectivity between NAc-VP and -SNr structure involved

in this study is provided in Fig 1.2

Figure 1.2
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Figure 1.2 A simplified diagram of the subregion-specific NAc output pathways. NAc, nucleus
accumbens; core, NAc core; shell, NAc shell; VP, ventral pallidum; VPdI, dorsolateral ventral
pallidum; VPvm, ventromedial ventral pallidum; SNr, substantia nigra pars reticulata; ISNr, lateral

substantia nigra pars reticulata; mSNr, medial substantia nigra pars reticulata
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1.3 Optogenetics

Optogenetic technology is a combination of optics, genetics, and bioengineering to either
activate or silence cellular activity through genetically encoded proteins (opsins) (Boyden et al.,
2005; Deisseroth et al., 2006; Yizhar et al., 2011). This technique has emerged as a powerful
method for controlling cellular activity that can precisely and non-invasively manipulate specific
brain circuits and specific cell types (Tye & Deisseroth, 2012) with high-temporal resolution
(Boyden et al., 2005). Optogenetics uses genetically encoded proteins called opsins to control the
activity of target cells. Opsins can be categorized into two major classes: excitatory opsins and
inhibitory opsins.

Excitatory opsins, also known as Channelrhodopsins (ChR), are capable of generating
electrical signals in response to light. When activated by light, excitatory opsins allow the influx
of positive ions, typically sodium or calcium, into the cell. This influx of ions depolarizes the cell
membrane and triggers an action potential, leading to activation of the neuron and subsequent
transmission of signals in neural circuits. ChR2 is a non-selective cation channel that is permeable
to positively charged ions. ChRs can be divided into channelrhodopsin-1 (ChR1) and
channelrhodopsin-2 (ChR2). In general, ChR2 is widely used to activate neural circuits and is
maximally excited by blue light at 450-490 nm (Nagel et al., 2003; Rein & Deussing, 2012) and
can provide millisecond-timescale temporal resolution (Boyden et al., 2005).

Inhibitory opsin refers to a class of light-sensitive proteins that can inhibit or suppress the
activity of neurons when exposed to light. These opsins can be divided into two categories: light-
driven inward chloride pumps or light-driven outward proton pumps. Following exposure to light,
chloride pumps like halorhodopsin (NpHR) actively pump Cl- ions into the cell, whereas proton
pumps like achaerhodopsin (Arch/ArchT), pump protons (H+) out of the cell, causing cell
hyperpolarization. NpHR is maximally excited at wavelengths of approximately 589 nm, while
Arch and ArchT are maximally excited at wavelengths of approximately 566 nm (Chow et al.,
2010; Han et al., 2011).

In vivo, viral gene transfer by adeno-associated viral (AAV) vectors has effectively been
used in rodents to deliver optogenetic constructs into genetically defined cell populations. Using

Cre-dependent AAV vectors alongside transgenic mice expressing Cre in specific cell types, robust
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expression can be achieved in these specific cell types (Atasoy et al., 2008). Then, laser light is
delivered directly to the specific brain region for stimulation via an optic fiber which is chronically
implanted in the target area (Pama et al., 2013). This allows us to investigate the effects of either

silencing or increasing the activity of specific neural cells on behavior and brain function.

The use of optogenetics has various advantages when compared with classic electrical or
multicomponent manipulation approaches. Using genetic targeting, optogenetic manipulation of
diverse brain tissues can be performed in a cell-type-specific manner. Indeed, optogenetics has
been used to precisely identify neural circuits implicated in various brain functions and diseases,
including anxiety disorders, addiction, depression, and schizophrenia (Tye & Deisseroth,
2012).0n the other hand, electrical manipulation acts on all neural cells in the area it is used, and
therefore makes it different to separate the roles of various cell types within brain circuits (Rein &
Deussing, 2012).
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1.4 Aims and structure of thesis

While much is known about the functional roles of the NAc and its constituent cell types,
much more is still unknown. With the creation of new bioengineering technologies including cell-
type specific targeting of virus delivery and optogenetics, we are now able to precisely explore the
role of specific neural circuits. In this thesis, my aim is to further elucidate the functional roles of
NAc D1- and D2-MSNs in cognitive, limbic, and motor control. As such my thesis is divided into
two projects, the first (Chapter 2) that describes research into the role of NAc D1- and D2-MSNs
in decision-making, and the second (Chapter 3) that describes research into elucidating the roles
of NAc D1-MSNs in circuits projecting to either the VP or the SNr in reinforcement and motor

control.

1.4.1 Chapter 2

The aim of this research project was to explore the precise role of the NAc in decision-
making. Previous studies have indicated that the NAc is a critical structure for goal-directed
decision-making (Balleine, 2019; Floresco, 2015; Macpherson et al., 2021; Mannella et al., 2013),
however, the roles that NAc D1- and D2-MSNs play in decision-making has been unclear. Here,
a novel cue-guided cognitive-behavioral task was used to test mice’s ability to make correct
decisions based upon previous experience of failure (i.e. the ability to learn from its mistakes).
Given that NAc D1-MSNs have been implicated in reward learning, while D2-MSNs have been
implicated in aversion learning and behavioral flexibility (Hikida et al., 2010, 2013; Kravitz et al.,
2012; Macpherson and Hikida, 2018; Macpherson et al., 2022; Yawata et al., 2012), it is
hypothesized that D1-MSNs may be important for learning based on successful decisions (learning
based on reward), while D2-MSNs may be useful for learning based on decision errors (learning

based on failure).

1.4.2 Chapter 3

While NAc D1-MSNs are known to be involved reinforcement and motor control (Salgado

& Kaplitt, 2015), the specific roles that D1-MSNs contained in pathways projecting to either the
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VP or SNr play in these functions is still unknown. Here, cell type-specific optogenetics was used
to investigate the effect of activation or inhibition of D1-MSNs projecting to the VP or SNr on
reward-related behaviors as well as motor control. Given that the VP has been implicated in reward
and addiction-related behaviors sensitization (Stefanik et al., 2013; Creed et al., 2016; Pardo-
Garcia et al., 2019), while the SNr is known to contribute to motor control, it was hypothesized
that D1-MSN projections to the VP might influence reward-related behavior and D1-MSNs

projecting to the SNr might influence locomotion.
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Chapter 2

Choice-based inhibition behavior is influenced by error-related signaling in nucleus

accumbens D2-receptor expressing neurons

2.1 Introduction
Choice behavior can be influenced not only by strategies focused on achieving desirable
outcomes, but also by strategies aimed at avoiding undesirable outcomes. In situations where the
appropriate response to achieve desired outcomes is unclear or ambiguous, previous experiences
of failure can serve as a guide to inhibit inappropriate responses. The importance of negative
outcomes in influencing behavioral inhibition has been recognized, from Thorndike's (1927) law
of effect to more contemporary concepts like loss aversion in behavioral economics (Kahneman
& Tversky, 1979; Kubanek et al., 2015; Rasmussen & Newland, 2008). However, the neural
mechanisms underlying the utilization of inhibition-based strategies for decision-making are still
not fully understood, as existing studies have predominantly focused on investigating behaviors
leading directly to rewarding outcomes (Horner et al., 2013; lino et al., 2020; Xiong et al., 2015).
Within a signaling loop involving the limbic cortico-basal ganglia-thalamo-cortical
circuitry, the nucleus accumbens (NAc), particularly the NAc core subregion, is believed to play
a crucial role in decision-making (Balleine, 2019; Floresco, 2015; Macpherson et al., 2021;
Mannella et al., 2013). It achieves this by connecting information about outcome values with
information relevant to goal selection. The principal neuronal population in the NAc, known as
medium spiny neurons (MSN), can be roughly divided into two equal subpopulations: dopamine
D1 receptor-expressing MSNs (D1-MSNSs), which predominantly send their projections to the
ventral pallidum (VP) and substantia nigra pars reticulata (SNr), while dopamine D2 receptor-
expressing MSNs (D2-MSNs) primarily project to the VP (Kupchik et al., 2015; Lu et al., 1997).
While previous studies have demonstrated the involvement of NAc D1-MSNs in reward-related
learning and D2-MSNs in aversion-related learning and behavioral flexibility, their specific role
in inhibiting behavioral responses is less clear (Hikida et al., 2010; Soares-Cunha et al., 2016;
Yawata et al., 2012).
To examine and quantify the capacity for inhibition-based decision-making, a visual

discrimination-based cue-guided inhibition learning (VD-Inhibit) task was designed for mice. In
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this task, mice were needed to suppress a touch response when presented with a visual cue related
to the absence of a reward. Alternatively, they had to respond to a random cue that was no previous
association with any outcome to obtain a liquid reward. Time-specific optogenetic suppression of
NAc D1-MSNs and D2-MSNs during the specific time windows of the task was used to determine
whether inactivating these two subpopulations would impair the utilization of inhibition-based

behavioral strategies.
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2.2 Material and Methods

2.2.1 Animals

Experiments were conducted using male D1-Cre (FK150Gsat) and A2a-Cre (2MDkde)
transgenic mice, aged 8-12 weeks old, on a C57BL/6 background, as well as their wildtype
counterparts. Mice were housed in groups of 2-3 and kept on a 12-h light/dark cycle, with lights
on at 8:00 a.m. The temperature was maintained at 24 + 2 °C, and the humidity was kept at 50 +
5%. Behavioral experiments were performed during the light period. Throughout the study, mice
had access to water and standard lab chow ad libitum, except during touchscreen operant chamber
experiments when they were food restricted to maintain their motivation to instrumentally respond.
All animal experiments conformed to the guidelines of the National Institutes of Health
experimental procedures and were approved by the ethical committee of the Institute for Protein
Research at Osaka University.

A2a-Cre mice were used to target D2-MSNs because A2a receptors are selectively
expressed on D2-MSNs within the striatum, while D2 receptors are expressed on other cell types

including cholinergic interneurons (Alcantara et al., 2003; Svenningsson et al., 1997).

2.2.2 Stereotaxic Virus Injection and optical Cannula Implantation

After administering anesthesia (using an i.p. injection of 90 mg/kg Ketamine and 20 mg/kg
Xylazine), mice were placed in a stereotaxic apparatus. A midline incision was made on the scalp,
followed by creating a craniotomy using a dental drill. The injections were performed bilaterally
into the NAc core of D1-Cre and A2a-Cre mice, targeting specific coordinates (Bregma
coordinates: anterior/posterior, +1.2 mm; medial/lateral, £ 1.25 mm; dorsal/ventral, -3.50 mm).
Adeno-associated virus (AAV) expressing archaerhodopsin (ArchT) under a FLEX cre-switch
promotor (AAV5-CAG-FLEX-ArchT3.0-tdTomato; Addgene ID: 28305) was injected at
concentrations of 1.3 x 102 virus molecules/ml. As a control, an optically-inactive virus (AAV5-
EFla-DIO-EYFP; Addgene ID: 27056) was injected at the same concentration. The injections
were carried out using graduated pipettes with a tip diameter of 10-15 um, and the injection rate

was 100 nl/min, with each site receiving 400 nl of the virus. To allow for optogenetic experiments,
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chronically implantable optic fibers (200-um core 0.37 N.A., Thorlabs, Newton, NJ, USA) were
bilaterally implant above the same region as the virus injection (Bregma coordinates:
anterior/posterior, +1.2 mm; medial/lateral, £ 1.30 mm; dorsal/ventral, -3.20 mm). Additionally,
three skull screws were implanted 1 mm into the skull surrounding the optic fibers, and the whole
skull was secured using dental cement.

In this chapter, D1- and A2a-expressing ArchT or EYFP mice, the continuous LED stimulation
at 550 nm light, 1-3 mW LED was used.

2.2.3 Behavioral Experiments

2.2.3.1 Apparatus

The training and testing sessions were conducted within a Bussey-Saksida touchscreen
chamber (Lafayette Instruments, IN, USA). In front of the touchscreen, a black plastic mask with
two windows (70 x 75 mm 2 spaced, 5 mm apart, 16 mm above the floor) was positioned. To
control the operant system and collect data, ABET Il and Whisker Server software (Lafayette
Instruments, IN, USA) were utilized. Additionally, laser delivery within the chamber was

controlled using Radiant v2 software (Plexon Inc, TX, USA).

2.2.3.2 Pretraining.

Mice were subjected to food restricted, limiting their intake to 85-90% of their free-feeding
weight before the experiment. Prior to the main experiment, a pretraining phase was carried out
with slight modifications to a previously described method (Horner et al., 2013). In the initial
Habituation sessions, mice were familiarized with the chamber over three consecutive daily
sessions lasting, each lasting 40 minutes. During these sessions, a small amount of diluted
condensed milk (7 pl, Morinaga Milk, Tokyo, Japan) was dispensed into the reward magazine
every 10 seconds. Moving on to the subsequent Must initiate session, one out of 51 random visual
stimuli was presented in one of the two windows. After displaying the stimulus for 30 seconds, a
milk reward (20 pl) was delivered along with a tone (3 kHz), and the inside of the magazine was

illuminated. Once the mice collected the reward, the magazine light turned off, and the next trial



20

began with a 20-second intertrial interval (IT1) (60 trials completed in 60 minutes). In the next
Must touch session, stimuli were randomly presented in one of the two windows, and the mice
were had to touch the stimulus to receive a reward (60 trials completed in 60 minutes). The final
phase of the pretraining, punish incorrect sessions, involved a punishment for incorrect responses.
If the mice touched an empty window, they were subjected to a 5-second time-out period where
the house light was illuminated. Mice had to achieve a criterion of >75% correct trials within 35
minutes for two consecutive days to proceed to the basic training phase.

Typically, mice took approximately one day to complete the "Must initiate” session,
another day for the "Must touch™ session, and approximately 2-4 days to complete the "Punish
incorrect” session. These completion times align with previous studies that used a similar

pretraining protocol.

2.2.3.3 Basic training.

The mice underwent testing sessions 5-6 days per week, with each session consisting of 60
trials or lasting up to 60 minutes. To initiate each trial, the mice nose-poked in the reward
magazine. Visual cues were displayed until the mice responded by touching one of the two
windows. In the VD-Attend task, the touchscreen showed two visual cues: a marble and a random
image. The random image was selected in a pseudorandom menner from a pool of 51 images.
When the mouse correctly responded to the visual cue (marble), a milk reward (7 ul) was delivered
along with atone (3 kHz), and the magazine was illuminated. After the mouse collected the reward,
the magazine light turned off, and the next trial began after a 20-second intertrial interval (ITI).
However, in the case of an incorrect response to the visual cue (random image), mice experienced
a 5-second time-out punishment with the house light turned on. In the VD-inhibit task, the
touchscreen presented two visual cues: a flag and a random image. If the mouse correctly
responded to the visual cue (random image), it received a milk reward (7 pl) was delivered along
with a tone (3 kHz), and the magazine was illuminated. On the other hand, if the mouse responded
to the incorrect visual cue (flag), it received a 5-second time-out punishment with the house light
turned on. A response to a random image was considered a correct response, while a response to

the "Flag" visual cue was considered as an incorrect response. Once the mice achieved a criterion
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of over 80% accuracy for two consecutive days, they proceeded to undergo cable habituation for
either optogenetic or miniature microscope imaging experiments.

In the optogenetic suppression experiments, once the mice showed stable performance with
an accuracy of over 80% for two consecutive days while the fiber optic cables were attached, they
proceeded to undergo optogenetic stimulation test sessions. During these session, continuous LED
stimulation at 1-3 mW, utilizing a 550 nm LED attached to a rotary joint (Plexon, TX, USA) was
applied at different periods of the test session: during the inter-trial interval (ITI) (-5 to O seconds
from trial onset), Cue presentation (from trial initiation to the response), or Outcome period (0-5
seconds after a response). Each type of stimulation (ITI, Cue, or Outcome) was performed in
different sessions on consecutive days, using a pseudo-randomized order based on a Latin-square
design. Additionally, LED stimulation was applied to only in 50% of the trials, in a pseudo-
randomized manner, ensuring that there no more than three consecutive trials of the same type
(LED on/off) occurred. Both VD-Inhibit and VD-Attend tasks were conducted on the same mice,
with VD-Inhibit always conducted before VD-Attend.

In all behavioral experiments, we monitored several parameters including the percentage
of correct responses (calculated as the number of correct trials divided by the sum of correct and
incorrect trials, expressed as a percentage). Additionally, we recorded the latencies for correct

responses, incorrect responses, and reward collection.

2.2.4 Histological analysis

Following the completion of behavioral experiments, mice were anesthetized with 90
mg/kg Ketamine and 20 mg/kg Xylazine and then transcardially perfused. First, they were perfused
with 0.1 M phosphate-buffered saline (PBS) for 2 minutes, followed by 4% paraformaldehyde
(PFA) dissolved in 0.1 M Na:HPO4/NaH2PO4buffer (PH 7.5) in PBS for 5 minutes at a flow rate
10 ml/min. The brains were subsequently removed and postfixed for 2 days in 4% PFA. Then the
brains were placed in sucrose solutions with concentrations of 7.5%, 15%, and 30% in PBS, and
kept at 4°C until the brain tissue sank to the bottom at each stage. The brains were fully frozen by
embedded them in Optimal Cutting Temperature (O.C.T.) compound, which provides support
during cryostat sectioning. Next, the brain tissue attached to a circular cryostat block was sectioned

into slices that were 40-um-thick, with the cryostat set at -17 to -20°C. The Coronal brain slices
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(40 um) were stored in PBS solution at 4°C. For immunohistochemical staining, each brain section
was treated with a blocking solution (5% Bovine serum albumin in PBS) for 1 h at room
temperature, followed by three times PBS washes. After rinsing in PBS, the slices were incubated
overnight at 4°C with the anti-red fluorescent protein rabbit 1gG primary antibody (1:1000;
ABCAM, Cambridge, UK) in 1x PBS with 0.3% Triton-X (Nacalai Tesque Inc, Kyoto, Japan)
(PBST). Subsequently, all brain sections were washed three times for 10 min in PBS and stained
with Alexa Fluor 568 goat anti-rabbit 1gG secondary antibody (1:500; Thermo Fisher Scientific,
MA, USA) in 1x PBST for 1 hour at room temperature. Following three times 10-minutes washes
in 1x PBS, the sections were mounted using Fluoroshield mounting medium containing DAPI
(Abcam, Cambridge, UK) and then observed using a KEYENCE BZ-X800E All-in-one

Fluorescence Microscope (Keyence, Osaka, Japan).

2.2.5 Statistical Analysis

Experimental data were represented as the mean £ SEM using Prism v8.0 software
(GraphPad Software Inc, CA, USA). Behavioral performances were analyzed through two-way
repeated measures ANOV As with factors such as virus (ArchT, EYFP) and laser stimulation (OFF
vs ON), or history (After Correct, After Error) and laser stimulation (OFF vs ON). Post hoc Sidak’s
multiple comparisons tests were conducted in cases where significant main effects or interactions
were observed in the ANOVA (p < 0.05). The Geisser-Greenhouse correction was applied when

non-normal distribution was observed. + SEM, *p<0.05 was considered to be significant.
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2.3 Results

2.3.1 Inhibition-based decision-making is impaired by optogenetic inhibition of NAc D2-
MSNs during the outcome phase of error trials

To test whether inactivation of D1- and D2-MSNs impairs the utilization of inhibition-based
behavioral strategies, | performed optogenetic inhibition of D1-Cre and A2a-Cre transgenic mice
that had been microinjected with a Cre-dependent archaerhodopsin (ArchT) (AAV5-CAG-FLEX-
ArchT3.0-tdTomato) or EYFP control virus (AAV5-Efla-DIO-EYFP), then bilaterally implanted
optic fibers directly above the NAc core (Figl,2; D1-Cre ArchT, n=9 , D1-Cre EYFP, n=8 , A2a-
Cre ArchT, n=10 , A2a-Cre EYFP, n=9). A new task, known as the inhibition-based visual
discrimination task (VD-Inhibit), was developed by modifying a touchscreen-based visual
discrimination task to evaluate the mice’s ability for inhibition-based choice behavior. In this task,
mice used visual cues to determine which of the two touchscreen response windows should be
inhibited in order to receive a liquid reward by responding at the alternate window.

At the start of each trial, a visual cue appeared in both response windows (Fig. 3). After
trial initiation, a visual cue was presented in each of the two response windows. One visual cue
(correct cue) was randomly changed with each trial, offering 51 possible images, and resulted in
the delivery of a liquid reward (7 pl condensed milk at the reward magazine) when the mouse
responded by touching the correct cue. On the other hand, the other visual cue (incorrect cue)
remained the same throughout all trials and resulted in no reward, followed by a 5-second time-
out, when the mouse responded by touching the incorrect cue. Importantly, the randomization of
the correct cue prevented the mice from forming an association between the cue and the outcome.
Therefore, the mice had to rely on the cue-outcome association related to the incorrect cue to guide
their behavior effectively. This required them to inhibit the known visual cue and respond by
touching the unknown visual cue to receive the reward.

After the mice achieved the required performance levels on the VD-Inhibit task (>80%
correct on two consecutive days or >75% correct on three consecutive days), laser stimulation was
conducted to suppress NAc activity during three distinct time periods of the task (ITI period; the
last 5 seconds of the ITI, Cue period; from the trial initiation to the response, Outcome period; 5

seconds after the response). These stimulations were conducted in separate sessions on consecutive
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days, following a pseudo-randomized order (Fig 4). In each test session, LED stimulation was
applied in a pseudo-random order, ensuring that no more than three consecutive trials of the same
trial time occured, and was used in 50% of the trials. Additionally, as previous studies have
suggested that NAc D2-MSNs play a crucial role in behavior modification following reward
omission, | investigated whether suppression of activity affected performance in trials immediately
following correct or error responses (Nonomura et al., 2018; Tai et al., 2012; Tsutsui-Kimura et
al., 2017; Yawata et al., 2012). The results indicated that optogenetic inhibition of D1-MSNs
during outcome period did not affect performance on the VD-Inhibit task (Fig 5C). However,
optogenetic inhibition of D1-MSNSs during ITI period impaired performance on trials after the
incorrect response (Fig 5A: significant laser x history interaction: F,14) = 5.725, p<0.05), while
inhibition during the Cue period improved performance on the trial after the incorrect response
(Fig 5B: significant laser x history interaction: Fai12 = 29.45, p<0.001). On the contrary,
performance on the VD-Inhibit task was unaffected by optogenetic inhibition of D2-MSNSs during
ITI and Cue periods (Fig 5G,H), but optogenetic inhibition of D2-MSNs during the Outcome
period reduced performance on trials immediately after a response error in the VD-Inhibit task
(Fig 5I: significant main effect of virus: Fa,18 = 15.84, p<0.001). Mice expressing EYFP in D1-
MSNSs (Fig 5D-F) or D2-MSNs (Fig 5J-L) showed no behavioral changes as a result of LED
stimulation. In addition, indicators of motivation such as response latencies (Fig 6) and the number
of rewards gained (Fig 7) did not change in response to LED stimulation throughout any of the
time windows (ITI, Cue, Outcome). These findings demonstrate that suppression of NAc D2-
MSNs is able to impair inhibition-based decision-making by blocking error-signaling during the

outcome period of error trials.

2.3.2 Stimulation of following in response errors of D2-MSNs does not affect performance

for attendance-based choice behavior

To investigate whether the observed post-error outcome-selective contribution of D2-
MSNs in the VD-Inhibit task is specific to tasks guided by response inhibition or occurs in a task-
independent manner, | performed the same optogenetic protocol during the performance of an
attendance-based decision-making (VD-Attend) task. This task is a more classical reward learning

paradigm where a consistent visual cue indicated the rewarded response window that should be
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attended to, while a randomly-assigned visual cue indicated an unrewarded response window (Fig
8). Similar to the previous experiment, these tests were conducted on animals that had already
reached the performance criterion, achieving at least 80% accuracy on two consecutive days or at
least 75% accuracy on three consecutive days. The results revealed that optogenetic inactivation
of NAc D1- or D2-MSNs during the ITI, Cue, or Outcome periods did not affect performance in
trials immediately following either correct or error trials (Fig 9). These findings suggest that the
stimulation of NAc D2-MSNs after the Outcome period of response errors plays a role in choice
behavior in a context-dependent manner and is not necessary for effective performance of

attendance-based choice behavior.
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Figure 1.
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Fig 1. Histology of virus expression and fiber implantations site. (A) The diagram illustrates the
locations of viral infusion and optic fiber implantation in the NAc of D1-Cre and A2a-Cre mice.
(B) Representative coronal brain section showing the expression of ArchT tagged with tdTomato
fluorescent protein along with optic fibers (OF) in the NAc; tdTomato is shown in red, and DAPI

in blue, with a scale bar of 500 um.
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Fig 2. Optic fiber placements (A-B) Representative coronal brain sections of optic fiber
placements in the NAc at three different anterior-posterior coordinates from the Bregma at +1.34
mm, +1.18 mm, and +1.10 mm of D1-Cre mice expressing (A) EYFP (n=8) and (B) ArchT (n=9).
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(C-D) Representative coronal brain sections of optic fiber placements in the NAc at three different
anterior-posterior coordinates from the Bregma at +1.34 mm, +1.18 mm, and +1.10 mm of A2a-
Cre mice expressing (C) EYFP (n=9) and (D) ArchT (n=10).

Figure 3.
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Figure 3. The experiment design of the visual discrimination-based cue-guided inhibition learning

(VD-Inhibit) task consisted of two different visual cues presented on either the left or right touch
panel. Cue A (Flag) served as a consistent image throughout all sessions and was associated with
punishment following a response to this cue. A random image was selected from 51 possible

images and associated with milk reward delivery following a response to this cue.
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Figure 4. Experimental timeline. VD-Inhibit and VVD-attend are two different tasks, as mentioned
in the method section. During the test session (highlighted in green), the stimulation protocols
were pseudo-randomized based on the Latin-square design. Visual discrimination-based cue-
guided inhibition learning; VD-Inhibit, Visual discrimination-based cue-guided attendance
learning; VD-Attend; Inter-trial interval; ITI.
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Fig 5. Activation of D2-MSNs after response errors is necessary for inhibition-based decision-
making. All results were collected from the percentage of corrections in the trials following a
correct choice and trials following respond an incorrect choice during laser ON and OFF. The
shaded areas represent the optogenetic suppressing results during inter-trial interval (ITI), cue or
outcome period. (A-C) Optogenetic suppression of NAc D1-MSNs (D1-ArchT) during the ITI (A)
(Two-way RM-ANOVA,; After Correct, p =0.8655; After Error, *p = 0.0195), Cue (B) (Two-way
RM-ANOVA,; After Correct, p =0.4624; After Error, *p = 0.0487), and Outcome (C) periods of
correct or error trials. (D-F) Laser delivery during ITI (D), Cue, (E), and Outcome (F) periods in
control mice expressing EYFP in D1-MSNs (D1-EYFP). (G-1) Optogenetic suppression of NAc
D2-MSNs (A2a-ArchT) during the ITI (G), Cue (H), and Outcome (1) periods of correct or error
trials (Two-way RM-ANOVA; After Correct, p =0.2765; After Error, *p = 0.0257). (J-L) Laser
delivery during ITI (J), Cue, (K), and Outcome (L) periods in control mice expressing EYFP in
D2-MSNs (A2a-EYFP). Data represent the mean + SEM, post hoc Sidak comparisons were

performed with *p<0.05 indicating statistical significance.
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Fig 6. The response latencies were unaffected by optogenetic suppression of D1- and D2-MSNs.
All results were collected from the latencies for correct and incorrect response (in second) in the
trials following a correct choice and trials following respond an incorrect choice during laser ON
and OFF (A-C) Optogenetic inhibition of NAc D1-MSNs (D1-ArchT) during the ITI (A), Cue (B),
or Outcome (C) did not affect the response latency. (D-F) Laser delivery during ITI (D), Cue, (E),
and Outcome (F) periods in control mice expressing EYFP in D1-MSNs (D1-EYFP). (G-1)
Optogenetic inhibition of NAc D2-MSNs (A2a-ArchT) during the ITI (G), Cue (H), or Outcome
(1) did not affect the response latency. (J-L) Laser delivery during ITI (J), Cue, (K), and Outcome

(L) periods in control mice expressing EYFP did not affect the response latency.
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Fig 7. Optogenetic inactivation of D1- and D2-MSNs did not affect the number of earned rewards.
All results were collected form the total number of reward collection during optogenetic
suppression during ITI, cue, or outcome period of D1- and A2a-Cre mice expressing ArchT or
EYFP.
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Figure 8.

Visual Discrimination-based
Cue-Guided Attendance Learning (VD-Attend)
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Figure 8. The experiment design of visual discrimination-based cue-guided attendance learning
(VD-Attend) task consisted of two different visual cues presented on either the left or right touch
panel. Cue B (Marble) served as a consistent image throughout all sessions and was associated
with milk reward delivery following a response to this cue. A random image was selected from 51

possible images and associated with punishment following a response to this cue.
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Figure 9.
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Fig 9. Attendance-based decision-making is not affected by NAc D1- or D2-MSN inhibition
during ITI, Cue, or Outcome periods. All results were collected from the percentage of corrections
in the trials following a correct choice and trials following respond an incorrect choice during laser
ON and OFF. The shaded areas represent the optogenetic suppressing results during inter-trial
interval (ITI), cue or outcome period. (A-C) Optogenetic suppression of NAc D1-MSNs (D1-
ArchT) during the ITI (A), Cue (B), or Outcome (C) periods of correct and error trials. (D-F) Laser
delivery during ITI (D), Cue, (E), and Outcome (F) periods in control mice expressing EYFP in
D1-MSNs (D1-EYFP). (G-I) Optogenetic suppression of NAc D2-MSNs (A2a-ArchT) during the
ITI (G), Cue (H), or Outcome (1) periods of correct and error trials. (J-L) Laser delivery during ITI
(J), Cue, (K), and Outcome (L) periods in control mice expressing EYFP.
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2.4 Discussion

The NAc is a crucial component of the basal ganglia and is believed to contribute to the
assessment of rewards and the control of motivation by integrating glutamatergic inputs from the
cerebral cortex and dopaminergic inputs from the ventral tegmental area (Gallo et al., 2018; lino
etal., 2020; Ikemoto & Panksepp, 1999; Mannella et al., 2013; Reynolds & Berridge, 2002). While
the significance of the NAc has been discussed in various models of behavioral control (Balleine,
2019; Floresco, 2015; Mannella et al., 2013; Nicola, 2007; Schultz et al., 1997), its precise role,
particularly the involvement of specific cell types, in choice behavior has remained unclear. In this
study, a novel visual discrimination task in mice was created to examine the neural mechanisms
underlying cue-guided inhibition-based decision-making. Importantly, optogenetic inhibition of
NAc core D2-MSNs during the outcome period of trials in which a response error was made was
sufficient to inhibit decision-making ability in the subsequent trial. The findings suggested that
error-related activity in a subset of NAc D2-MSNs guides future choice behavior by steering mice
away from environmental cues associated with incorrect choices.

The importance of NAc core activity during the outcome period in our study suggests that
D2-MSNs may play a primary role in monitoring and updating choice behavior rather than directly
selecting actions. Interestingly, previous research indicates that optogenetic stimulation of the
dorsomedial striatum (DMS) during cue presentation influences action selection (Tai et al., 2012),
supporting models proposing the DMS as an "actor" and the NAc as a "critic" in the process of
action selection and evaluation, respectively (Bornstein & Daw, 2011; Penner & Mizumori, 2012).
The NAc is a component of limbic processing loop that converges with associative/cognitive and
motor processing loops associated with the DMS and DLS (dorsolateral striatum), respectively
(Aoki et al., 2019; Foster et al., 2021). This circuitry allows for the integration of action value
information from the limbic loop with current goal information from the associative/cognitive
loop, enabling dynamic control over choice behavior, as supported by computational models
(Mannella et al., 2013, 2016).

Interestingly, in this study, using optogenetic to suppress NAc D1-MSN activity during the
ITI period resulted in decreased performance in the VD-Inhibit task. Conversely, Optogenetic
suppression of NAc D2-MSN activity during the ITI period did not affect performance, indicating
that D1- and D2-MSNs of the NAc contribute to performance of the task during different time
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windows. Additionally, optogenetic suppression of D1- and D2-MSNs during ITI and outcome
periods, respectively, led to reduced performance in trials following errors, suggesting that both
D1- and D2-MSNs play a role in updating action value. Previous studies have highlighted the
importance of D1-MSNs in associative learning and approach behavior towards conditioned
stimuli (Macpherson & Hikida, 2018). Therefore, it is plausible that the optogenetic inhibition of
D1-MSNs may have improved performance in trials after response errors by inhibiting approaches
to visual cues related to response errors.

These behavioral findings of this study are also partially supported by recent single cell
resolution in-vivo imaging data that showed that, in general, large populations of NAc core D1-
MSNs were activated by the delivery of a reward during the outcome period of correct trials, while
large populations of NAc core D2-MSNs were activated by reward omission during the outcome
period of error trials in the VD-Inhibit task (Nishioka et al., 2023). Interestingly, while these results
suggest that D1-MSNs may play an important role in signaling correct decisions, optogenetic
silencing of D1-MSNs in the current study had no effect on performance of the VD-Inhibit or VD-
Attend tasks. One potential explanation is that the optogenetic suppression of NAc D1-MSNs as a
whole population led to a cancellation of the functional effects of these opposing populations,
thereby neutralizing their impact on task performance. Another hypothesis is that alterations in the
activity of NAc D1-MSNs during the task, especially in the Outcome period, could be associated
with signaling of salient events rather than signaling outcome value, which when silenced does not
adversely affect task performance. Previous research has indeed highlighted the significant role of
the NAc core in signaling salience (Kutlu et al., 2021).

Impairments in response control have been linked to risk-taking behaviors observed in drug
addiction and attention-deficit/hyperactivity disorder (Constantinople et al., 2019; Frank et al.,
2004; Robbins et al., 2012; Strickland et al., 2016). A previous study demonstrated that activating
D2-MSNs in the NAc reduced risky choices in rats with a propensity for risk-taking, indicating
the importance of D2-MSN activity in inhibiting such behavior (Zalocusky et al., 2016). The
findings of the current study largely support and expand upon these observations, revealing that
NAc D2-MSN activity not only inhibits risky choices but also actions associated with negative
outcomes. Moreover, the aforementioned previous study showed a decrease in the probability of
making risky choices on subsequent trials following a failure to obtain a reward and the reduction

of risky behavior through optogenetic activation of NAc D2-MSNs, which aligns well with the
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results of the current study. Previous studies have also demonstrated that repetitive cocaine
treatment leads to decrease in the frequency of miniature excitatory postsynaptic currents in D2-
MSNs (Kim et al., 2011). This research aligns with theoretical model proposing that enhanced
excitability of D2-MSNs promotes the strategy of inhibiting unfavorable options, whereas
decreased excitability impairs the ability to inhibit such options (Frank, 2006; Frank et al., 2004;
Nakanishi et al., 2014). These bidirectional effects on the strategy provide additional support for
the hypothesis in the current study that activation of D2-MSNs plays a crucial role in inhibiting

unfavorable options.

In conclusion, the current study’s findings highlight the crucial role of NAc core D2-MSNs
activation using cues to facilitate the inhibition of undesirable responses. These data suggest that
controlling the neural activity of D2-MSNs in the NAc core through D2-receptor-selective drugs
could potentially offer benefits for the treatment of disorders related to impaired ability for
inhibitory control, such as drug addiction (Strickland et al., 2016) and attention-
deficit/hyperactivity disorder (Frank et al., 2004; Robbins et al., 2012).
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Chapter 3

Dual roles for nucleus accumbens core dopamine D1-expressing neurons projecting to the

substantia nigra pars reticulata in limbic and motor control

3.1 Introduction

In addition to their well characterized roles in limbic control (Hikida et al., 2010; Lobo et
al., 2010; Macpherson et al., 2014; Macpherson & Hikida, 2018), NAc D1- and D2-MSNs might
also play a role in regulating locomotor activity. Administering D1 and D2 receptor agonists
directly into the NAc has been reported to increase locomotion in rats, whereas intra-NAc infusion
of D1 and D2 antagonists reduced their locomotor activity (Dreher & Jackson, 1989; Plaznik et
al., 1989). Supporting these earlier findings, a more recent study using chemogenetic techniques
demonstrated that stimulating NAc D1-MSNs increased wheel running and locomotor activity in
an open field arena, while activating NAc D2-MSNs led to a decrease in these effect (Zhu et al.,
2016). These results suggest that both NAc D1-MSNsand D2-MSNs may play a role in controlling

both limbic and locomotor processing.

D1-MSNs in the NAc core are known to send equal projections to both the ventral pallidum
(VP) (NACPY-MSN.\/pP) and the substantia nigra pars reticulata (SNr) (NAcPTMSN-SNr), whereas
D2-MSNs primarily project their connections to the VP (Heimer et al., 1991; Kupchik et al., 2015;
Kupchik and Kalivas, 2017; Matsui and Alvarez, 2018; Pardo-Garcia et al., 2019; Robertson and
Jian, 1995). Previous studies have reported the NAcPIMSN-\/P pathway to play an important role
in motivation and reward-related behaviors, including as cue-induced reinstatement of cocaine
(Stefanik et al., 2013; Pardo-Garcia et al., 2019),cocaine-context-associated memory formation
(Wang et al., 2014), and cocaine-induced locomotor sensitization (Creed et al., 2016). However,
contrastingly, a recent report indicated that optogenetic stimulation of the NAcPXMSN-\/p pathway
induces aversion in mice (Liu et al., 2022). Thus, the role of this pathway in limbic control is still
unclear and further functional characterization is required. The NAcPYMSN-\/P pathway is also
suggested to be involved in locomotor control (Root et al., 2015). Indeed, it has been reported that

intra-VP infusion of substance P, a neuropeptide released from D1-MSNSs projecting to the VP,
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increases locomotor activity (Napier et al., 1995). Similarly, intra-VP infusion of a muscimol, a
GABA receptor agonist, is able to block increased locomotion induced by intra-NAc infusion of
dopamine and NMDA agonists (Churchill et al., 1998; Patel & Slater, 1988; Wallace & Uretsky,
1991). However, the functional effect of direction optogenetic manipulation of the NAcPI-MSN-y/p

pathway has yet to be tested.

In contrast to the NAcPYMSN-\/p pathway, these is currently limited knowledge regarding
the functional role of the NAcP*MSN-SNr pathway. Classically, it has been suggested that the NAc
D1-MSN projections to the SNr form an integral part of a limbic information processing basal
ganglia loop circuit (Alexander et al., 1986; Foster et al., 2021; Haber, 2003; Macpherson et al.,
2021; Parent & Hazrati, 1995). According to this theory, activation of the NAcPY-MSN_SNr pathway
is hypothesized be responsible for driving reinforcement. However, this proposed function has not
been empirically tested as of yet (Balleine, 2019; Macpherson et al., 2021; Peak et al., 2019).
Interestingly, recent study has suggested that the NAcP*MSN_SNr pathway might have an impact
on motor behavior as well. Indeed, optogenetic stimulation of axon terminals in the SNr from NAc
D1-MSNs has been shown to increase activity not only in the mPFC, but also in the primary motor
cortex (M1) (Aoki et al., 2019). Although this study highlights the potential influence of the
NACPMSN_SNr pathway on motor areas such as the M1, it has not yet been definitively established

whether stimulation of this pathway results in changes in motor behavior.

In this study, | used optogenetic activation of the axon terminals of NAc core D1-MSNs
in the VP or SNr to investigate the contribution of NAcPTMSN-\/pP and NAcPIMSN-SNr pathways
to limbic and motor functions. To access the limbic functions, mice performed reward-related
learning tasks including real-time place preference and self-stimulation tests. Next, to investigate
motor functions, these pathways were stimulated either bilaterally or unilaterally while mice were

placed an open field arena and tracked using locomotor activity tracking software.
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3.2 Material and Methods

3.2.1 Animals

Experiments utilized male D1-Cre (FK150Gsat) transgenic mice aged between 8 and 12
weeks old and on a C57BL/6 background, as well as their wild-type counterparts. The animals
were housed in groups of 2-3 and were maintained on a 12-h light/dark cycle (lights on at 8:00
a.m.), with the temperature regulated at 24 + 2 °C and humidity maintained at 50 + 5%. Behavioral
experiments were performed during the light period. Mice had unrestricted access to water and
standard lab chow ad libitum, except during touchscreen operant chamber experiments, which they
were food-restricted to ensure their motivation to respond instrumentally. All animal experiments
were conducted in accordance with the National Institutes of Health experimental procedures and
were approved by the ethical committee of the Institute for Protein Research at Osaka University.

The same mice were used for all experiments.

3.2.2 Stereotaxic Virus Injection and optical cannula Implantation

After administrating anesthesia (90 mg/kg Ketamine and 20 mg/kg Xylazine, i.p.
injection), mice were positioned in the stereotaxic apparatus. A midline incision was made on the
scalp, and a craniotomy was performed using a dental drill. The injections were then carried out
using graduated pipettes with a tip diameter of 10-15 pm.

Bilateral injections were administered to the mice in the NAc core (Bregma coordinates:
anterior/posterior, +1.2 mm; medial/lateral, + 1.35 mm; dorsal/ventral, -3.75 mm, 250 nl/site at a
rate of 100 nl/min) using an adeno-associated virus (AAV) virus expressing channelrhodopsin-2
(ChR2) under a FLEX Cre-switch promotor (AAV2-EF1-FLEX-hChR2(H134R)-EYFP; Addgene
ID: 20298), or an optically-inactive control virus (AAV5-EFla-DIO-EYFP; Addgene ID: 27056).
The concentrations for the ChR2 virus and the control virus were 4.4 x 10'2 virus molecules/ml
and 1.3 x 103 virus molecules/ml, respectively. Following infusion, the needle was left at the
injection site for 10 minutes to allow for diffusion of the virus, and then it was slowly withdrawn.
Optic fibers (200-pum core 0.22 N.A., Thorlabs, Newton, NJ, USA) were bilaterally implanted into

either the VP (Bregma coordinates: anterior/posterior, -0.11 mm; medial/lateral, £ 1.40 mm;
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dorsal/ventral, -4.25 mm) or medial SNr (Bregma coordinates: anterior/posterior, -3.3 mm;
medial/lateral, £1.0 mm; dorsal/ventral, -4.4 mm) using ceramic zirconia ferrules. Finally, three
skull screws were inserted 1 mm into the skull area surrounding the optic fibers, and the entire
skull was firmly secured with dental cement. For robust viral expression, the viral infusions
occurred at least 3-4 weeks before conducting the behavioral experiments.

In total; 9 D1-Cre NACPTMSN-VP ChR2, 9 D1-Cre NAcP*MSN.vvp EYFP, 10 D1-Cre
NACPI-MSN.SNr ChR2, and 9 D1-Cre NAcP*MSN-SNr EYFP mice were used. The same mice were
used for all behavioral experiments.

Laser stimulation at a frequency of 20 Hz using a 473 nm wavelength was delivered by
DPSS (diode-pumped solid-state) lasers (Shanghai Laser & Optics Century Co., Ltd.), with the

laser intensity at the fiber tip controlled by a microcontroller (Arduino) set at 8-10 mW.

3.2.3 Real-time place preference (rt-pp) test

The rt-pp experiment was conducted in a white rectangular box, which was divided
lengthways into two equal-sized rectangular chambers (W:15cm x L:20cm x H:25cm). Each
chamber had distinct contextual cues; one chamber featured green triangles on the walls, while the
other chamber had blue dots on the walls.

The rt-pp task consisted of two stages: (1) a pre-conditioning test (pre-test) and (2) test
sessions (laser test). In the pre-test, mice were given 15 minutes to freely explore the entire
apparatus, and the time spent in each chamber was measured to evaluate any bias towards either
side using automated video tracking software (EthoVision XT 16, Noldus). Next, the laser-test
sessions were conducted with an unbiased experimental design across 3 consecutive days for 20
min each day. During these sessions, whenever an animal entered one chamber, the laser
stimulation was delivered for the duration that the animal stayed in the chamber. Conversely, when
the animal entered the other chamber, no stimulation was delivered. The chamber (either with
triangle or dot walls) paired with laser stimulation was randomized between the animals. The
duration of time spent in the chamber paired with laser was measured across the three test sessions

to assess the mouse’s preference.
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3.2.4 Operant chamber test of reinforcement

Operant tasks were conducted in trapezoidal Bussey—Saksida touchscreen operant
chambers (Lafayette Instrument) situated within a sound- and light-attenuating cubicle. Each
chamber was equipped with a front touchscreen divided into two touch response panels (70 x 75
mm? spaced, 5 mm apart, 16 mm above the floor), along with a liquid delivery magazine at the
back end of the chamber. The self-stimulation tests were managed using ABET Il and Whisker
Server software (Lafayette Instrument), while laser delivery within the chambers was controlled

by Radiant version 2 software (Plexon).

3.2.5 Two-choice optogenetic self-stimulation task

Initially, mice underwent food restriction until they reached 85-90% of their free-feeding
weight, which took approximately 7 days, to enhance their motivation for producing instrumental
behavioral responses. Subsequently, they underwent four consecutive daily training sessions under
a fixed-ratio 1 (FR1: 1 response produces the outcome) schedule to instrumentally respond at a
touch panel paired with the delivery of laser stimulation (S+: 30 sec laser delivery), while another
touch panel no outcome (S-). The spatial location (left/right) of the S+ response panel was
counterbalanced across mice. The outcome of each trial was followed by a 10-sec intertrial interval
(IT1). This task was conducted for four consecutive days, with a duration of 60 minutes or up to
60 trials. Throughout all trials, the number of touch responses for both the S+ and S- panels, as
well as the response latencies, were recorded to evaluate the potential reinforcing effect of laser

stimulation.

3.2.6 Two-choice task with optogenetic stimulation paired with a liquid reinforcer

The mice underwent training to respond at two specific response panels in order to receive
a sucrose liquid reward (7ul of 10% sucrose diluted in water). One of the panels (previously
associated with laser delivery) was additionally paired with the delivery of the the liquid reward
(S+), while the other panel (previously associated with no outcome) delivered only the liquid

reward alone (S-). Each outcome was followed by a 10-second ITI. The position of the S+ panel
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was counterbalanced across the previous S+ and S- panels used in the earlier self-stimulation task.
However, no significant main effect or interaction of the previous panel location was observed,
leading to the grouping together of the data.

Animals underwent training on consecutive days using a previously described
reinforcement schedule with slight modifications (Robinson et al., 2014; Soares-Cunha et al.,
2022). The training schedule comprised the following stages: a fixed-ratio 1 (FR1) schedule for 5
days, a FR4 schedule (4 response produces the outcome) for 1 day, a random ratio 4 (RR4)
schedule (a random number of responses between 1-4 produces the outcome) for 4 days, and finally
a RR6 schedule (a random number of responses between 1-6 produces the outcome) for 4 days
each (lasting 60 minutes or up to 60 trials). Throughout all trials, data were recorded for each
session, including the number of touch responses for both the S+ (sucrose & laser) and the S-
(sucrose), as well as the response latencies and time taken to collect the liquid rewards.

During this test, one D1-Cre NAcPMSN-\vVP EYFP mouse was excluded from the study due
to low responses at both touch panels.

3.2.7 Open field tests (OFT) of motor activity

For bilateral stimulation tests, mice were placed in a grey cylindrical open field apparatus
with dimensions of 42 cm in diameter and 42 cm in height. Bilateral fiber optic cannulae were
attached to patch cords and suspended above the animal, allowing them to move freely throughout
the apparatus. The animals were given three minutes to freely explore the entire arena and become
habituated to the before the start of testing. The test consisted of a 12-min session, divided into
four alternating 3-minute trials. During these trials, bilateral laser stimulation was applied in an
alternating manner, switching between OFF or ON states (OFF-ON-OFF-ON), according to a
previously described method (Tye et al., 2013). During the laser ON trials, photostimulation was
applied following the protocol described in the “Stereotaxic virus injection and optical cannula
implantation” subsection. The video tracking software (EthoVision XT 16, Noldus) automatically
recorded the total distance moved, velocity, and speed of animals during these trials.

Unilateral stimulation was conducted following the previous mentioned, but with the
exception that only one patch cable was conected to either the contralateral or ipsilateral fiber optic

cannulae. The contralateral and ipsilateral tests were conducted on consecutive days, and the order



46

of these tests was randomized across mice. The test session consisted of 18 minutes and was
divided into four alternating 3-minute trials: OFF-ON-OFF-ON-OFF-ON. During these trials,
video tracking software (EthoVision XT 16, Noldus) automatically recorded body rotations (>180°

turn).

3.2.8 Retrograde Tracing of NAc Core D1-MSNs

To investigate the monosynaptic inputs of D1-VP and -SNr projection, | injected two
different retrograde viruses, pAAV etro-hSyn-DIO-EYFP and pAAVetro-hSyn-DI10- mCherry, into
the SNr and VP of D1-Cre mice, respectively. After four weeks, the animals were transcardially
perfused, and their brains were fixed and coronally sectioned at a thickness of 40 um. I quantified
the individual mCherry, EYFP, and the overlap of both mCherry and EYFP co-labeled cells in the
NAcC core, using three mice per group. Immunofluorescence was used to visualize both the
mCherry and EYFP labeled neurons, ensuring verification of the retrograde transport injection site
in the NAc core. The labeled neurons in each mouse brain were manually marked using the ImageJ

program.

3.2.9 Histological analysis

Once behavioral experiments were completed, the mice were anesthetized using 90 mg/kg
Ketamine and 20 mg/kg Xylazine. Subsequently, they were transcardially perfused with 0.1 M
phosphate-buffered saline (PBS) for 2 minutes, followed by 4% paraformaldehyde (PFA;
dissolved in 0.1 M Na2HPO4/NaH2PO4buffer, pH 7.5) in PBS for 5 minutes, at a flow rate of 10
ml/min. The brains were removed and postfixed in 4% PFA overnight, then placed in 7.5%, 15%,
and 30% sucrose in PBS solution at 4°C until the brains sank to the bottom at each stage. Once the
brains were then completely frozen, they were embedded in Optimal Cutting Temperature (O.C.T.)
compound, providing support for tissue specimens during cryostat sectioning. Next, the brain
tissue was affixed to a circular cryostat block and sliced into 40-um-thick sections at temperatures
ranging from -17 to -20°C. These coronal brain slices (40 um) were then stored in a PBS solution
at 4°C. For the immunohistochemical staining process, each brain section was treated with a

blocking solution (5% Bovine serum albumin in PBS) for 1 hour at room temperature, followed
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by three times washes in PBS. After the PBS rinsing, the brain slices were incubated at 4°C
overnight in a solution containing anti-green fluorescent protein rabbit 1gG primary antibody
(diluted 1:1000; Molecular Probes, OR, USA) and anti-Tyrosine Hydroxylase (TH) antibody
(diluted 1:500; EMD Millipore, USA) in 1x PBS with 0.3% Triton-X (Nacalai Tesque Inc, Kyoto,
Japan) (PBST). All brain sections were washed three times for 10 minutes in PBS, then stained
with either Alexa Fluor 488 or 555 goat anti-rabbit 1gG secondary antibody (diluted 1:500; Thermo
Fisher Scientific, MA, USA) in 1x PBST for 1 hour at room temperature. Following three times
10-minutes washes in 1x PBS, the sections were mounted using Fluoroshield mounting medium
containing DAPI (Abcam, Cambridge, UK) and then observed using a KEYENCE BZ-X800E All-
in-one Fluorescence Microscope (Keyence, Osaka, Japan).

3.2.10 Statistical Analysis

The experimental data were presented as the mean + SEM and plotted using Prism v8.0
software (GraphPad Software Inc, CA, USA). The rt-pp and OFT (bilateral stimulation) data
underwent analysis using two-way repeated measures ANOVAs. The factors considered in the
analysis were the virus type (ChR2 vs EYFP) as a between-subjects factor and laser state (OFF vs
ON) as a within-subjects factor. The dependent variable for rt-PP was the time spent in the laser-
paired chamber minus time spent in the non-laser paired chamber, while for OFT, the dependent
variable was velocity or distance traveled. The data from the two-choice optogenetic stimulation
and OFT (unilateral stimulation) were analyzed using three-way repeated measures ANOVAs. The
between-subjects factor was the virus (ChR2 vs EYFP), and within-subjects factors were the panel
(S+ vs S-) and session (day of training) for two-choice optogenetic stimulation. For OFT, the
within-subjects factors were Laser (ON vs OFF) and turn direction (contralateral vs ipsilateral
rotation), with the dependent variables being responses or turns. Post hoc Bonferroni’s multiple
comparisons tests were performed when ANOVA main effects or interactions were significant (p
< 0.05). Mauchly’s sphericity test was used to assess the assumption of sphericity, and the
Greenhouse-Geisser correction was applied where necessary (Mauchly’s test p <0.05). The results
are presented as mean + SEM, and statistical significance is denoted as follows: *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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3.3 Results

3.3.1 Optogenetic stimulation of NACPYMSN-VP and NACPYMSN.SNr pathway drives

reinforcement

Given the established role of NAc D1-MSNs in reinforcement (Cole et al., 2018; Hikida et
al., 2010; Lobo et al., 2010), my initial investigation focused on determining whether optogenetic
activation of either the NAcPMSN_\v/p or NAcPIMSN_SNr pathways, utilizing the excitatory ChR2,
could effectively control reinforcement. To achieve pathway-specific control of axon terminal
activity, optic fibers were bilaterally implanted into the VP or SNr region of D1-Cre mice that had
been microinjected with either a Cre-dependent ChR2 (AAV2-Efla-FLEX-hChR2(H134R)-
EYFP) or an EYFP control virus (AAV5-Efla-DIO-EYFP) (Fig 1A-B,2). Furthermore, | further
confirmed that expression of the virus at SNr terminal sites did not overlap with the presence of
dopaminergic neurons in the substantia nigra pars compacta (SNc) and the ventral tegmental area
(VTA), as this overlap could potentially influence the behavior response (Fig 1C).

In an rt-PP task, mice were allowed to freely explore a two-chamber apparatus with distinct
contextual stimuli in each chamber (circles vs triangles) during a 15-minute learning session (Fig
3A,; Pretest). Subsequently, for the following three consecutive days, mice were placed back in the
apparatus for a 20-minute session, during which laser stimulation was applied through optic fibers
whenever mice entered one of the two chambers (circles vs triangles, randomized between
mice; Fig 3A, Laser test).

Mice expressing ChR2 in the D1-Cre NAcPIMSN.\/p and NAcPI-MSN-SNr, but not in mice
expressing EYFP, exhibited a significant increase in the time spent in the laser-paired chamber
during the laser test sessions compared to the pretest session (NAcPIMSN-\/P: Fig 3B, significant
virus x session interaction: F s = 16.87, p<0.0001; NAcPMSN-SNr: Fig 3C, significant virus x
session interaction: Fs1) = 17.28, p<0.0001). These findings strongly indicate that activation of

the NACPIMSN-\/P and NAcPMSN_SNr pathways had a reinforcing effect on the mice.

3.3.2 Optogenetic activationn of VP and SNr-projecting NAc D1-MSNs is sufficient to
facilitate instrumental self-stimulation and enhances instrumental responses for a liquid
reinforcer
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To further confirm their functional role in the reinforcing properties, I next performed
optogenetic stimulation of NACPIMSNs-\/P and NACPIMSNs_SNr pathways in a two-choice
schedule of operant self-stimulation. In four consecutive daily 60-minute sessions, mice were
trained to nose-poke for intracranial optical self-stimulation using a fixed-ratio 1 (FR1) schedule
of reinforcement. This involved making a touch response at one of two response panels. One of
two touchscreens is randomly assigned for a 30-second delivery of laser stimulation through optic
fibers (S+), while the other touchscreen is assigned without optical stimulation (S-) (Fig 4A).
Throughout the four test sessions, a significant increase in responding at the S+ panel was observed
compared to the S- panel in D1-Cre mice expressing ChR2 in NAcPI-MSNs-\/p (Fig 4B, significant
virus x panel x session interaction: F4s) = 25.99, p<0.0001) or NAcPTMSNs.SNr (Fig 4C,
significant virus x panel x session interaction: F;s1) = 3.193, p<0.05) pathways, but not in mice
expressing EYFP (Fig 4B,C). These results suggest that the activation of both NAcPMSNs-\/p and
NACcPI-MSNs_SNr pathways provides sufficiently reinforcement to sustain instrumental responding.
There were no significant differences in the response latencies at either response panels between
ChR2- and EYFP-expressing mice during the training sessions (Fig 4D,E).

Next, to investigate the possibility that activation of these pathways might not only directly
reinforce behavior but also influence the attractiveness of a liquid reward. To explore this, | paired
laser delivery to a response that earned a sucrose reward in a two-choice schedule of reinforcement
(Fig 5A). As previously, mice were given the option to respond at one of two response panels.
However, in this modified setup, a touch response at one randomly assigned panel resulted in both
a sucrose reward and a 30-second laser delivery (S+), while a response at the other panel provided
the sucrose reward by itself (S-). Mice underwent training following a previously described
schedule of reinforcement with minor adjustments (Robinson et al., 2014; Soares-Cunha et al.,
2022), which progressed from a FR1 to a RR6 (an average of six responses were needed to produce
the outcome) over consecutive days. Similarly to the previous self-stimulation task, D1-Cre mice
expressing ChR2 in NACPIMSNs.\/p or NACPIMSNs.SNr pathways exhibited a significantly
increase in responses at the S+ panel compared to the S— panel, and this effect gradually became
stronger as the reinforcement schedules progressed (NAcPMSNs.\/P: Fig 5B, significant virus x
panel x session interaction: F13,105 = 4.168, p<0.0001; NAcPIMSNs_SNr: Fig 5C, significant virus

x panel x session interaction: Fas195) = 3.365, p<0.0001). In contrast, EYFP-expressing animals
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did not show any significant difference in the number of responses for the S+ and S- across the
four days (Fig 5B,C).

Analysis of response latencies revealed that ChR2-expressing mice in both NAcP-MSNs-\/p
and NACPIMSNs_.SNr pathways exhibited quicker response times at both S+ and S— panels
throughout all sessions compared to EYFP-expressing mice (NAcPI-MSNs_\/p: Fig 5D, significant
main effect of virus: Fq,15) = 19.75, p<0.001; NAcPTMSNs_SNr: Fig 5E, significant main effect of
virus: Fa,17) = 17.65, p<0.001). It is possible that the substantial reward (liquid reinforcer and laser)
obtained from responding at the S+ panel might have resulted in quicker response times, which
also generalized to influence S— responses. Interestingly, mice expressing ChR2 in NAcD1-MSNs.
VP or NAcPIMSNs_SNr exhibited a significantly increased latency to collect the reward when
responding at the S+ panel compared to the S- panel, while there was no such effect in mice
expressing EYFP (NAcPYMSNs-\/p: Fig 5F, significant virus x panel interaction: F,15 = 33.29,
p<0.0001; NAcPI-MSNs_SNr: Fig 5G, significant virus x panel interaction: F1,17) = 15.25, p<0.01).
| propose that receipt of the rewarding laser stimulation might lead to reduced motivation in mice
to obtain the liquid reinforcer, as they are already receiving a rewarding outcome.

Altogether, the results from the rt-PP, two-choice self-stimulation, and laser paired with liquid
reinforcer two-choice task demonstrate that the activation of the NAcPIMSN_\/pP or NAcPI-MSN_
SNr pathways is reinforcing and capable of sustaining and enhancing instrumental responding for

the laser itself and a liquid reinforcer, respectively.

3.3.3 Stimulation of VP and SNr-projecting NAc D1-MSNs increases motor activity

Next, as NAc core D1-MSN activation has been related to enhanced motor behavior (Dreher
& Jackson, 1989; Plaznik et al., 1989; Zhu et al., 2016), | investigated the effect of optogenetic
activation or inhibition of the NAcP*MSN_\/P or NACPMSN_SNr pathways on motor activity in an
open field arena (Fig 6A). Initially, mice were habituated to the arena for 3 minutes, followed by
four alternating 3-minute periods of laser OFF and laser ON epochs, in total 12 minutes (Fig 6A).
The assessment of motor activity during the laser ON versus the laser OFF epochs showed that
optogenetic stimulation of NAc core D1-MSNs projecting to the VP and SNr resulted in a
significant enhancement of velocity (NAcPTMSN_\/P: Fig 6B, significant virus x time period

interaction: F1,176) = 2.683, p<0.01 (Left); Fig 6B, significant virus x laser interaction: F(,16) =
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12.21, p<0.01 (Right); NAcPTMSN_SNr: Fig 6C, significant virus x time period interaction: F11,187)
= 3.243, p<0.001 (Left); Fig 6C, significant virus x laser interaction: Fq,17 = 16.86, p<0.001
(Right) and distance moved (NACPYMSN_\/p: Fig 7A, significant virus x time period
interaction: Fa1,176) = 2.093, p<0.05 (Left); Fig 7A, significant virus x laser interaction: F(,16) =
7.481, p<0.05 (Right); NAcPT-MSN_SNr: Fig 7B, significant virus x time period interaction: F(11,187)
= 3.360, p<0.001 (Left); Fig 7B, significant virus x laser interaction: Fai7 = 14.07, p<0.01
(Right)) in ChR2-expressing mice, but no change in EYFP-expressing mice.

Next, | examined whether unilateral stimulation of VP or SNr-expressing D1-MSNs could
influence motor behavior, biasing it towards the same side as the stimulation (ipsilateral direction)
or the opposite side (contralateral direction) in an open field arena. Mice were habituated to the
circular chamber for 3 minutes and then underwent 6 alternating 3-minute period with laser off
and laser on across 18-minute sessions. Mice underwent two sessions on consecutive days in which
they received stimulation to either the right or left hemisphere (Fig 8A). As unilateral stimulation
of motor-related circuitry typically induces turning behavioral rather than forward motion
(Guillaumin et al., 2021), total number of rotations to the ipsilateral and contralateral directions
were counted during the laser on and off epochs, using automated tracking software. An increase
in rotations was observed during laser stimulation of mice expressing ChR2 in NAcPIMSNs.\/p
(Fig 8B: significant virus x laser by turn direction interaction: F,16) = 10.55, p<0.01; Fig 8C:
significant virus x laser by turn direction interaction: F(1,16) = 11, p<0.01) or NAcPT-MSNs_SNr (Fig
8D: significant virus x laser by turn direction interaction: Fq,17) = 6.118, p<0.05; Fig 8E significant
virus x laser by turn direction interaction: F(.17) = 14.31, p<0.01), but not those expressing EYFP.

Altogether, these data indicate that activity in NAcPTMSNs-\/P and NACPIMSNs_SNFr is able
to increase motor activity, indicating that these projection pathways may play a significant role in

motor regulation.

3.3.4 Retrograde tracing of VP and SNr-projecting NAc D1-MSNs

Finally, while it was demonstrated that NAcPMSNs-\/P and NAcP-MSNs_SNr pathways play
similar functional roles in limbic and motor control, it was still unclear whether these pathways
are completely separated or whether the same NAc core D1-MSNs send collateral projections to

both the VP and SNr. Thus, in order to elucidate the anatomical characteristics of these pathways,
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fluorescent retrograde tracing was performed using retrogradely-travelling AAV-retro-hSyn-DIO-
EYFP and AAV-retro-hSyn-DIO- mCherry injected into the SNr and VP, respectively, of D1-Cre
mice (Fig 9A). Following adequate viral expression, brains were sliced and the amount of
individual mCherry, EYFP expressing cells, and co-labeled mCherry and EYFP expressing cells
in the NAc core were quantified (Fig 9B-C,10). It was found that approximately 73.6% of
fluorescence-expressing cells were co-labeled with both EYFP and mCherry, indicating dual
projection of NAc core D1-MSNs to both the VP and SNr. 6.2% of neurons were found to express
only EYFP (projecting exclusively to the VP), while 20.2% of neurons expressed only mCherry
(projecting exclusively to the SNr) (Fig 11). These results suggest that a majority of NAc core D1-
MSNSs project to both the VP and SN, potentially explaining why these two pathways appear to

share the same functional roles.
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Figure 1.
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Fig 1. Histology of virus expression and fiber implantations site. (A) The diagram illustrates the
location of viral infusion in the nucleus accumbens (NAc) and optic fiber implantation in the
terminal target area, including ventral pallidum (VP) and substantia nigra pars reticulata (SNr), in

D1-Cre transgenic mice. (B) Representative coronal sections show the expression of ChR2 tagged
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with EYFP fluorescent protein in the NAc core (Left), VP (Middle) and SNr (Right) of D1-Cre
mice; Optic fiber (OF); nuclear marker DAPI is shown in blue, and EYFP in green, with a scale
bar of 500 um. (C) The representative image demonstrates the expression of EYFP in the SNr
(Left), the expression of TH-positive dopaminergic neurons tagged with mCherry fluorescent
protein in the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) (Middle),
and a merged expression of both EYFP and mCherry (Right); mCherry is shown in red, EYFP in
green, and DAPI in blue, with a scale bar of 500 um.
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Figure 2.
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Fig 2. Optic fiber placements (A) Representative coronal sections of optic fiber placements in the
VP at three different anterior-posterior coordinates from the Bregma at +0.25 mm, +0.13 mm, and
+0.01 mm for two different groups of mice: EYFP-expressing mice (n=9), and (B) ChR2-
expressing mice (n=9). (C) Representative coronal sections of optic fiber placements in the SNr at
three different anterior-posterior coordinates from the Bregma at -3.15 mm, -3.27 mm, and -3.39
mm for two different groups of mice: EYFP-expressing mice (n=9), and (D) ChR2-expressing

mice (n=10).
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Fig 3. Optogenetic stimulation of the NAcPYMSN-\/P and -SNr pathways is reinforcing (A) The
diagram illustrates the apparatus used for the real-time place preference (rt-pp) assay and its
experimental timeline. (B) The different in time spent between the laser-paired compartment and
the non-laser-paired chamber in mice expressing EYFP (n=9) or ChR2 (n=9) in the NAcP1-MSNs.
VP pathway during pre-test and laser test across 3 sessions (Left) (Two-way RM-ANOVA; EYFP
vs ChR2; Laser test (dayl), *p=0.0316; Laser test (day2), ****p<0.0001; Laser test (day3),
****p<0.0001), along with representative movement traces of the time spent in each compartment
during the last session of the laser-test for two example mice expressing EYFP and ChR2,
respectively (Right). (C) The different in time spent between laser-paired compartment and the
non-laser-paired chamber in mice expressing EYFP (n=9) or ChR2 (n=10) in the NAcPL-MSNs_-SNr
pathway during pre-test and laser test across 3 sessions (Left) (Two-way RM-ANOVA; EYFP vs
ChR2; Laser test (dayl), ****p<0.0001; Laser test (day2), ***p=0.0001; Laser test (day3),
****p<0.0001), along with representative movement traces of the time spent in each compartment
during the last session of the laser-test for two examples mice expressing EYFP and ChR2,
respectively (Right). Data represent the mean + SEM, post hoc Bonferroni comparisons were

performed with *p<0.05, ***p<0.001, ****p<0.0001 indicating statistical significance.
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Fig 4. Optogenetic stimulation of SNr and VP-projecting NAc D1-MSNs promotes instrumental
self-stimulation. (A) Diagram representation and experimental timeline of the two-choice task in
which mice performed instrumental responses at two response panels following a FR1 schedule (1

response produces the outcome), allowing them to choose between self-stimulation by the laser
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(S+) or receiving no outcome (S-). (B) The total number of touches at the S- and S+ panels in mice
expressing EYFP (n=9) or ChR2 (n=9) in the NAcPI-MSNs_\/p pathway and (C) mice expressing
EYFP (n=9) or ChR2 (n=9) in the NAcPYMSNs_.SNr pathway. (D) The response latency at the S+
and S- panel during the two-choice optogenetic self-stimulation task in mice expressing either
EYFP (n=9) or ChR2 (n=9) in the NAcPMSNs_\/p pathway and (E) mice expressing EYFP (n=9)
or ChR2 (n=10) in the NAcPMSNs_.SNr pathway. Data represent the mean + SEM, post hoc

Bonferroni comparisons were performed with ****p<0.0001 indicating statistical significance.
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Fig 5. Optogenetic stimulation of SNr and VP-projecting NAc D1-MSNs enhances instrumental
responding for a liquid reinforcer. (A) Diagram representation and experimental timeline of the
two-choice task in which mice performed instrumental responses at two response panels under
consecutive FR1-RR6 schedules, choosing between a liquid reinforcer paired with laser delivery
(S+) or the liquid reinforcer alone (S-). A fixed-ratio 1 (FR1) schedule for 5 days, a FR4 schedule
(4 response produces the outcome) for 1 day, a random-ratio 4 (RR4) schedule (a random number
of responses between 1-4 produces the outcome) for 4 days, and finally a RR6 schedule (a random
number of responses between 1-6 produces the outcome). (B) The total number of touches at the
S- and S+ panels during FR1, FR4, RR4, and RR6 sessions in mice receiving optogenetic
activation of the NAcPIMSNs-\/p pathway (ChR2; n=9) and control mice (EYFP; n=8) (Three-way
RM-ANOVA,; ChR2 (S+ vs S-); day5, ***p=0.0005; day6, ***p=0.0002; day7, **p=0.0048;
day8-14, ****p<0.0001), and (C) mice receiving optogenetic activation of the NAc NAcP1-MSNs.
SNr pathway (ChR2; n=10) and control mice (EYFP; n=9) (Three-way RM-ANOVA; ChR2 (S+
vs S-); day4, ***p=0.0004; day5, **p=0.0030; day6, and day8-14 ****p<0.0001. (D) The
response latency at the S+ and S- panel during the two-choice laser and liquid reinforcer task in
mice expressing EYFP or ChR2 in the NAcPMSNs-\/P and (E) NACPTMSNs-SNr pathway. (F) The
latency to collect the liquid reward at food magazine in the two-choice laser and liquid reinforcer
task in mice expressing EYFP or ChR2 in the NACPIMSNs-\/p and (G) NACPIMSNs-SNr pathway.
Mice expressing ChR2 exhibited increased latency to collect the liquid reward at food magazine
following an S+ response. Data represent the mean + SEM, post hoc Bonferroni comparisons were

performed with **p<0.01, ***p<0.001, ****p<0.0001 indicating statistical significance.
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Figure 6.
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Fig 6. Bilateral stimulation of NAc D1-MSNs projecting to the VP and SNr promotes locomotor
activity. (A) Schematic illustration and experimental timeline of the open field test (OFT) in which
mice explore a circular chamber during alternating laser OFF and laser ON periods. (B) The
velocity of D1-VP mice expressing EYFP (n=9) and ChR2 (n=9) during laser OFF and laser ON
epochs throughout 12-minute sessions. The shaded areas represent the time intervals of laser
delivery (Left), and the average velocity of D1-VP mice expressing EYFP (n=9), ChR2 (n=9)
during both laser OFF and laser ON epochs (Right). (C) The velocity of D1-SNr mice expressing
EYFP (n=9) and ChR2 (n=10) during laser OFF and laser ON epochs throughout 12-minute
sessions (Two-way RM-ANOVA; EYFP vs ChR2; min 4, *p=0.0313). The shaded areas represent
the time intervals of laser delivery (Left), and the average velocity of D1-SNr mice expressing
EYFP (n=9), ChR2 (n=10) during both laser OFF and laser ON epochs (Right). Data represent the
mean + SEM, post hoc Bonferroni comparisons were performed with *p<0.05, ****p<0.0001

indicating statistical significance.



65

Figure 7.
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Fig 7. Bilateral stimulation of NAc D1-MSNs projecting to the VP and SNr enhances distance
moved activity. (A) The distance moved of D1-VP mice expressing EYFP (n=9) and ChR2 (n=9)
during laser OFF and laser ON epochs throughout 12-minute sessions. The shaded areas represent

the time intervals of laser delivery (Left), and the average distance moved by D1-VP mice during
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laser OFF and laser ON epochs (Right) (Two-way RM-ANOVA; ChR2; ON vs OFF,
***p=0.0005). (B) The distance moved of D1-SNr mice expressing EYFP (n=9) and ChR2 (n=10)
during laser OFF and laser ON epochs throughout 12-minute sessions. The shaded areas represent
the time intervals of laser delivery (Left), and the average velocity of D1-SNr mice expressing
EYFP (n=9), ChR2 (n=10) during both laser OFF and laser ON epochs (Right). (C) Representative
movement traces of an individual mouse in the circular chamber during laser OFF (combination
between 0-3 min and 6-9 min) and laser ON (combination between 3-6 min and 9-12 min) epochs
from D1-VP mice (Left) and D1-SNr mice (Right). Data represent the mean + SEM, post hoc
Bonferroni comparisons were performed with ***p<0.001, ****p<0.0001 indicating statistical

significance.
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Figure 8.
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Fig 8. Unilateral stimulation of these pathways promotes contralateral rotations. (A) Ilustrative
representation of the body rotations observed from unilateral stimulation of either the right-
hemisphere or left-hemisphere stimulation (Top) and experimental timeline in which mice
received alternating laser OFF and laser ON periods in the open field arena (Bottom). (B) The total

number of ipsilateral rotations (rotation on the same side as the stimulation side) and contralateral



68

rotations (rotation on the opposite side as the stimulation side) during right-hemisphere stimulation
(Three-way RM-ANOVA; ChR2; Contralateral (OFF vs ON), ****p<0.0001; Ipsilateral vs
Contralateral (ON), ***p=0.0002; Ipsilateral (OFF) vs Contralateral (ON), ****p<0.0001) and (C)
left-hemisphere stimulation in D1-VP mice expressing EYFP (n=9) or ChR2 (n=9) (Three-way
RM-ANOVA,; ChR2; Contralateral (OFF vs ON), ***p=0.0003; Ipsilateral vs Contralateral (ON),
***p=0.0007; Ipsilateral (OFF) vs Contralateral (ON), ***p=0.0005). (D) The total number of
ipsilateral rotations (rotation on the same side as the stimulation side) and contralateral rotations
(rotation on the opposite side as the stimulation side) during right-hemisphere stimulation (Three-
way RM-ANOVA; ChR2; Contralateral (OFF vs ON), **p=0.0039; Ipsilateral vs Contralateral
(ON), *p=0.0340) and (E) left-hemisphere stimulation in D1-SNr mice expressing EYFP (n=9) or
ChR2 (n=10) (Three-way RM-ANOVA,; ChR2; Contralateral (OFF vs ON), ****p<0.0001;
Ipsilateral vs Contralateral (ON), ***p=0.0002; Ipsilateral (OFF) vs Contralateral (ON),
**n=0.0054). Data represent the mean = SEM, post hoc Bonferroni comparisons were performed

with *p<0.05, **p<0.01 ***p<0.001, ****p<0.0001 indicating statistical significance.
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Fig 9. Retrograde tracing VP and SNr-projecting NAc core D1-MSNs. (A) Schematic represents

retrograde-targeting of NACPIMSNs-\/p and NACPIMSNs_SNr pathways and timeline for tracing

study. (B) Representative coronal brain section of the injection site in VP (mCherry, Red) and SNr
(EYFP, Green); nuclear marker (DAPI, Blue): scale bar, 500 pum. (C) Top, detection of
monosynaptic connections between VP-projecting NAc D1-MSNs (mCherry, Red; DAPI, Blue)
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(Left), SNr-projecting NAc D1-MSNs (EYFP, Green; DAPI, Blue) (Middle) and Overlap labeled
neuron (mCherry, Red; EYFP, Green; co-labeled, yellow; DAPI, Blue) with a scale bar 100 um
(Right); Bottom, detection of monosynaptic connections in scale bar, 50 pm.
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Figure 10.

+0.97

Fig 10. Representative coronal sections depicting the tracing of virus expression in the NAc core
at three different anterior-posterior coordinates from the Bregma, located at +1.41 mm, +1.18 mm,

and +0.97 mm. The colored indicates the area where | counted the number of activated neurons.
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Fig 11. The retrograde tracing of monosynaptic pathway targeting the NAc core reveals a
significant proportion of double-labeled neurons in the VP and SNr-projecting NAc D1-MSNs.

The percentage of labeled neuron was measured from the total number of activated neurons in the

NACc across three D1-Cre mice’s brains.
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3.4 Discussion

The major finding of these experiments is that both limbic and motor behaviors are
modulated by the activity of NAc core D1-MSNs projecting to the VP and the SNr. Optogenetic
activation of the NACPYMSN-\pP and NAcPI-MSN_-SNr pathways exhibited direct reinforcing effects
and led to an augmentation of forward motion or rotations.

The results revealed that mice displayed a preference for a specific location paired with
optogenetic activation of either the NACPTMSN_\/P or NAcPIMSN_SNr pathways. Moreover, mice
actively responded in the operant chamber in order to receive the optogenetic stimulation alone or
in combination with a liquid reward. These findings strongly support earlier studies that have
reported that the stimulation of NAc D1-MSNs is rewarding and its ability to enhance the
reinforcing effects of natural or drug rewards (Cole et al., 2018; Hikida et al., 2010; Lobo et al.,
2010). These studies also suggest that the reinforcing effects observed from cell body stimulation
might be mediated through projections from NAc D1-MSNs to both the VP and SNr. This finding
contradicts a recent study that reported optogenetic activation of the NAcPYMSN_\/P pathway in
mice to be aversive rather than reinforcing (Liu et al., 2022). A possible explanation for this
discrepancy may be due to the location of viral injection. Our experiments targeted the NAc core,
whereas this previous paper (Liu et al., 2022) largely targeted the NAc shell. Given that opposing
patterns of dopamine release have been reported in these two subregions in response to rewarding
stimuli, it is plausible that these two subregions may oppositely control limbic functions.

In the self-stimulation operant tasks, a laser stimulation duration of 30 seconds was chosen
based on the estimation that this specific duration would effectively enable the mice to rapidly
learn the contingency between the laser and the instrumental response. Although directly
comparing this stimulation protocol with other rewarding stimuli, such as food, drugs, or
environmental stimuli conditioned to rewards, is challenging, previous evidence from in
vivo calcium imaging has revealed that NAc D1-MSNs exhibited prolonged activation in response
to the delivery of sucrose rewards (excitation lasting >5 seconds from the baseline for a single
delivery of a 20 mg sucrose pellet or a 20 ul sucrose reward; (Liu et al., 2022) or entry into an
environment associated with cocaine (excitation from baseline that slowly decreases over time
during the time spent in the cocaine-paired chamber; Calipari et al., 2016). These findings indicate

that the 30-second stimulation duration used in my study may elicit a neural response in D1-MSNs
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similar to that observed during the prolonged consumption of a substantial reward. Interestingly,
previous research has demonstrated that even brief (1 s) stimulation of D1-MSNs cell bodies in
the NAc is enough to sustain optogenetic self-stimulation (Cole et al., 2018). However, it should
be taken into consideration that this study largely targeted D1-MSNs in the medial shell region of
the NAc, which primarily sends projections to dopaminergic neurons of the VTASs rather than to
the SNr. As a result, this may lead to a stronger rewarding effect. Further investigation of the
impact of various optogenetic stimulation protocols in specific subregions of the NAc could
provide additional insights into the role of NAc D1-MSNs in modulating reward-related behaviors.

The observation that activating both the NAcPTMSN_\/P and NACPYMSN_SNr pathways
leads to enhanced motor activity in an open field arena is consistent with previous research. It was
shown that stimulating the axon terminals of NAc D1-MSNs in the VP increases locomotor
activity (Napier et al., 1995) and another study has demonstrated that optogenetic activation of the
axon terminals of NAc core D1-MSNs in the SNr lead to enhanced neural activity in the motor
cortex (M1) (Aoki et al., 2019). In the current study, it is possible that the enhances in velocity
observed after bilateral stimulation and contralateral turning observed after unilateral stimulation
may be attributed to a facilitation of M1 activity. Furthermore, recent findings have shown that the
limbic and motor basal ganglia circuits may converge within the thalamus, with overlapping
patterns of innervation from both medial and lateral SNr regions, which in turn receive input from
limbic-related nucleus accumbens and ventral pallidum areas, as well as motor-related dorsolateral
striatum areas (Aoki et al., 2019; Foster et al., 2021; Hunnicutt et al., 2014; Macpherson et al.,
2021). Importantly, even though motor activity was enhanced, our finding that instrumental
responding in the self-stimulation experiments predominantly selective to the stimulation-paired
panel rather than showing a general increase in responses at both panels, indicates that the findings
of self-stimulation experiments are not simply the result of augmented motor activity.

A noteworthy limitation of the current study is that it only explored the behavioral effect
of NACPIMSN.SNr pathway stimulation, without investigating inhibition, was investigated.
Previous research has shown that optogenetic stimulation and inhibition of NAc D1-MSN cell
bodies can exert bilateral control reward and aversion, respectively. It is plausible to predict that
optogenetic inhibition of the NACPYMSN.\vP and NAcCPTMSN-SNr pathways could potentially
induce aversion in rt-PP and self-stimulation studies. This is supported by evidence showing that

the knockout of dopamine D1 receptors in mice lead to the elimination of prereward anticipatory
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firing of NAc neurons during a place learning task and impairs intracranial self-stimulation
responding (Tran et al., 2005). Interestingly, while chemicogenetic activation of NAc D1-MSNs
has been demonstrated to enhance locomotor activity, inhibiting NAc D1-MSNs did not result in
any changes in locomotion (Zhu et al., 2016). Consequently, future investigations that focus on
exploring the behavioral effects of inhibiting NAc core D1-MSNs projecting to the VP or SNr,
will help to verify whether these pathways can indeed bidirectionally regulate both limbic and

motor functions.

Interestingly, various psychiatric conditions associated with alterations in NAc D1-MSNs
signaling exhibit abnormal behaviors related to both limbic-related and motor-related behaviors.
Indeed, locomotor sensitization, which involves an increase in motor activity, is a prevalent initial
behavioral response observed in various addictive drugs, including methamphetamine, cocaine,
ketamine, alcohol, nicotine, and opioids (Grahame et al., 2000; Ranaldi et al., 2009; Robinson &
Berridge, 1993; Strong et al., 2017; Vezina, 2004), and has been reported to align with excessive
dopamine release in the NAc core and enhanced activity in NAc D1-MSNs (Di Chiara, 2002; Van
Zessen et al., 2021). On the contrary, motor retardation is a common observed symptom in both
major depression and the depressed phase of bipolar disorder in humans (Buyukdura et al., 2011;
Caligiuri & Ellwanger, 2000). Furthermore, this symptom has been observed in mouse model of
depression, especially in chronic social defeat models (Huang et al., 2013; Ota et al., 2018).
Consequently, chronic social defeat in mice is linked to decrease NAc dopamine release and
diminished excitatory synaptic input onto NAc D1-MSNs (Francis & Lobo, 2017). This effect may
potentially lead to a reduction in signaling through the NAcPIMSN_V/P and NACPIMSN_SNr
pathways. Although the evidence supporting a shared underlying cause for the limbic and motor
symptoms of psychiatric disorders, including substance abuse and depression, is not yet firmly
established, these findings propose that the NAcPTMSN_V/P and NACPYMSN_SNr pathways may

serve as attractive targets for future research.

Collectively, these findings provide evidence that the activity of NAc core D1-MSNs
projecting to the VP and SNr can incluence both reinforcement and motor behavior, suggesting
that these pathways play multifunctional roles. Moreover, these studies further support the idea of

the limbic and motor basal ganglia circuits converging, potentially offering insights into the neural
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circuit underlying the common cooccurrence of limbic and motor symptoms in psychiatric

conditions such as depression and substance abuse.
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Chapter 4

General Discussion

The research in this thesis has helped to clarify the functional roles of NAc D1- and D2-MSNs
in cognitive, limbic, and motor control. Specifically, a new role for NAc D2-MSNs in error
signaling was identified. This enabled mice to learn from their past mistakes and to use
environmental cues to avoid inappropriate behaviors. Additionally, it was revealed that NAc D1-
MSNSs projecting to the SNr and VP both contribute to reinforcement and motor behavior. The
possible physiological mechanisms underlying these findings, the limitation of these studies, and

future directions for this research are discussed below.

4.1 The role of the NAc in cue-guided based decision-making

As described in section 2.3, it was identified that NAc D2-MSNs play an important role in
learning to avoid making mistakes, thus guiding better decision-making in future. Using
optogenetic suppression of NAc cell activity during specific periods of the test session (ITI, Cue,
Outcome), it was revealed that NAc D2-MSNs activation after response errors is necessary for
optimizing future decision-making behavior. This data is in agreement with previous evidence
demonstrating local DA release onto D2-MSNs in NAc is necessary for inhibiting risk-taking
behavior (Zalocusky et al., 2016), and avoiding non-rewarded strategies (Frank, 2006; Frank et al.,
2004; Nakanishi et al., 2014) or negative outcomes (Mirenowicz & Schultz, 1996; Setlow et al.,
2003).The recognition of these cells as “error signal generators” could guide the development of

novel treatments for mental health disorders linked to compromised decision-making skills.

4.2 NAc D1-MSN pathways and limbic control

As shown in sections 3.3.1 and 3.3.2, it was revealed that NAc D1-MSNs projecting to either
the SNr or VP contribute to limbic control. Indeed, optogenetic stimulation of NAcPYMSN-\/p or
NACPIMSN_SNr pathways was able to drive reinforcement in real-time place preference and self-

stimulation tests.
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These findings support previous studies that have linked the VP to limbic control. It has
previously been reported that GABAergic VP neurons encode the motivated approach behavior
towards rewarding stimuli (Stephenson-Jones et al., 2020). Accordingly, inactivation of the VP by
injection of muscimol (a GABAA agonist) impairs reward-related behaviors (Saga et al., 2022;
Tachibana & Hikosaka, 2012). Based on the existing evidence that the VP can elicit both rewarding
and aversion responses (Faget et al., 2018; Tooley et al., 2018), it is possible that the rewarding-
related behaviors observed in our study could be influenced by the suppression of VP GLUT
neurons activity. This suppression occurs when stimulating NAc D1-MSNs and may lead to
impaired inhibition of reward effects.

Clinical evidence has similarly linked the VP to limbic control. Dysfunction of the VP has
been observed in several psychiatric conditions associated with abnormal reward processing and
motivated behaviors, including addiction and substance use disorders (Kupchik & Prasad, 2021;
Scofield et al., 2016; Volkow et al., 2019), as well as depression (Francis & Lobo, 2017; Knowland
et al., 2017; Soares-Cunha & Heinsbroek, 2023). It’s important to note that the involvement of the
VP in limbic disorder is complex, and more research is needed to fully understand its precise role
and mechanism.

Previously, little was known about the role of the SNr in reinforcement and reward-related
behavior. These studies provide evidence that connections between the NAc and the SNr are able
to modulate limbic functions and suggest that this pathway, alongside the NAc D1-MSNs
projection to the VP, might provide an efficacious target for the development of novel therapeutics

targeted at limbic disorders.
4.3 NAc D1-MSN pathways and motor control

The motor experiments in section 3.3.3 indicate that stimulation of NAc D1-MSN projecting
to either the SNr or VP is able to enhance locomotor activity. These findings suggest that both
NACPT-MSN.v/P and NAcPMSN-SNr pathways may contribute to the motor cortico-basal ganglia-
thalamo-cortical loop circuits.

These findings provide support for clinical evidence that has linked disruption of the VP
and SNr to motor disorders. The VP has been implicated in various motor disorders, although its
exact role in these conditions is still being investigated. Degeneration of the basal ganglia including

VP can cause Huntington’s disease that contributes to motor symptoms such as chorea (involuntary
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movements) and dystonia (sustained muscle contraction) (Graybiel, 2000; Sanger et al., 2010). In
addition, SNr is involved in hyperkinetic movement disorders characterized by excessive or
abnormal involuntary movements (Lai et al., 2021), as well as in Parkinson’s disease (Sitzia et al.,
2020).

The findings of the current experiments indicate that the NAcPIMSN-\/P and NAcP1-MSN.
SNr projection pathways might provide efficacious targets for the treatment of motor-related

disorders.
4.4 Limitations and Future work

4.4.1 Further investigation of the functional role of D1- and D2-MSNs within specific NAc

subregions

Previous evidence has indicated that different subregions of the NAc receive different
innervation. Indeed, recent evidence has indicated that innervation of D1- and D2-MSNs differs
between NAc core and NAc shell regions, with NAC core neurons receiving strong innervation
from the anterior cortex and NAc shell regions receiving strong innervation from the lateral
hypothalamus (Li et al., 2018). Similarly, it has been reported that the release of dopamine in
response to rewarding or aversive stimuli also differs between NAc subregions, with increased and
decreases in dopamine observed in response to rewarding and aversive stimuli, respectively, in the
NAc core and lateral shell, but increased dopamine to both rewarding and aversive stimuli in the
medial shell(de Jong et al., 2019). It is thought that these differences in innervation and
neurotransmitter release likely confer different functional roles to neurons in these subregions.
Indeed, it has recently been reported that activation of D2-MSNs in the dorsomedial shell induces
reward, while activation of those in the dorsolateral shell induces aversion (Yao et al., 2021).

In the experiments presented in this thesis, manipulations were largely restricted to the
NAc dorsal core region. Therefore, it is still unknown whether the identified role of NAc core D2-
MSNSs in error signaling also extends to D2-MSNs within the shell subregion. Similarly, the same
is true for the roles of NAc core D1-MSNs projecting to the VP and SNr in limbic and motor
control identified in chapter 3. Additionally, as recent evidence has indicated that innervation of
the NAc core differs between dorsal and ventral core regions (Ma et al., 2020), it remains to be
established whether the findings of experiments are true only of D1- and D2-MSNs in NAc dorsal
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core region. Further investigation of the roles of D1- and D2-MSNs within various subregions of
the NAc core and shell is needed to elucidate the complex control of cognitive, limbic, and motor

functions by the NAc.

4.4.2 Further investigation of NAc D1- and D2-MSNs at the single cell level

Here, it was revealed that NAc core D2-MSNs play an important role in error signaling
while NAc core D1-MSNs projecting to either the SNr or VP play important roles in reinforcement
and motor control. However, a limitation of the methodological approach used in these studies is
that optogenetic manipulation targeted NAc D1- and D2-MSN populations as a whole (or NAcP*-
MSN_\/P and NAcPIMSN-.SNr populations as a whole), potentially concealing heterogeneity within
these cell populations. Indeed, single-cell RNA sequencing studies have recently revealed that
there is a large degree of molecular and cellular heterogeneity within NAc D1- and D2-MSNs,
with up to 15 different subtypes of D1-MSN and 9 different subtypes of D2-MSN being identified
(Chen et al., 2021). In recent years, studies have begun to investigate how these subtypes of NAc
D1- and D2-MSNs may demonstrate specific and sometimes unexpected functional roles. This
includes the identification of subpopulations of D1-MSNs signaling aversive stimuli (Kim et al.,
2020), in contrast to their canonical role in reward processing.

With the development of transactional viral expression techniques that enable the labeling
of particular cell types that are activated at specific time periods (Kim et al., 2020; Yuetal., 2022),
as well as the increased use of single-cell resolution in-vivo imaging (Nishioka et al., 2023), | am
now beginning to understand how ensembles of D1- and D2-MSNs contribute to specific aspects
of learning behavior. Further use of such technologies will help to better elucidate the role of

subpopulations of NAc D1- and D2-MSNs in controlling cognitive, limbic, and motor functions.
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