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Abstract

The behavioral transition from goal-directed to habitual responding is known to
differentially rely on dorsomedial (DMS) & dorsolateral (DLS) striatal regions; with each
region’s activity exerting opposing behavioral influences - DMS activity promoting goal-
directed responding and DLS activity required for habitual responding. However,
relatively little is known about how local plasticity is expressed within these two regions
to mediate the goal to habit behavioral transition. Prior studies establish that fast-spiking
interneurons (FSIs) in the dorsolateral striatum (DLS) show experience-dependent
plasticity and are required for habitual responding (O'Hare, et al., 2017). FSIs are a
sparse cell type within the striatal microcircuitry that exert powerful influence over
striatal output in both medial and lateral regions. As of yet, their plasticity in habit has
only been studied in DLS, and only in relation to goal-directed subjects, where FSIs in
habitual mice show increased excitability relative to goal (O’Hare, et al., 2017).

Here, I investigate the state transitions of FSIs in both DMS and DLS across
learning goal-directed and habitual responding, beginning with the naive state. Using
lever press instrumental task training, acute brain slice electrophysiological recordings
and cell-specific transcriptional profiling, I make three major observations that
substantially revise working models and introduce new molecular mechanisms.
Although current models support opposing roles for DMS and DLS in goal versus

habitual behavior, I find that habit acquisition is accompanied by increased FSI
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excitability in both regions. By including naive state physiology, I further reveal that
rather than progressive gains in excitability through experience, FSIs instead transition
to a temporary state of decreased excitability upon learning an instrumental task in a
goal-directed manner. Physiology between FSIs in naive and habitual subjects were
highly similar. Despite similar physiological transitions of FSIs between DMS and DLS
regions, I found that the underlying mechanisms are distinct. Electrophysiological,
immunohistochemical, and transcriptional data support a model in which DLS FSIs
decrease excitability through a transient down-regulation of Kv3 potassium channels
and degradation of perineuronal net (PNN) structures; while DMS FSIs reduce
excitability through transient increases in parvalbumin (PV) and Ca2+-activated
potassium channel expression.

My findings substantially revise working models in the field and shift focus
away from a model of experience-dependent gains in interneuron plasticity to a model
in which early learning imposes a temporary dampening of FSI excitability. In cortical
circuits, transient decreases in FSI activity are a well-known gating mechanism to
facilitate induction of excitatory synaptic plasticity. My findings suggest that the

striatum may use parallel mechanisms, though on distinctly prolonged time scales.
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Chapter 1: Introduction

A remarkable feature of the brain is that it is “plastic”; it adapts in response to
experience. While this concept is very simple, the layers of mechanisms that conspire to
achieve this are extraordinarily complex and the focus of a significant portion of
neuroscience research. For better or worse, this ability to change is what allows
experience to shape brain function to varying degrees throughout our lives. This
hallmark of brain function is often accompanied by the strengthening and weakening of
synapses — and so is termed “synaptic plasticity”. Synaptic plasticity is the prevailing
model for learning and memory in the brain. However, more recent work highlights that
while synaptic plasticity is a major mechanism, it is not the only one. Plasticity of
intrinsic neuronal excitability (intrinsic plasticity) and inhibitory microcircuits also play
important roles in learning and memory behaviors.

The ability to learn new skills and information and then to store and modify this
knowledge as memory over time are critical for flexibly and efficiently responding to
changing environments. There are many forms of memory that arise in the mammalian
brain beyond the declarative memories (i.e. knowledge and events) we often colloquially
term as “memory”. In parallel with these semantic and episodic memories, exists
sensory memory, working memory, and an implicit memory system to include
associative, non-associative, priming, and procedural memory. In this work, I focus on a

type of procedural memory — habits — and the plasticity of a rare, inhibitory interneuron



involved in its formation. In this introduction, I will first present an overview of the
behavioral underpinnings of habits. I will then describe the anatomy and putative
function of the brain region on which my studies focus — the dorsal striatum (DS).
Lastly, I will survey the current knowledge and understanding of striatal fast-spiking
interneurons (FSIs) and their role in behavior and plasticity, ultimately demonstrating

the motivation and impact of my thesis studies.

1.1 Habitual behavior

In order to function in our everyday lives, we need to make flexible and efficient
action selections to help successfully navigate our environments. When making a
decision we often consider potential actions and their anticipated consequences. This
strategy is crucial to our ability to adapt our actions when circumstances change. We
refer to this action strategy as “goal-directed” behavior, such that an action is performed
as a means to obtain a desired outcome. However, by nature, this strategy can be
cognitively taxing. And so, the brain utilizes another, more resource efficient, strategy to
automatize select actions in an effort to liberate cognitive resources for more complex
and challenging behavioral demands. We term these automatizations as “habits”. As
mentioned earlier, a habit is a type of procedural memory. Procedural memory refers to
any acquired skill that can be performed largely without conscious attention.
Accordingly, habits arise based on their prior repetition and success and permit the

automatic execution of behaviors without deliberation of their consequences, allowing



the devotion of attention elsewhere. Presumably, it is the balance between these two
action-controlling systems that promotes maximally adaptive and efficient behavior.
Habit formation can be broken down into three stages: skill acquisition,
consolidation, and automation. Habit learning begins with the acquisition of the motor
skill itself — often through reinforcement learning and the formation of an action-
outcome association, as in this work. After initial skill acquisition, the motor memory is
consolidated through repetition and requires less attention to execute. Either with time
or degradation of the action-outcome association, the learned behavior is transformed
into an automatized, habitual behavior. In this section, I will unpack the three stages of
habit learning and address the behavioral methods available to differentiate between

goal-directed and habitual behavior in rodents.

1.1.1 Reinforcement learning and goal-directed behavior

As laid out previously, habit formation begins with the acquisition of goal-
directed behaviors. There is a long history in neuroscience dedicated to the study of how
we learn actions and what drives them. Perhaps one of the most influential and
enduring learning models of the last century is Edward Thorndike’s Law of Effect.
Thorndike’s Law of Effect was really the first proposed mechanism for instrumental or
goal-directed behavior on the basis of positive and negative reinforcement. According to
the Law of Effect, an action or response resulting in a positive or desirable outcome is

more likely to occur in the future through the strengthening of the action-outcome



relationship; whereas those actions associated with aversive outcomes have a lower
probability of reoccurrence (Thorndike, 1898) (Figure 1A). Thorndike devised his Law of
Effect through his observations in his famous puzzle box experiments in which he
confined cats (or other animals) in wooden boxes and observed as they learned the
appropriate action to escape. Each box had a door that was opened if the animal
successfully performed a certain response like pulling a wire loop or pressing a lever.
Initially, cats were slow to escape, performing various unsuccessful and disorganized
actions in an attempt to free themselves. By chance, the cat would eventually escape by
unwittingly making the particular response required to open the box door. With
repeated successful trials, the cats” behavior became much more organized and “goal-
directed” ultimately taking less and less time to escape. Thorndike inferred that the
decrease in escape time was evident of learning via their association of operating the
escape devices and escaping the box. Simply put, Thorndike’s Law of Effect is to repeat
successful responses and switch away from responses that were unsuccessful,
strengthening a given action-outcome association. Ultimately, his work provided the
framework for our current understanding of goal-directed behavior as an action that is
dependent upon its consequences or outcome. Even more, his work established
instrumental conditioning as a classic paradigm for studying learning and behavior.
Thorndike’s pioneering work gave rise to two lines of work in the field of

instrumental or operant conditioning. I will first focus on, here, the line of study that



allowed for the empirical study of reinforcement learning before discussing the other
line of study that provided a conceptualization of habit formation in the next section.
The first path is the tradition of behavior analysis started by B. F. Skinner, which
emphasized the application of a more quantitative style of study to instrumental
behavior and the Law of Effect. Skinner famously designed the operant box inside which
a rodent can press a lever to receive pellets of food all while recording the pressing
response and food pellet delivery over time. His device greatly expanded the empirical
and quantitative characterizations of instrumental behavior that gave greater
understanding to how reinforcing outcomes shape behavior over time (Skinner, 1932). In
fact, operant boxes are still used in behavioral studies today, including the studies
herein.

The mechanics of reinforcement learning in the operant box are as follows. The
animal first establishes an association between pressing the lever and the delivery of the
food pellet reward simply by chance while exploring its environment. Importantly, no
indication is given that pressing the lever may lead to a food reward, but when the
animal eventually happens to press the lever during exploration, the lever press action is
rewarded with food delivery, reinforcing the action and making it more likely to occur
in the future (Figure 1A). It is through the basic feedback design that the acquisition of a

given skill or goal-directed behavior occurs.



The efficacy of such reinforcement depends on a number of factors including the
reinforcement schedule (referring to the conditions of reinforcement like timing and
quantity), the valence of the reinforcer (positive or negative), the magnitude of the
reinforcer, and even the motivational state of the animal. In regard to reinforcement
schedule, we know from work done by Ferster and Skinner that continuous
reinforcement (i.e. every lever press is rewarded) is a weak, fragile, and inefficient way
to drive operant learning in animals. They instead found that less predictable
reinforcement schedules, such as those based on more variable reward probability can
drive faster learning (Ferster & Skinner, 1957). Intuitively, a reward will have a greater
effect on the future probability of an action the stronger the magnitude of its positive or
negative valence. Even more, the magnitude of the reinforcement is influenced by not
only the quantity of the reinforcer but also the motivational state of the animal. In many
of Skinner’s experiments that were performed with a food reward as reinforcer, the
animals were weight-restricted prior to training as a means to increase motivation to
obtain the food reward. As will be described in more detail in the next section, both
variable reinforcement schedules and motivational state are leveraged in the operant

learning paradigm in this work as well.

1.1.2 Habit formation: Transition from goal-directed to habitual
responding

The other major path that proceeded from Thorndike’s work was more theory-

driven and focused on Thorndike’s proposed, yet unproven, associative mechanisms

6



underlying instrumental behavior. This line of work was started by Clarke L. Hull in
1930 when he first proposed the conceptualization of habits as an association between
stimulus and response based on Thorndike’s proposed stimulus-response (S-R)
mechanism underpinning his Law of Effect, which suggests that the reinforcing outcome
of a spontaneously made action ultimately comes to bind together an environmental
stimuli and the action through repetition (Hull, 1930). Hull’s theory of the stimulus-
response association provided an explanation for how behavior can be triggered by
reward-signifying cues. Notably, Hull’s theory also informed Ivan Pavlov’s famous
learning model with the primary distinction being that in Pavlovian conditioning, the
actions or responses are not made spontaneously by the animal but rather are innately
elicited by the reinforcer. According to Hull’s proposal, operant learning consists of a
rising phase and a steady-state phase. Initially, per the Law of Effect, appetitive
reinforcement can gradually increase the probability of performing a given action,
leading to an increase in an animal’s response rate over time. However, an animal’s
response rate begins to decrease with time until their performance reaches a steady-
state. During this process, contextual cues or stimuli that are present when an action is
reinforced by the desired outcome become associated with the outcome, establishing a
stimulus-outcome association. Continuous reinforcement of that action or response in
the presence of these reward-expecting cues serves to establish a stimulus-response

association between the cue and the learned action (Hull, 1943) (Figure 1B). In this way,



a learned behavior switches from performing under an “action-outcome” strategy,
where the probability of an action depends on the outcome value, to a “stimulus-
response” strategy, where the antecedent stimulus triggers a response independent of
outcome value (Figure 1C). Under this model, control of operant behavior appears to
reside in two partly parallel processes with the second coming to dominate behavior in
the late stages of learning (Everitt & Robbins, 2005; Graybiel, 2008). An everyday
example of this would be turning on a light switch. At first, an individual would turn on
the light switch upon walking into a room through reasoning that the room was dark
and they need to illuminate it. However, after doing this enough times, an individual
may begin to automatically turn on the light switch when entering the room even when

there is no need and without thinking of the purpose of their action.
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Figure 1: A model for habit formation. A) Simplified diagram showing basic
principles of reinforcement learning for the acquisition of action-outcome behavior.
When an action’s outcome is aversive (top, red), it’s less likely the action will reoccur in
the future. However, positive reinforcement (bottom, green) increases the probability of
repeating an action. B) Transition from goal-directed to habitual responding. As an
action is consolidated with time or variable reward strategies, an antecedent stimulus
associates with the outcome during this process. The action becomes automated as it
transitions to a stimulus-response strategy and triggers the action itself. C) Habit
formation. After fully transitioning from goal-directed (A-O) to habitual (S-R)
responding, the outcome value has little effect on driving the learned action.



1.1.3 Assessing degree of goal-directed and habitual responding

The theory encompassing the acquisition of goal-directed behavior and its
transition habitual responding was devised in the early part of the 20 century.
However, it wasn’t until the latter half of the 20* century that Dickinson and his
colleagues developed experimental methods to investigate more specifically whether or
not the performance of an instrumental behavior was influenced by its consequences
(Adams C., 1982; Adams & Dickinson, 1981; Colwill & Rescorla, 1985). Adams and
Dickinson noticed that overtraining or repetition (as often observed in nature) was not
the only way to produce a transition from goal-directed behavior to habits. They, and
many others since, observed that different schedules of reinforcement could bias
towards an increased probability for either goal-directed behavior or habit formation.
Specifically, the use of a random interval (RI) training schedule biased towards the
formation of habits compared to a random ratio (RR) schedule which had an increased
probability of producing goal-directed behavior (Adams & Dickinson, 1981; Dickinson,
Nicholas, & Adams, 1983; Dickinson, 1985; Hilario, Clouse, Yin, & Costa, 2007; O'Hare,
et al., 2016; Rossi & Yin, 2012). RR reinforcement delivers a reward based solely on the
number of responses, meaning that the greater the response rate the more likely an
animal is to receive a reward — a very linear relationship that is easy to exploit. As a
result, this RR reinforcement schedule serves to help stabilize and strengthen the action-

outcome association more than what would otherwise occur. On the other hand, RI
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reinforcement utilizes varying intervals of time since the last rewarded response and as
such is more difficult for the animal to exploit, leading to a proposed weakening of the
action-outcome association that allows for the increased likelihood of the domination of
the stimulus-response strategy in behavioral output. Importantly, both training
schedules can produce behavior controlled by either goal-directed or habitual action
strategy. They are merely experimental tools to bias towards one form of responding
over the other as the length of training and individual animal propensity for habit
formation are also contributing factors. More detail will be provided in Chapter 2;
however, the present work uses the RI schedule over the same number of training days
to generate goal-directed and habitual animals to control for differences in training
schedule and length of training.

Because the training schedule alone does not dictate whether the animal will
perform in a goal-directed or habitual manner, a behavioral measure is necessary to
determine whether an animal’s actions were habitual or goal-directed — especially so,
when trying to investigate the neural circuits and mechanisms underlying goal-directed
actions and habits. One common approach put forth by Dickinson and colleagues
centers on ascertaining the degree to which ones actions were dependent on the
expected outcome value. This technique to measure the degree of goal-directed behavior
is known as outcome devaluation (Adams C., 1982; Adams & Dickinson, 1981; Colwill

& Rescorla, 1985). After the regular course of training, rats would undergo an outcome
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devaluation test in which the reward value is decreased (originally done through the
negative reinforcement of food combined with lithium chloride). A comparison of the
response rate in the “devalued” state to the response rate when the reward value
remained intact would generate a measure of outcome sensitivity (Dickinson, Nicholas,
& Adams, 1983; Dickinson, Balleine, & Watt, 1995; Yin, Knowlton, & Balleine, 2004). The
driving logic of outcome devaluation is that goal-directed actions are sensitive to
outcome value and so would decrease with devaluation whereas habitual actions would
be impervious to devaluation because they are insensitive to outcome value. However,
the use of negative reinforcement in this particular design is confounding to
interpretation, and so Hilario et al. (2007) more recently adapted this paradigm to mice
in which outcome devaluation is done through sensory-specific satiety. After the animal
has completed training, the degree of goal-directed or habitual responding is
determined by subjecting the mice to a two-day outcome devaluation test. On one of the
two days, the mice are pre-fed ad libitum with the reward reinforcer to devalue the action
outcome (free access to consume the reinforcer satiates the animals and they are less
motivated to pursue the reward). Then, the animal is placed in the operant chamber for
a brief probe test in which the lever is out but not active to see how much they press
when the reward is less valuable. On the other day, mice are pre-fed with a sensory-
specific control as the non-devalued condition to control for satiety and again they're

placed in the chamber for a short test. Each animal’s performance is then scored based
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on their degree of outcome sensitivity with a goal-directed animal defined by a lower
response rate on the devalued test day compared to the control day, while a habitual
animal would be insensitive to such changes in outcome value. The use of this modified
paradigm is widespread in the habit field (Rossi & Yin, 2012) and is used in this work as
well.

Historically, outcome devaluation has been used to measure the degree of goal-
directed behavior by comparing the devalued and non-devalued response rates across
multiple animals within a group and classifying the animals as goal-directed or habitual
based on group averages. When the aim of a given study is to assess behavioral effects
this approach is often sufficient. However, for the purpose of this work, I am utilizing a
single training schedule and so there are no defined groups based on experience or
manipulation, as such I need to be able to assess the behavioral strategy used by each
animal to establish goal-directed vs habitual groupings. Additionally, the goal is then to
relate underlying biology to behavior. However, if the established groupings have a
modest behavioral difference possibly due to biological or experimental variability, then
a true biological effect of behavior state could potentially be missed. So, the use of an
individually determined behavioral measure allows biology to be additionally examined
and interpreted as a continuous function of behavior. To do so, I am utilizing a

previously devised metric in our lab which ratiometrically compares the devalued and

13



non-devalued response rates during the probe tests to quantify how goal-directed or

habitual an animal’s mode of performance is (O'Hare, et al., 2016).

1.2 Dorsal Striatum

The work outlined herein centers on plasticity with the brain region known as
the dorsal striatum during habit learning. In this section, I will first focus on the
anatomical and functional role of the dorsal striatum independent from habit behavior.
Then I will proceed to review what is known about the dorsal striatum’s contributions to

habit formation.

1.2.1 Anatomy and subregion microcircuitry

The dorsal striatum is a massive subcortical structure in the forebrain. The dorsal
striatum is the primary input area of the basal ganglia, a group of nuclei that serve a
number of functions but are best known for their role in controlling voluntary behavior.
As the main input nuclei, the dorsal striatum receives inputs from multiple different
brain areas including cortical, thalamic, and limbic regions and transmits that
information to downstream basal ganglia nuclei. The dorsal striatum has only two
output pathways — the direct and indirect pathways — that integrate glutamatergic
inputs from the cortex and thalamus and transmit information to downstream targets
(Figure 2). Each pathway sends GABAergic projections to distinct downstream basal
ganglia nuclei, ultimately leading to opposing regulation of thalamic activity. Activity

through the direct pathways leads to disinhibition of the thalamus, while the indirect
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pathway activity inhibits thalamic neurons. The proposed role of these two output
pathways in dorsal striatum function will be briefly discussed in the next section.

The dorsal striatum is classically segregated into two functional subregions along
the mediolateral axis. The dorsolateral striatum (DLS) is known as the sensorimotor
striatum as it receives major input from somatosensory and motor-cortical regions along
with some thalamic input. The dorsomedial striatum (DMS) is often referred to as the
associative striatum as it predominately receives input from associative frontal cortical
areas (like the orbitofrontal cortex, OFC) and additional thalamic regions (Hintiryan, et
al.,, 2016; Hunnicutt, et al., 2016). I will return in later sections to address the proposed
functions of these regions and more specifically their known role in goal-directed and

habitual behavior.
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Figure 2': Cortico-basal ganglia-thalamocortical loop. Excitatory glutamatergic
inputs from cortex excite both the direct and indirect pathway projection neurons in the
dorsal striatum. Activity propagated through the direct and indirect pathway either
promotes or inhibits the thalamus, respectively, ultimately leading to differential effects
on cortex. Excitatory connections are shown as arrows, inhibitory connections a
branches, and neuromodulation connections as square connectors. Globus pallidus
externa (GPe), globus pallidus internus (GPi), subthalamic nucleus (STN), substantia
nigra pars compacta (SNc), substantia nigra pars reticulata (SNr).

Local striatal microcircuitry is comprised of primarily GABAergic neurons and
thought to confer the ability to filter, modulate, and amplify information flow through
the striatum. GABAergic striatal projection neurons (SPNs) account for greater than 90%
of all neurons in the striatum and are divided into two groups of equal size based on

anatomical projection patterns and biochemical differences. D1 dopamine receptor-

! This figure was reproduced, with permission, from Blumenstock, S., & Dudanova, 1. (2020). Cortical and
Striatal Circuits in Huntington’s Disease. Frontiers in Neuroscience, 14.
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expressing SPNs, known as dSPNs, form the direct pathway and D2 dopamine receptor-
positive SPNs, known as iSPNs, comprise the indirect pathway (Kreitzer & Malenka,
2008; Matamales, et al., 2009). The remaining population of striatal neurons (~5-10%) are
interneurons which are important regulators of striatal output (Figure 3).
Electrophysiologically, striatal GABAergic interneurons are classified as either fast-
spiking interneurons (FSIs) or low-threshold spiking interneurons (LTSIs) (Kawaguchi,
1993). LTSIs, however, can be further divided by their neurochemical profiles such as
expression of somatostatin (SOM) or even tyrosine hydroxylase (TH) to name a few
(Figure 3). As depicted in Figure 3, these local interneurons also vary greatly in the
strength of their connections with SPNs and to each other (Koos, 2004; Tepper & Bolam,
2004; Tepper, Tecuapetla, Koos, & Ibanez-Sandoval, 2010). However, the interneuron
population is not the only source of local inhibition onto SPNs. SPNs themselves form
inhibitory GABAergic collateral projections with each other (Somogyi, Bolam, & Smith,

1981).
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Figure 3% Local dorsal striatal microcircuitry. A) Illustration showing different
types of striatal neurons that contribute to the local inhibitory network. cholinergic
(Chol), neurogliaform (NGF), fast-spiking (FSI), persistent low-threshold spiking (PLTS),
and tyrosine hydroxylase-positive (TH) interneurons all modulate SPNs. B)
Representation of relative time course and amplitudes of inhibitory post-synaptic
currents recorded in SPNs elicited by each interneuron type.

1.2.2 Function

The dorsal striatum’s involvement in the refinement and control of movement
has long been recognized. Recently, however, attention has shifted to focus on the more
executive functions of the dorsal striatum, such as its role in action selection and
initiation (Cui, et al., 2013; Jin, Tecuapetla, & Costa, 2014; Tecuapetla, Matias, Dugue,
Mainen, & Costa, 2014; Tecuapetla, Jin, Lima, & Costa, 2016), motor/skill learning (Yin,

et al., 2009; Kravitz, et al., 2012; Shan, Ge, Christie, & Balleine, 2014; Matamales, et al.,

2 This image was reproduced, with permission, from Gittis, A. H. and A. C. Kreitzer (2012). "Striatal
microcircuitry and movement disorders." Trends in neurosciences 35(9): 557-564.
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2020; Badreddine, et al., 2022), and habit formation (Yin, Knowlton, & Balleine, 2004;
Shan, Christie, & Balleine, 2015; O'Hare, et al., 2016; Gremel & Costa, Orbitofrontal and
striatal circuits dynamically encode the shift between goal-directed and habitual actions,
2013). Much of what is known about striatal function is centered on the role and activity
of the direct and indirect pathways SPNs. Historic studies had proposed an “opposing”
model for SPN function primarily based on the opposite polarity of their downstream
circuit effects whereby the direct pathway promoted movement while the indirect
pathway suppressed it (Albin, Young, & Penney, 1989; DeLong, 1990). However, more
recent work has established a new prevailing model by which the direct pathway
facilitates desired motor output and the indirect pathway inhibits competing motor
programs (Mink, 2003; Tecuapetla, Jin, Lima, & Costa, 2016; Calabresi & Picconi, 2014).
Evidence shows that not only are both pathways active during action initiation (Cui, et
al., 2013), but both pathways are also required for action initiation and performance
(Tecuapetla, Jin, Lima, & Costa, 2016). Furthermore, activity between the two pathways
must be balanced for normal movement to occur (Tecuapetla, Matias, Dugue, Mainen, &
Costa, 2014). Importantly, there is still little understanding about the functional role and

plasticity of striatal interneurons in the context of normal behavior and striatal output.

1.2.2.1 Maladaptive behaviors of the dorsal striatum

Mechanisms underlying habit formation are thought to be co-opted and

maladaptive in a range of diseases involving motor automatisms, compulsions, and
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addictions (Everitt & Robbins, 2005; Gillan, Robbins, Sahakian, van den Heuvel, & van
Wingen, 2016; Voon, et al., 2015; Furlong, Jayaweera, Balleine, & Corbit, 2014; Root, et
al.,, 2009; Sjoerds, et al., 2013). In fact, a more recent example of circuit changes in mouse
model of obsessive-compulsive disorder (OCD) is suggestive of this hijack theory.
Abnormalities observed in the DLS circuit output of OCD model mice (Ade, et al., 2016)
exhibited overlapping similarities with circuit changes associated with habitual behavior
in the DLS (O'Hare, et al., 2016). Movement disorders like Parkinson’s disease,
Huntington’s disease, dystonia and Tourette’s syndrome may induce a pathology that
results in an overreliance on striatal habit-related circuitry or impaired control of action
shifting, respectively (Gittis & Kreitzer, Striatal microcircuitry and movement disorders,
2012; Redgrave, et al., 2010; Sheppard, Bradshaw, Purcell, & Pantelis, 1999; Delorme, et
al.,, 2016; Blumenstock & Dudanova, 2020). Thus, understanding mechanisms
underpinning habit formation is instructive for both elucidating basic principles
governing striatal plasticity and behavior and for potential modification of habit

learning in disease states as well.

1.2.3 Striatal subregion contributions to habit learning

There are two main lines of evidence that have linked the dorsal striatum, and
more specifically its subregions, with acquisition and development of goal-directed and
habitual behaviors. The first is a long line of lesion-based studies in rodents that

provided the foundation for our conceptualization of the DMS and DLS in regulating
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goal-directed and habitual behavior, respectively. The second major line of work
implicating the striatum in habit learning involves evidence of subregion-specific
plasticity of striatal inputs and activity patterns. Ultimately, the accumulation of this
data has led to the formulation of two distinct models of striatal subregion contributions
to skill learning and habit formation. In this section, I will discuss data from these two
methods of inquiry as they relate to the substantiation of two current striatal subregion
models of habit learning and then review additional observations of striatal input
plasticity in habits.
1.2.3.1 Two models for region-specific coordination of habit formation

In now classic studies, disruption of DLS function by means of lesion or
inactivation prevented the development of habitual behavior in a lever-press operant
task (Yin, Knowlton, & Balleine, 2004; Yin, Knowlton, & Balleine, 2006) and impaired
performance of mastered motor skills after extended training, reverting automated,
habitual behaviors back to goal-directed control (Yin, et al., 2009; Redgrave, et al., 2010).
Conversely, disruption of DMS function via inactivation or NMDA receptor blockade
prevented the expression of action-outcome associations and promoted reliance on the
habitual strategy (Yin, Knowlton, & Balleine, 2005a; Yin, Ostlund, Knowlton, & Balleien,
2005b; Corbit & Janak, 2010), and was also shown to impair the acquisition of motor
skills but not disrupt performance of mastered skills (Yin, et al., 2009; Redgrave, et al.,

2010). These data suggest a sequential model of skill learning and habit formation in
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which the DMS subregion promotes and dominates in early learning/goal-directed
behavior while the DLS is necessary for habitual expression and comes to dominate
striatal output once a skill has been mastered or a habit formed (Figure 4, top). Perhaps,
the most compelling demonstration that the activity of these two parallel circuits may
direct the shift between goal-directed and habitual action strategies came from Gremel
and Costa in which they performed simultaneous in vivo recordings of DMS and DLS
neuronal ensembles during both goal-directed and habitual performance within the
same animal by using learning context to toggle between behavior states. They showed
that the same neurons in the DMS are more active in goal-directed actions versus
habitual ones and the opposite in the DLS (Gremel & Costa, 2013). Additional work
from Gremel found that inhibiting excitatory orbitofrontal cortex (OFC) projections to
the DMS promoted habitual behavior in mice and that long-term depression (LTD) at
this corticostriatal synapse was endocannabinoid dependent (Gremel, et al., 2016). In
this work, the OFC-DMS input has a significant gating role in the expression of habits,
specifically, weakening this corticostriatal circuits facilitates habit. These results are
supportive of a sequential model of habit learning, and a role for both DMS and DLS.
However, with the increasing prominence of more in vivo tools and imaging
techniques, another striatal learning model has emerged termed the parallel model.
Recent data suggests there is concurrent and more intermingled activation of both the

DMS and DLS from the onset of training and throughout learning that can varyingly
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compete or cooperate for control over behavior at certain stages (Figure 4, bottom)
(Thorn, Atallah, Howe, & Graybiel, 2010; Kupferschmidt, Juczewski, Cui, Johnson, &
Lovinger, 2017; Bergstrom, et al., 2018; Vandaele, et al., 2019; Badreddine, et al., 2022).
Although there is still some conflict over exactly how the activity in each of these regions
is modified over the course of learning, likely in part due to varying behavioral
paradigms and imaging/recording techniques, what is suggested from these more recent
studies is that both subregions appear to play a role in both early and late stages of habit

learning as opposed to the sequential activity model deduced from earlier contributions.

1.2.3.2 Dorsal striatal direct and indirect pathway plasticity in habit formation

In addition to relative subregion contributions to the transition between goal-
directed and habitual responding, there is evidence of plasticity of direct and indirect
pathway inputs in both subregions. In the DMS, augmented dSPN and decreased iSPN
post-synaptic strength has been associated with goal-directed learning (Shan, Ge,
Christie, & Balleine, 2014). Similarly, optogenetic activation of A2A adensosine receptors
(A2ARs) in DMS iSPNs suppresses goal-directed actions, while A2AR knockdown in
DMS iSPNs increases goal-directed control (Li et al 2016). In the DLS, habitual mice
exhibited LTD at corticostriatal synapses onto iSPNs (Shan, Christie, & Balleine, 2015).
On the other hand, an extended training paradigm resulted in potentiation of excitatory
inputs on DLS SPNs, iSPNs in particular (Yin, et al., 2009). Related work in a serial order

learning task similarly observed an increase in strength of secondary motor cortex (M2)
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to DLS projections with learning (Rothwell, et al., 2015). Correspondingly, both dSPNs
and iSPNs exhibit strengthened responses to stimulation of cortical input ex vivo in the
DLS and faster dSPNs relative to iSPN activation correlates with habit expression
(O'Hare, et al., 2016). The evident commonality in all of this work, whether in the DMS
or the DLS, is that current learning models for striatal-dependent behaviors place the
critical node of plasticity at excitatory synapses onto SPNs and very little attention has
been given to the local interneuron microcircuitry as potential regulators of and sites of
striatal plasticity in skill learning and habit formation. In the next section, I will highlight
a prominent striatal interneuron with robust control over SPN output as a potential
candidate for exactly this purpose, which has only very recently begun to receive

attention in normal dorsal striatal functioning.
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Figure 4%: Two models for region-specific coordination of habit formation.
Top) Schematic of sequential model of skill learning/habit formation. In early learning or
goal-directed states the DMS is actively engaged and promoting goal-directed behavior,
while in late learning or habitual states the DMS is no longer substantially contributing
to behavior and DLS activity dominates. Bottom) Schematic of parallel model of skill
learning/habit formation. activation of both the DMS and DLS from the onset of training
and throughout learning that can varyingly compete or cooperate for control over
behavior at certain stages.

3 This image was reproduced, with permission, from Bergstrom H. C., Lipkin A. M., Lieberman A. G,,
Pinard C. R., Gunduz-Cinar O., Brockway E. T., et al.. (2018). Dorsolateral striatum engagement interferes
with early discrimination learning. Cell Rep. 23, 2264-2272.
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1.3 Striatal Fast-Spiking Interneurons

As detailed in the previous section, striatal learning models have so far placed a
heavy emphasis on plasticity at excitatory synapses onto SPNs as the driver of adaptive
behavior. However, these models have yet to provide a sufficient understanding of how
striatal output is regulated to give rise to adaptive behaviors such as habit formation.
Striatal fast-spiking interneurons (FSIs) are a rare cell-type (less than 2% of striatal
neurons) but are strongly and abundantly connected to SPNs and are in a powerful
position to orchestrate striatal output. In this section, I will summarize key anatomical,
circuit, and physiological properties before addressing what is known about the

influence of FSIs on striatal output and their role in behavior and plasticity.

1.3.1 FSI Anatomy and Connectivity

Striatal FSIs are GABAergic neurons that express the calcium-binding protein
parvalbumin (PV). For the most part, they have overlapping similarities with FSIs in
other brain areas like cortex and hippocampus. They have an extensive and dense
axonal arbor ranging 200-300 um in diameter (Koos & Tepper, 1999). They comprise an
estimated 1-2% of all striatal neurons (Luk & Sadikot, 2001) and are scattered
throughout the dorsal striatum along a mediolateral gradient with more FSIs found in
the DLS (Gerfen, Baimbridge, & Miller, 1985). This distribution possibly indicates a
particularly important role for FSIs in the DLS. FSIs provide the strongest source of local

modulation and feedforward inhibition onto SPNs via robust perisomatic GABAergic
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contacts onto hundreds of surrounding SPNs (Koos, 2004), however SPNs do not
provide reciprocal connections onto FSIs (Chuhma, Tanaka, Hen, & Rayport, 2011).
Timing of FSI excitation by cortical inputs is very fast relative to SPNs, and the di-
synaptic circuitry to SPNs is predicted to influence timing of SPN firing (Koos & Tepper,
1999; Berke, 2011). In contrast to the powerful cortical input they receive, FSIs receive
tewer inputs from thalamus (Kita, 1993). FSIs also preferentially innervate direct
pathway SPNs (dSPNs, 55%) relative to indirect pathway SPNs (iSPNs, 36%) (Gittis,
Nelson, Thwin, Palop, & Kreitzer, 2010). Striatal FSIs form a highly interconnected
network via both chemical and electrical synapses with each other (Koos & Tepper, 1999;
Kita, Kosaka, & Heizmann, 1990; Fukuda, 2009). However, a recent study suggests that
electrical coupling between FSIs decreases from ~30% to ~8% electrical synapse
connectivity rate into adulthood (McKeon, Bunce, Patton, Chen, & Mathur, 2022). Apart
from their lateral inhibition amongst each other (Gittis, Nelson, Thwin, Palop, &
Kreitzer, 2010), FSIs also receive GABAergic input from both PV+ and PV- neuron
populations in the globus pallidus (GPe) (Bevan, Booth, Eaton, & Bolam, 1998; Mallet, et

al., 2012; Saunders, Huang, & Sabatini, 2016).

1.3.2 FSI Physiology

FSIs are thought to have similar physiological properties throughout the
striatum, including the ventral structure, nucleus accumbens (Taverna, Canciani, &

Pennartz, 2007). They are characterized by their short duration action potential and brief
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afterhyperpolarization. In ex vivo settings, striatal FSIs are silent at rest and are known
for their nonlinear response to intracellular depolarization. Low-amplitude stimuli only
produce a passive response yet, at a certain threshold, a tiny increase in stimulus
strength results in bursts of spike and even stronger depolarizing pulses eliciting high,
sustained firing rates with little adaptation (Koos & Tepper, 1999; Koos, 2004). In awake
animals, striatal FSIs have baseline firing rates on the order of 10-30 Hz (Berke, 2008) but
can exhibit short bursts of activity greater than 300Hz (Kita, 1993; Mallet, Ballion, Le
Moine, & Gonon, 2006). The ability of FSIs to fire action potentials at such high and
sustained rates has largely been attributed to the expression of the Kv3 family of
voltage-gated K+ channels (Kaczmarek & Zhang, 2017). Striatal FSIs, in particular,
prominently express Kv3.1, Kv3.2, and Kv3.4a channels which are all significant
enablers of their narrow action potential widths and rapid firing patterns (Wang, Zeng,
Ren, & Chen, 2008). As a result of their fast spiking phenotype, FSIs have a much
greater energy demand than other cell types. Their energy expenditure is primarily
regulated by generation of ATP through glycolysis and oxidative phosphorylation in
mitochondria. As a result of such high metabolic demand, even mild metabolic stress
may rapidly impair normal FSI function -an idea encompassed in the “interneuron

energy hypothesis” for many FSI-related disorders (Kann, 2016).
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1.3.3 Fast-spiking interneurons as complex modifiers of striatal
output

There is some controversy in the field regarding precisely how dorsal striatal
FSIs modify and influence SPN activity. Various studies essentially fall into three camps:
1) FSIs reduce SPN output, 2). FSIs promote SPN output, or 3) FSIs can both promote or
inhibit SPN output. Classic ex vivo studies have demonstrated a strong, feedforward
inhibitory post-synaptic current in SPNs from striatal FSIs (Gittis, Nelson, Thwin, Palop,
& Kreitzer, 2010). However, various movement disorders in both animals and humans
such as Tourette’s syndrome have been linked to defects in striatal FSIs (Gittis &
Kreitzer, 2012). With this view, a loss of striatal FSIs would supposedly trigger an
“excess” output of undesired or conflicting motor programs, implying the possibility
that FSIs could potentially promote SPN activity (at least in the indirect pathway) as
opposed to solely a feedforward inhibition mechanism. And yet, the answer does not
appear to be quite so simple. Some studies claim FSIs only exhibit feedforward
inhibition onto SPNs, with one report citing in vivo FSIs silencing increased bursting,
calcium transients, and AMPA/NMDA ratios in SPNs (Owen, Berke, & Kreitzer, 2018).
Other accounts suggest that both suppressing or over-activating striatal PV cells reduces
SPN firing (Lee, et al., 2017). And even still, another set of reports cite varied SPN
modulation of FSIs dependent on either the SPN’s fraction of gamma-frequency spiking
(O'Hare, et al., 2017), strength of GABAergic input (Zadeh, Turner, Calakos, & Brunel,

2022), or activity state (high vs low) (Fino, Vandecasteele, Perez, Saudou, & Venance,
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2018). These discrepancies make it all the more necessary to figure out exactly how FSIs
influence SPN activity and how that relationship may or may not change with FSI

plasticity and behavior.

1.3.4 Striatal fast-spiking interneurons in behavior

Very few studies have examined the relationship between striatal FSI activity
and learning, especially in the DMS. The few in vivo reports of FSI activity during
behavior focus on the DLS. Single-unit recordings in the DLS during a left/right choice
task revealed that striatal FSIs preferentially increase firing just as the rat executes its left
or right movement choice (Gage, Stoetzner, Wiltschko, & Berke, 2010). This transient
increase in coordinated FSI activity may be evidence of a need to engage one action
while suppressing another trained alternative behavior. Another line of work gives FSIs
a role in the task-bracketing of sequential skills. Researchers found that increased SPN
activity selectively marks the bounds of acquired movement sequences, whose
individual action components are thought to be triggered as a single learned habit unit.
FSIs were found to fire during the period in between these marked bounds of the
sequence-bracketing pattern (Martiros, Burgess, & Graybiel, 2018). Additionally, recent
studies in the DLS that demonstrate FSI manipulations can impede motor learning at
early stages but not later stages of task training (Lee, et al., 2017; Owen, Berke, &
Kreitzer, 2018; Lee, et al., 2019). However, chemogenetic inhibition of DLS FSIs in mice

extensively trained on a lever press task did not alter task performance but did prevent
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the expression of habitual behavior, reverting task performance to a more outcome-
sensitive state (O'Hare, et al., 2017). Together, these data suggest that DLS FSIs play a
role in the acquisition of goal-directed behavior, but not the performance of an
established skill, yet are necessary for the expression of the habitual features of the task.
As of yet there has been little examination of the behavioral role of FSIs in the DMS. The
sole report suggests that inhibition of DMS FSIs has no effect on the rate of acquisition of

a lever press task but is modified by LTSI inhibition (Holly, et al., 2019).

1.3.5 Plasticity of striatal fast-spiking interneurons

As previously mentioned, current learning models for striatal-dependent
behaviors focus on dopamine-dependent plasticity of cortical excitatory synapses onto
SPNs, and not adaptations in interneuron microcircuitry. In other brain regions, roles for
FSIs as gates (by transient decreases in firing rates) to enable the induction of plasticity
expressed elsewhere in the local circuitry (Kuhlman, et al., 2013; Kvitsiani, et al., 2013;
Wolff, et al., 2014; Yazaki-Sugiyama, Kang, Cateau, Fukai, & Hensch, 2009; Takesian,
Bogart, Lichtman, & Hensch, 2018; Owen, Berke, & Kreitzer, 2018; Hijazi, Smit, & van
Kesteren, 2023). Thus, interneurons have been associated with plasticity induction, but
not as sites for the expression of plasticity. However, a recent example in the DLS
showed that FSIs excitability positively scaled with a measure of habitual behavior

(O'Hare, et al., 2017). This finding introduced the provocative idea that FSIs were a site

31



of long-lasting experience dependent plasticity in habit learning and was the motivation
for my thesis work.

In hippocampus, long-lasting differences in FSI parvalbumin expression have
been associated with learning (Donato, Rompani, & Caroni, 2013), giving some support
for their state change as a result of experience. In addition, ex vivo activity
manipulations further demonstrate the capacity for FSIs to show plasticity. Striatal FSIs
can exhibit both short-term depression (Koos, 2004; Gittis, Nelson, Thwin, Palop, &
Kreitzer, 2010; Planert, Szydlowski, Hjorth, Grillner, & Silberberg, 2010) and long-term
depression (LTD) (Mathur, Tanahira, Tamamaki, & Lovinger, 2013) of their synapses
onto SPNs, as well as spike-timing-dependent LTD/LTP at their own excitatory inputs
(Fino, Deniau, & Venance, 2008). Another study demonstrates that reducing PV
expression increases excitability of striatal FSIs via an SK-channel mediated mechanism
(Orduz, Bischop, Schwaller, Schiffman, & Gall, 2013). Altogether these studies hint at the
capacity for FSIs to be sites for expression of long-lasting plasticity in behavior, though
as yet many details of the specific behaviors and underlying mechanisms in which this

occurs are not established.

1.3.6 Perineuronal nets

Perineuronal nets (PNNs) are specialized, lattice-like extracellular matrix
structures that primarily surround PV+ fast-spiking interneurons within many brain

regions (Sorg, et al., 2016; Wingert & Sorg, 2021). PNNs appear at the closure of critical

32



periods of development in an experience-dependent manner (Devienne, et al., 2021;
Dityatev, et al., 2007; McRae, Rocco, Kelly, & Brumberg, 2007) and correlate with FSI
physiological maturation (Sugiyama, et al., 2008; Beurdeley, et al., 2012; Reh, et al., 2020)
and the closure of developmentally regulated critical periods of plasticity (Pizzorusso, et
al., 2002; Carulli, et al., 2010; Rowlands, et al., 2018). These reports have led to a model in
which PNNs limit plasticity in adulthood but that PNN remodeling or degradation can
facilitate adult learning by reinstating “juvenile-like” states of plasticity, which can
result in axon sprouting, synapse remodeling, synaptic and intrinsic plasticity, diffusion
of membrane receptors, and upregulation of plasticity-related genes (Sorg, et al., 2016;
Wingert & Sorg, 2021; Carulli & Verhaagen, 2021).

PNNs are primarily composed of hyaluronan, chondroitin sulfate preoteoglycans
(CSPGs), — like aggrecan, brevican, versican, and neurocan — various linker proteins and
tenascin-R, serving to bind PNN components together. However, PNN components also
interact with various cadherins, integrins, cell-adhesion molecules, and receptors on the
cell surface, and collagen molecules to stabilize the overall structure (Carulli &
Verhaagen, 2021; Jakovljevi¢, et al., 2021; Su, Cole, & Fox, 2017). Remodeling and
degradation of extracellular matrix and PNN structure is primarily regulated by families
of serine proteases and matrix metalloproteinases known as MMPs and ADAMTs
(Carulli & Verhaagen, 2021; Bozzelli, Alaiyed, Kim, Villapol, & Conant, 2018). From a

physiological perspective, the most consistent change resulting from PNN degradation
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around FSIs, in non-striatal brain regions, was the inability of FSIs to maintain high
firing frequencies after PNN removal (Wingert & Sorg, 2021).

PNNs have primarily been studied in the cortex, hippocampus, amygdala, and
spinal cord regions with evidence of PNN involvement in memory consolidation, aging,
injury repair, and addiction-related behaviors (Carulli & Verhaagen, 2021). However,
there are two studies in dorsal striatum suggesting that striatal PNN expression
increases with development, PNNs primarily but not exclusively surrounds PV+ FSIs,
and dorsal striatal PNN degradation improves learning acquisition rate in a Morris
water maze task (Lee, Leamey, & Sawatari, 2008; Lee, Leamey, & Sawatari, 2012). A
third study in the dorsal striatum reported a higher percentage of PV+ interneurons with
PNNs in the DMS in mouse models of excessive repetitive behavior (Briones, et al.,
2021). However, as of yet there is no evidence that striatal PNNs change in response to

physiological stimuli like learning in the dorsal striatum.

1.4 Focus and impact of dissertation
1.4.1 Local interneuron contribution to striatal learning model

There is a long-standing assumption in the habit literature that the local striatal
circuitry is in a configuration suitable for the acquisition of goal-directed behavior and
that any plasticity driving this early phase of learning occurs at incoming excitatory

synaptic inputs onto SPNs. As such, little attention has been given to local microcircuit
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plasticity between naive and goal-directed/early learning states with effort almost
exclusively directed towards a comparison of the goal-directed and habitual states. The
idea being that what distinguishes a naive striatal state from a goal-directed state is the
incoming input providing task-specific information and feedback and only once
acquisition of a skill or goal-directed behavior occurs do we see this shift in local striatal
plasticity and control to drive habit formation. In fact, both proposed striatal learning
models — sequential and parallel — discussed in the previous section are arguably
consistent with a passive yet necessary role for both the DMS and DLS microcircuitry in
skill and habit learning. Given that the dorsal striatum is downstream of cortex, the
sequential model proposed by lesion and inactivation studies (Yin, Knowlton, &
Balleine, 2004; Yin, Ostlund, Knowlton, & Balleien, 2005b; Yin, Knowlton, & Balleine,
2006; Furlong, Jayaweera, Balleine, & Corbit, 2014) is compatible with the idea that skill
learning and habit control lie within cortex and dorsal striatum is just necessary relay to
changing upstream information. Even the parallel model (Thorn, Atallah, Howe, &
Graybiel, 2010; Bergstrom, et al., 2018; Kupferschmidt, Juczewski, Cui, Johnson, &
Lovinger, 2017; Vandaele, et al., 2019) that suggests concurrent and changing activity of
both subregions during learning could be explained as a response to altered upstream
activity from experience-dependent plasticity in cortical regions. However, there are a
host of interneurons contributing to local striatal circuitry whose role in normal striatal

function has yet to been determined. Only recently have two studies shown evidence of
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local microcircuit plasticity in both the DMS (Badreddine, et al., 2022) during motor
learning and DLS (O'Hare, et al., 2016) during habit learning via readout of a change in
ex vivo evoked striatal SPN firing. These new reports suggest that a wider investigation
into potential nodes of local striatal plasticity is warranted. Furthermore, the
mechanisms underlying these changes in local circuit output have not been fully
characterized. However, evidence of elevated striatal FSI excitability and recruitment
have been demonstrated a potential contributor to striatal output changes observed in
the DLS with habit learning (O'Hare, et al., 2017). Striatal FSIs, in particular, are well
suited anatomically and physiologically to take on this orchestrating role over striatal
output. While DLS FSIs have already been shown to be a site of plasticity and necessary
for the expression of habitual behavior (O'Hare, et al., 2017), it is still unclear exactly
when striatal FSIs undergo this plasticity over the course of goal-directed learning and
habitual behavior. One of the aims of this thesis work was to address this outstanding
question by ascertaining the state of striatal FSIs across naive, goal-directed, and

habitual behavior states.

1.4.2 Evidence of region-specific expression of FSI plasticity?

As described in previous sections, striatal FSIs are expressed in a mediolateral
gradient across the dorsal striatum with fewer FSIs residing in the DMS (Gerfen,
Baimbridge, & Miller, 1985). Additionally, both ex vivo and in vivo work in naive

animals suggests that striatal FSIs have robust control over SPN activity in the DLS with
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little to no influence on SPN activity in the DMS, where influence by somatostatin
(SOM) interneurons seems to dominate DMS SPN output modulation (Fino,
Vandecasteele, Perez, Saudou, & Venance, 2018). Furthermore, recent in vivo
manipulations suggest that SOM interneurons in the DMS are necessary for the
acquisition of goal-directed behavior (Holly, et al., 2019). Together, these studies suggest
that FSIs in the DMS may not play a substantial role in the regulation of goal-directed
and habitual behavior. However, the functional role and plasticity state of DMS FSIs
through the phases of habit learning has yet to be explored. As such, my thesis work
also aims to uncover whether FSI adaptations occur in the DMS during habit acquisition

and if present, how they correspond to DLS adaptations.

1.4.3 Mechanism of striatal FSI plasticity

The potential for striatal FSIs to exhibit long-lasting activity-dependent plasticity
has been demonstrated in acute brain slice by artificial manipulation (Fino, Deniau, &
Venance, 2008; Mathur, Tanahira, Tamamaki, & Lovinger, 2013; Orduz, Bischop,
Schwaller, Schiffman, & Gall, 2013). Both in and outside of the dorsal striatum, FSIs
have, nevertheless, often been thought of as a gate for the induction of plasticity
expressed elsewhere in the circuitry and not nodes of plasticity themselves (Kuhlman, et
al., 2013; Kvitsiani, et al., 2013; Wolff, et al., 2014; Yazaki-Sugiyama, Kang, Cateau, Fukai,
& Hensch, 2009; Takesian, Bogart, Lichtman, & Hensch, 2018; Owen, Berke, & Kreitzer,

2018; Hijazi, Smit, & van Kesteren, 2023). This viewpoint dominates much of the
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literature even now. Three such examples come from recent studies in the DLS that
demonstrate FSI manipulations can impede motor learning at early stages but not later
stages of task training (Lee, et al., 2017; Owen, Berke, & Kreitzer, 2018; Lee, et al., 2019).
Such findings are consistent with this canonical role of FSIs in gating plasticity
instantiated at other sites. Few examples exist of FSIs undergoing experience-dependent
plasticity contributing to the expression of an adaptive behavior (Donato, Rompani, &
Caroni, 2013; O'Hare, et al., 2017). O'Hare et al. provides the first example of FSI
plasticity driven by physiological stimuli (i.e. learning), although the underlying
mechanisms remain unknown.

Interestingly, there is a growing body of literature demonstrating that alterations
in perineuronal net expression occur during learning and memory paradigms in the
hippocampus, auditory cortex, and cerebellum as well as in response to exposure to
drugs of abuse (Carulli & Verhaagen, 2021; Hazlett, et al., 2024). Given the association of
PNNs with FSIs and the similarity of the physiological effect of PNN manipulations
(Wingert & Sorg, 2021) to the increased excitability phenotype associated with DLS FSIs
in habit, regulation of PNN structure is one hypothetical mechanism that might be
involved in habit formation. To identify the molecular mechanisms underlying FSI
plasticity in habit learning, I will perform both PNN hypothesis tests and unbiased
discovery experiments. This knowledge will introduce a new level of mechanistic

understanding for dorsal striatal FSIs in adaptive behavior.
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Chapter 2: Dorsal striatal fast-spiking interneurons
show biphasic modulation of excitability over the course
of task learning to habitual responding.

As mentioned in Chapter 1, prior work had demonstrated that DLS SPNs
increase their output and shift their relative latency to fire in response to cortical afferent
stimulation in acute brain slices from habitual animals compared to that from goal-
directed animals. Furthermore, DLS FSIs were capable of modulating these habit-
predictive features — SPN output and timing — in naive brain slices. Additionally, DLS
FSIs were shown to increase their excitability with habit formation when compared to
their excitability in the goal-directed behavioral state. Even more, chemogenetically
inhibiting DLS FSIs in a lever press task did not alter task performance but did prevent
the expression of habitual behavior, reverting task performance to a more outcome-
sensitive state (O'Hare, et al., 2017), suggesting DLS FSIs are necessary for the expression
of habitual behavior. However, it is still unclear exactly when striatal FSIs undergo this
plasticity over the course of goal-directed learning and habitual behavior relative to the
naive state. As such, one of the primary objectives of this chapter is to address the state
of striatal FSIs across naive, goal-directed, and habitual behavior states, which can help
inform striatal learning models that have long assumed a default similarity between the
state of the local striatal microcircuitry in the naive and goal-directed conditions and
have emphasized plasticity at the incoming excitatory afferents as drivers of behavior.

Furthermore, the role of FSIs in the DMS remains unknown. However, recent evidence
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suggests they may not have a significant influence over DMS SPN activity in the naive
state (Fino, Vandecasteele, Perez, Saudou, & Venance, 2018). Another aim of this work is
to determine whether DMS FSIs exhibit any evidence of undergoing plasticity with goal-
directed or habitual behavior, which could suggest a change in the DMS FSI-SPN
relationship with learning and inform a potential role for DMS FSIs in adaptive
behavior.

By examining intrinsic firing and electrophysiological properties measured in
FSIs from both DMS and DLS brain slices prepared from naive, goal-directed, and
habitual animals, I found that both subregions exhibit a bidirectional model of FSI
plasticity where FSI excitability is most similar between naive & habitual states,
indicating that acquisition of goal-directed behavior introduces a transient dip in FSI
excitability. Furthermore, not only do FSIs express similar plasticity phenotypes across
subregions, but they utilize distinct mechanisms to similarly adjust their excitability

states.

2.1 Materials and methods
2.1.1 Animals

All experiments were carried out under approved animal protocols in
accordance with Duke University Institutional Animal Care and Use Committee
standards. A mouse line expressing Cre under control of the Parvalbumin promoter

(RRID:IMSR_JAX:012358) raised in a C57Bl/6 genetic background was used to
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fluorescently label PV+ interneurons. Mice were 2—4 months of age and were

heterozygous for PV-Cre expression.

2.1.2 Viral Vectors

The Efla-DIO-EYFP plasmid was obtained from Addgene (#27056). Duke Viral
Vector Core packaged this plasmid into AAV-PHP.eB and also provided AAV-EF1a-

DIO-EYFP-PHP.eB construct. All viral aliquots had titers above 5 x 102 particles/mL.

2.1.3 Viral injections

AAV-EF1a-DIO-EYFP-PHP.eB virus was administered by retro-orbital injection in 7- to
10-week-old PV-2A-Cre (+/-) mice under isoflurane anesthesia. Mice were rapidly
injected behind the orbit with 50 ul total injection volume containing minimum of 2.0el1
vg using a single use 0.5-ml insulin syringe (BD Biosciences), and then monitored
through recovery from anesthesia for return to normal activity. One to two drops of

bupivacaine ophthalmic solution was applied post-procedure.

2.1.4 Operant chamber lever press

Prior to the start of training, animals were food restricted over 3 days to 85 to
90% of their baseline weight to motivate learning, and maintained for the duration of
training. Med Associates operant chambers housed within light-resistant, sound-
attenuating cabinets (ENV-022MD) were used for training and devaluation probe tests.
During each training and testing session, mice were presented with one lever on the left
of the food magazine. On training days, lever presses were rewarded with sucrose-
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containing pellets (Bio-Serv, F05684). Lever presses and food cup entries were recorded
by Med-PC-V software (Med Associates Inc. RRID: SCR_012156). Food cup entries were
detected by the breaking of an infrared beam inside the cup.

Animals were trained on a random interval (RI) reinforcement schedule. Mice
started training with 3 days of continuous reinforcement (CRF), in which each left lever
press results in reward. CRF sessions lasted 60 min or until the mice received 100
reinforcers to first establish lever pressing skill. After successful CRF completion,
animals began training on a random interval (RI) reinforcement schedule, with all
training sessions lasting 60 min or until mice received 50 reinforcers. After the last
session of CRF, mice were given three sessions of a random interval 30 (RI-30) schedule,
followed by 5 days of a random interval 60 (RI-60) schedule. RI reinforcement resulted
in a 10% chance that a sugar pellet would be available each X/10 s for a RI-X schedule.
For example, in an RI-60 schedule, for each 6 s epoch, there was a 10% chance that a
pellet would be delivered the next time the lever was pressed. In simpler terms, this
means that on average one reinforcer is delivered upon the first press after 60 s since the
last reinforcer was given. This random interval schedule is more difficult to exploit and
weakens the behavior-reward relationship, increasing the likelihood of habitual
behavior but still producing a range of both goal-directed and habitual responding.
After RI reinforcement training, mice underwent devaluation testing with an extinction

probe test to measure habitual behavior as previously described (O'Hare, et al., 2016)
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with an added 10 minute training session immediately following both probe tests to

mitigate any resulting decay for an unrewarded test session

2.1.5 Acute brain slice preparation

Adult mice (2-4 months) were anesthetized and intracardially perfused with
an ice-cold N-methyl-D-glucamine (NMDG)-based ACSF solution containing the
following (in mM): 90 NMDG, 2.5 KCl, 1.2 NaH2POs, 35 NaHCOs, 20 HEPES, 25 glucose,
5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSOs heptahydrate, 0.5
CaCl: dihydrate, and saturated with 95% O2 and 5% CO:. Animals were then
decapitated, their brains dissected, and 300-um sagittal slices were cut on a Leica
VT1200S vibratome. Immediately after cutting, slices were placed in a 32°C recovery
chamber containing NMDG ACSF for 10 to 15 min. After heated recovery, slices were
transferred to a holding chamber containing artificial cerebrospinal fluid (ACSF; 124
mM NaCl, 2.5 mM KCl, 1 mM MgClz, 2 mM CaClz, 26 mM NaHCOs, 1.2 mM NaH2POs,
and 10 mM glucose, saturated with 95% Oz and 5% CO, pH 7.4, 300 mOsm/l) and

allowed to equilibrate at room temperature for 1 hour.

2.1.6 Current clamp experiments

For recordings, single slices were transferred to a recording chamber and
continuously superfused with oxygenated ACSF at 30°C and 3 to 4 ml/min. Neurons
were visualized using infrared differential interference microscopy. Micropipettes were

pulled from borosilicate glass tubes (King Precision Glass) for a final resistance of 3 to
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4.5 MQ) and filled with internal solution (140 mM KMeSOs4, 7.5 mM NaCl, 10 mM NaCl,
10 mM HEPES, 0.2 mM EGTA, 4.2 mM ATP-Mg, 0.4 mM GTP-Na3). PV+ fast-spiking
interneurons were identified by Cre-dependent fluorescence and their fast-firing

properties.

2.1.7 Fast-spiking interneuron intrinsic properties

In order to evaluate FSI intrinsic properties, I applied a 500 ms duration current
injection in 200 pA intervals in steps from -400 pA to 2000 pA. Analysis of current clamp
recordings were carried out as follows. Resting membrane potential (RMP) was
measured without current injection. Membrane input resistance (Ri) was measured in
the steady state using the value obtained from the -200 pA step. AP properties were
obtained from an average of measurements from the last 5 action potential waveforms in
the 800 pA current step. mAHP amplitude measurement was obtained from the 800 pA
current injection step recording. Maximum AP firing rate was determined by measuring
the mean rate over the 500ms of current injection and using the value from the step that

evoked the highest rate.

2.1.8 Statistics

Data shown as mean + SEM and analyzed using GraphPad Prism 10.0 software.
F statistics were calculated using either repeated measures analysis of variance (2-way
ANOVA) or a one-way ANOVA as indicated in the figure legends. For all statistical

tests, confidence interval was set to a = 0.05.
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2.2 Emergence of goal-directed behavior induces reduction in
FSI excitability that resolves with habit in both striatal
subregions

PV-Cre mice were retro-orbitally injected with AAV-Efla-DIO-EYFP-Php.eB to
systemically label PV+ interneurons in both the DMS and DLS. Animals were then
trained on an operant task where they learned to press a lever for sucrose pellet
rewards. Lever presses were reinforced on a random interval (RI) schedule to induce a
range of both goal-directed and habitual behavior (Dickinson, Nicholas, & Adams, 1983;
Hilario, Clouse, Yin, & Costa, 2007) (Figure 5A). Goal-directed performance is known to
be highly sensitive to outcome devaluation whereas habitual performance persists
independent of outcome-value (Dickinson, Nicholas, & Adams, 1983; Hilario, Clouse,
Yin, & Costa, 2007). Sensitivity of the learned lever press behavior to devaluation of the
sucrose pellet reward was used to evaluate degree of goal-directed or habitual
responding and quantified in individual mice as the log:ratio of the devalued versus
non-devalued lever press rates (normalized devalued lever press rate; NDLPx). As such,
mice with an NDLP: > 0 were considered to be insensitive to outcome value and
habitual, while mice with an NDLP: < 0 were considered to be goal-directed (Figure 5B).
Naive behavioral group are chamber control animals that were food deprived to ~85%
body weight like RI-trained animals and exposed to the operant chamber, lever, and

sucrose pellet rewards for the same amount of time/days as the RI-trained animals
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however the naive group had access only to a non-rewarded lever (i.e. no reward from
pressing the lever).

To examine FSI excitability, I recorded firing responses from FSIs in either DMS
or DLS sagittal acute brain slices to increasing steps of 500ms current injection (Figure
5C). I found when comparing DLS FSI firing rates across the three stages of habit
learning (naive, goal, and habit), FSIs exhibited a marked decrease in their firing
response in the goal-directed state compared to both the naive and habit conditions
(Figure 5D). Prior work only compared the goal and habit conditions and concluded
DLS FSIs exhibit an increase in excitability with habit (O'Hare, et al., 2017), however
examining the change from a naive state completely updates the working model. Rather
than an increase in habit, DLS FSIs appear to follow a bidirectional model of plasticity in
which the emergence of goal-directed behavior induces a reduction in FSI excitability
that then resolves with habit. In this way, the FSI state in the goal condition is altered
with the naive and habit states exhibiting more similar FSI excitability phenotypes.

I performed the same set of experiments in FSIs from the DMS expecting not to
find evidence of FSI plasticity in the DMS as they are thought not to significantly
influence SPN output in the DMS (Fino, Vandecasteele, Perez, Saudou, & Venance,
2018). Furthermore, the DMS and DLS are thought to have divergent roles in supporting
goal and habit stages of behavior, so it was not clear that even if DMS FSIs experienced

plasticity that it would occur on a similar time course as DLS plasticity. However,

46



instead I found that DMS FSIs appear to exhibit similar changes in their excitability and
at similar stages of learning. Specifically, DMS FSlIs also exhibit a transient reduction in
FSI firing to current injection in the goal-directed behavior state that returns to naive
levels in the habitual condition (Figure 5H). In both subregions, this excitability
difference in the goal state does not appear to be a result of spike adaptation but rather
an inability to produced sustained high firing response (Figure 5E, I). In fact, when firing
rates were normalized to the duration of firing instead of duration of the current step,

there was no longer a group difference in firing rate (Figure 5F, J).
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Figure 5. Emergence of goal-directed behavior induces reduction in FSI
excitability that resolves with habit in both striatal subregions. A) Learning curves of
lever press rate over training sessions. Mice were first trained with continuous
reinforcement (CRF) of lever presses to acquire lever press skill and were then trained
on random interval (RI) to induce spectrum of habitual and goal-directed behavior. A
final training session was administered after devaluation testing within 0-12 hrs prior to
recording to mitigate any effects of devaluation testing. B) Criteria for group analysis of
electrophysiological data. Goal-directed behavior defined as NDLP: < 0 and habitual
behavior as NDLP: > 0. C) Representative traces show that goal-directed FSIs (orange)
are often unable to sustain high firing for the duration of a 500 ms current step
compared to both naive (black) and habitual FSIs (purple). D, H) Input-output curve
depicting mean FSI firing rate in response to a series of current injections in the DLS
(left) and DMS (right). Goal-directed (orange) FSIs fired at a reduced rate relative to both
naive (black) and habitual (purple) FSIs (2-way ANOVA. DLS: Fs, 8 =2.971, P = 0.02,
goal, habit n =12 & 13 cells) (2-way ANOVA. DMS: Fs, 13 =4.852, P <0.0001, naive, goal,
habit n =12, 13, & 12 cells) E, I) Mean FSI firing duration in response to a series of
current injections in the DLS (left) and DMS (right). Goal-directed (orange) FSIs were
unable to sustain firing at high inputs relative to both naive (black) and habitual (purple)
FSIs (2-way ANOVA. DLS: Fs 136 = 2.602, P = 0.0112, naive, goal, habit n =12, 12 & 13
cells) (2-way ANOVA. DMS: Fs, 136 = 3.531, P = 0.001, naive, goal, habit n =12, 13, & 12
cells) F, ]) No significant difference between group averages when mean firing rate is
normalized by firing duration.

Such a similar change in firing rate response to current injection between
behavioral states within striatal both subregions, begged the question of whether there
were relative excitability differences between subregions in a given behavioral condition
that might provide further insight into potential regional differences driving behavior.
However, when directly comparing DLS and DMS FSI firing rate and firing duration to
current injection, there are no differences between subregions in any behavioral state
(Figure 2 A, B, C). Thus, the overall phenotype of FSI plasticity expression appears

similar in both the DMS and DLS.
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Figure 6. Relative FSI excitability across subregions does not differ with
behavioral state. Row A) Comparison of DLS and DMS FSI firing rates to steps of
current injection shows no subregion differences in naive (black/gray, left), goal (orange,
middle), or habit (purple, right) conditions. Row B) Comparison of DLS and DMS FSI
firing duration to steps of current injection shows no subregion differences in any
behavioral state. Row C) Comparison of DLS and DMS FSI firing rate normalized by
duration shows no subregion differences in any behavioral state. No differences were
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found across any comparison (P > 0.05, naive: n =12 & 12 cells, goal: n =12 & 13 cells,
habit: n =13 & 12 cells).

2.3 Modulation of region-specific action potential properties
suggests distinct ion channel mechanisms

Next, I examined both passive and active membrane properties of FSIs in both
subregions across all behavioral states to gain insight into how the FSIs in the DMS and
DLS modify intrinsic excitability. Neurons are able to alter their intrinsic excitability
through modification of their membrane and action potential properties. Each of these
properties is determined by the activity and expression of certain ion channels unique to
the cell. Here, I aimed to identify which physiological properties were changing in order
to generate a mechanistic hypothesis for underlying ion channel mechanisms and
determine whether DMS and DLS FSI mechanisms were similar or distinct.

I first looked at group differences of basic passive membrane properties and did
not observe any statistically significant differences in the resting membrane potential
(Figure 7A), input resistance (Figure 7B), or membrane time constant (tau, Figure 7D)

between behavioral state in either subregion.
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Figure 7: Passive membrane properties across behavioral states in the DLS and
DMS. For all panels: naive = gray, goal = orange, habit = purple. A, B, D) Passive
membrane properties of FSIs from DLS and DMS slices in naive, goal, and habit
conditions. (1-way ANOVA: P > (.05, DLS: naive, goal, habit n =12, 12 & 13 cells; DMS:
naive, goal, habit n =12, 13, & 12 cells). C) Max firing rate across all current injection
steps significantly differs across behavioral conditions with a higher max firing rate in
habit and lower max firing rate in goal (1-way ANOVA: DLS: F2,3: =4.819, P =0.0144,
naive, goal, habit n =12, 12 & 13 cells) (1-way ANOVA: DMS: F234=7.940, P = 0.0015,
naive, goal, habit n =12, 13, & 12 cells).

I then examined the active properties characterizing the action potential
waveform generated by the FSIs during the 800 pA depolarizing step from Figure 5 D &

H. Intriguingly, action potentials elicited by FSIs in both striatal subregions show
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evidence of a shorter peak amplitude in the goal-directed mice compared to naive and
habit animals (Figure 8A, F) along with a longer action potential half-width in the goal
condition (Figure 8B, G). As such, it seems that both the DMS and DLS are utilizing a
similar strategy of broadening the overall action potential waveform. However, that
seems to be where the similarities between the DLS and DMS action potential
waveforms end. The specific components of the waveform that changed were distinct. In
the DLS, I found a marked decrease in the fast afterhyperpolarization potential (fAHP)
with goal-directed behavior compared to both naive and habit (Figure 8C). Additionally,
there is a prolonged decay time (Figure 8D) and an insignificant change in rise time
(Figure 8E). Notably, however, is the stark lack of an effect on fAHP amplitude (Figure
8H) or decay time (Figure 8I) between behavioral groups in the DMS. Instead, there is a
significant increase in rise time of action potential elicited in goal-directed animals
(Figure 8]), which is partially mirrored in the transition from goal to habit in the DLS as
well (Figure 8E). But yet, the most striking difference was found in the medium after-
hyperpolarization potential (mAHP). In contrast to the differences seen in the fAHP
between subregions, there appears to be no difference between groups of the mAHP in
DLS FSIs. However, DMS FSIs show a marked increase in mAHP amplitude in the goal
animals compared to the naive ones and even a trend towards lowered mAHP

amplitude with habit (Figure 8K).
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Figure 8. Region-specific modulation of action potential properties suggests
distinct ion channel mechanisms. For all panels: naive = gray, goal = orange, habit =
purple. A-K) Action potential properties of FSIs from DLS and DMS slices in naive, goal,
and habit conditions. A, F) AP amplitude lower in goal (1-way ANOVA, DLS: F2 34 =
10.11, P = 0.0004; DMS: F234=8.065, P = 0.0014). B, G) AP half-width duration longer in
goal (1-way ANOVA, DLS: F> 3 = 12.68, P < 0.0001; DMS: F234=10.72, P = 0.0002). C, H)
fAHP reduced in goal in the DLS but not DMS (1-way ANOVA, DLS: F234=13.78, P <
0.0001; DMS: F234=0.4253, P =n.s.). D, I) Decay time prolonged in goal in the DLS but
not DMS (1-way ANOVA, DLS: F2,3:=14.11, P <0.0001; DMS: F234=3.081, P=n.s.). E, ])
Increased rise time of AP in goal in the DMS and decrease in DLS habit (1-way ANOVA,
DLS: F2,31=7.294, P <0.002; DMS: F254=9.945, P =0.0004). K). mAHP amplitude if the
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DLS (left) and DMS (right). No effect of behavior group in the DLS (1-way ANOVA, F234
=0.06234, P =n.s.) but increased mAHP amplitude in goal compared to naive in the
DMS (1-way ANOVA, F234=4.614, P =0.0171).

2.4 Discussion

Taken together, the data from these experiments provide insight into whether
both DMS and DLS FSIs undergo plasticity and when over the course of the transition
from naive to goal-directed to habitual behavior this occurs. I found evidence that DLS
FSIs do not just increase their excitability with the formation of habit as previously
suggested (O'Hare, et al., 2017), but rather DLS FSIs appear to experience a reduction in
their excitability with the emergence of goal-directed behavior that then resolves back to
conditions similar to the naive state after the animal has transitioned to habitual
responding. This was quite surprising as a long-standing view in the field is that the
DLS is associated with habit behavior (Yin, Knowlton, & Balleine, 2004; Gremel & Costa,
2013) and so to find that a change in the local DLS microcircuitry occurs with the
acquisition of goal-directed behavior prior to the transition to habitual behavior was
unexpected.

Additionally, I learned that this biphasic, bidirectional course of FSI plasticity
occurs in the DMS as well. Despite their separate roles proposed in the control of goal
and habit behavior, we nevertheless see evidence of both the DLS and DMS similarly
regulating FSI excitability across stages of learning. This is significant for the field as it is

one of only two other demonstrations of changes within the local striatal microcircuitry
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with skill/habit learning (Badreddine, et al., 2022; O'Hare, et al., 2016). The presence of
experience-dependent changes in microcircuitry suggests that striatal subregions are not
similarly processing incoming information but differentially transforming it at the level
of the FSI. This possibility is perhaps even more unexpected in the DMS as prior work
suggested that FSIs have no influence over SPN activity in the naive striatum (Fino,
Vandecasteele, Perez, Saudou, & Venance, 2018). If this is so, it begs the question of why
DMS FSIs would bother modifying excitability unless of course the level of FSI influence
over SPN output also changes with goal and habit learning. My DMS findings introduce
a testable model that hypotheses that striatal input-output relationships will be newly
influenced by FSIs upon acquisition of goal-directed behavior.

Overall, these data seem to fall more in line with the newly proposed parallel
striatal learning model, which argues for concurrent activity and influence of both
subregions during early/goal and late/habit stages of learning. Yet, these data also
extend and update this model to include an active and dynamic role for local striatal
microcircuitry. Further inquiry is needed to determine whether these similar and
parallel changes in local striatal subregion microcircuitry result in overlapping or
divergent effects on regional SPN activity and if such influence would facilitate
cooperative or competing subregion output. Extending off this idea, one would want to
know what this means for behavior and whether such a dip in FSI excitability is

required for the acquisition of goal behavior, the expression of goal behavior, or perhaps
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is a necessary reconfiguration of the local circuitry that allows for the transition to
habitual responding. And, whether or not the reduction in FSI excitability is necessary in
both subregions to fulfill its role in behavior.

Finally, I observed different action potential properties between subregions
changing with behavioral states. Both subregions were characterized by a shift to a
shorter and broader action potential in the goal state, likely the defining trait underlying
the inability to sustain high firing. Importantly, while there are unique sets of modified
properties between subregions, both the DMS and DLS appear to alter the same
properties in the transition from naive to goal and then goal to habit within their
respective region. DLS FSIs from goal-directed mice are characterized by a decreased
fAHP amplitude and increased decay time. Changes in the repolarization phase of the
actin potential are commonly attributed to potassium channel activity, but more
specifically in striatal FSIs, the decay and fast AHP phases are regulated by the activity
of the Kv3 family of voltage-gated potassium channels (Kaczmarek & Zhang, 2017).
Striatal FSIs specifically are known to express Kv3.1, Kv3.2, and Kv3.4 proteins (Wang,
Zeng, Ren, & Chen, 2008). Furthermore, both Kv3.1 and Kv3.2 inhibition and deletion
have been shown to reduce fAHP, slow decay, and reduce firing particularly at high
depolarizing inputs (Erisir, Lau, Rudy, & Leonard, 1999). As such, this suggests a
mechanism by which DLS FSIs decreased Kv3 activity with goal and subsequently

increase it with habit to restore high firing responses.
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The DMS, however, shows no signs of modulating fAHP or decay, but does
show signs of increased rise kinetics — this could suggest voltage-gated sodium channel
activity as a potential source. In fact, studies have shown that Nav blockers can impede a
neuron’s ability to sustain repetitive firing (Lewis & Raman, 2014). However, there is
also evidence that DMS FSIs increase their mAHP amplitude in the goal-directed state.
Separate from the fAHP, the mAHP potential is often mediated by small-conductance
calcium-activating potassium channels or SK channels — antagonism of SK channels has
been shown to increase intrinsic firing rate in striatal FSIs ( (Orduz, Bischop, Schwaller,
Schiffman, & Gall, 2013). Thus, for the DMS we are left with two potential ion channels
as plausible mechanistic candidates. If the DMS and DLS do in fact deploy distinct ion
channel mechanisms to modulate intrinsic firing, the question is why two different
strategies? It is interesting to note, that DLS FSIs appear to have a larger fAHP
amplitude in the naive state compared to DMS, perhaps suggesting that DLS FSIs are
farther from a possible Kv3 activity floor than DMS FSIs and have greater room for
modulation of Kv3 activity without tragically compromising overall function. On the
other hand, DMS FSIs appear to have a much smaller mAHP amplitude than DLS FSIs
and possibly have greater ability to increase SK channel activity before reaching a
ceiling, so to speak, thereby making that mechanism of action more capable of

dynamically regulating function in DMS.
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Chapter 3: Regional comparison of striatal FSI
transcriptomic regulation across task learning states.

In the previous chapter, I demonstrated that striatal FSIs undergo plasticity over
the course of habit learning in both the DMS and DLS, but that each subregion shows
distinct physiological mechanisms to achieve a similar excitability phenotype. In this
chapter, I perform an unbiased examination of changes in the transcriptome of striatal
FSIs across three stages of behavior — naive, goal, and habit — to gain perspective into
gene expression differences and identify candidate effectors and molecular mechanism

underlying FSI plasticity.

3.1 Materials and methods
3.1.1 Animals

This set of experiments used adult (P90-120) male and/or female mice that were
heterozygous for transgenes. Mouse strains crossed for PV+ nuclei isolation: Pvalb-IRES-
Cre (B6.129P2-PoalbtmicroAr] RRID:IMSR JAX:017320); INTACT (B6;129-
Gt(ROSA)26Sortms(CAG-5unt/sfGEPNat [T RRID:IMSR_JAX:021039. All animals were trained as
either chamber controls (naive) or on the RI-schedule of an operant lever press task as
described in Section 2.1. Within 0-2 hours of the end of the last training session after
devaluation, mice were rapidly decapitated the dorsal striatum was dissected, carefully
isolating both the DMS and DLS regions of each hemispheres. Hemispheres of each
subregion were combined for each animal sample and flash frozen in 2-methyl-butane,

and stored at -80C until nuclear isolation.
59



3.1.2 INTACT nuclear and RNA isolation

The protocol was performed with minor variations (Mo et al., 2019). All steps
were performed on ice or in the cold room, and all incubations were carried out using an
end-to-end rotator. For each mouse, the two DLS and DMS samples were thawed in ice-
cold homogenization buffer (0.25M sucrose, 25mM KCl, 5mM MgCl2, 20mM Tricine-
KOH). The tissue was dounce homogenized using a loose pestle in 1.5mL of
homogenization buffer supplemented with ImM DTT, 0.15mM spermine, 0.5mM
spermidine, 172g/L kynurenic acid, EDTA-free protease inhibitor, and RNAseOUT
(60U/mL). A 5% IGEPAL-630 solution was added to bring the homogenate to 0.3%
IGEPAL-630, and the homogenate was further dounced with eight strokes of the tight
pestle. The sample was filtered through a 40pum strainer, mixed with 1.67mL of Working
Solution (1:5 150mM KCl, 30mM MgCl2, 120mM Tricine-KOH, pH 7.8 Diluent and
Optiprep Density Gradient Medium), underlaid with a gradient of 30% and 40%
iodixanol, and centrifuged at 10,000xg for 18min on a Sw41Ti rotor in a swinging bucket
centrifuge at 4°C. Nuclei were collected at the 30%-40% interface and pre-cleared by
incubating with 15uL of protein G magnetic Dynabeads for 10min. After removing the
beads with a magnet, the mixture was diluted with wash buffer (homogenization buffer
plus 0.4% IGEPAL-630) and incubated with 10uL of 0.2mg/mL rabbit monoclonal anti-
GFP antibody (Thermo Fisher Scientific Cat# G10362, RRID:AB_2536526) for 35min.

60uL of Dynabeads were added, and the mixture was incubated for an additional 40
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minutes. To increase yield, the bead-nuclei mixture was placed on a magnet for 30sec to
1min, completely resuspended by inversion, and placed back on the magnet. This was
repeated 5-7 times. Samples were then re-placed on the magnet for 5min. ImL of
supernatant was removed as the Unbound Nuclear Fraction (UF), which was flash-
frozen for later applications. The remaining beads were washed twice in 800uL of wash
buffer followed by one wash in 3.6mL wash buffer. The 3.6mL was then sequentially
applied to the magnet until all beads had been isolated. The final bead mixture was
resuspended in 100uL lysis buffer and RNA was isolated using the RNAqueous Micro

kit according to manufacturer’s instructions.

3.1.3 nucRNA library preparation, sequencing, and processing

Nuclear RNA libraries were prepared and paired-end sequenced by Novogene,
Inc. Libraries were prepared using the SMARTer Stranded Total RNA-seq kit v2
(Takara). Samples were run on an Illumina NovaSeq6000 using a 150 base-pair, paired-
end protocol. One sample (DLS009, female, habit) was excluded due to low input
sample quality, and low sequenced/mapped reads greater than 2 standard deviations
away from the mean. Raw (FASTQ-formatted) sequencing files were processed using
the Trimmomatic toolkit v0.38 to trim low-quality bases and Illumina sequencing
adapters plus 3 nucleotides from the 3’ end of the reads. Reads that were 36nt or longer
after trimming were kept for further analysis. Reads were mapped to the Gencode

GRCm38.p6 vM21 comprehensive mouse reference genome assembly using the STAR
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alignment tool v2.7.2b. Gene counts were extracted from aligned reads where MAPQ>30
using HTSeq (parameters: -a 30 --type=gene --format=bam -- stranded=reverse --
idattr=gene_name) with the respective Gencode Comprehensive Gene Annotation
(gencode.vM21.chr_patch_hapl_scaff.annotation.gtf). Normalization and differential
expression analyses were carried out using the DESeq2 Bioconductor package v1.40.0
while accounting for isolation batch, sex, region, and either behavioral condition or the
final NDLPr score. The DESeq2 design matrix was generated as follows design = ~region
+ sex + batch + condition or design= ~region+ sex + batch + NDLPr. The false discovery
rate was calculated to control for multiple hypothesis testing using the Benjamini-
Hochberg method, and genes with FDR<0.05 were considered significantly differentially

expressed. Gene ontology enrichment analysis was performed using enrichR v3.2.

3.2 Gene expression changes indicate a transition to permissive
plasticity state with acquisition of goal-directed behavior in both
DM and DL striatal subregions

To isolate mRNA from striatal FSIs over the course of habit learning, we
collected DMS and DLS tissue samples from control and trained mice and
immunoprecipitated PV+ nuclei from the tissue samples based on their Cre-dependent
expression of the Suntag protein (Mo, et al., 2015). Samples from 16 mice with 2 samples
for each animal (a DMS and DLS sample) were processed and sequenced (Figure 9A). To
interrogate how behavior drives FSI transcriptome changes in the DLS and DMS,

respectively, I first identified differentially expressed genes (DEGs) between the naive
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and goal conditions. I hypothesized that the most robust group comparison might occur
between naive and goal as FSI physiology was most similar between naive and habit
and goal and habitual behavior occurs along a spectrum as illustrated by our own
NDLPr scores. We first examined DEGs using the criteria of adjusted p value (adj p) <
0.05. In the DLS, differential expression analysis between the naive and goal groups
identified 15 upregulated genes (G > N) and 3 downregulated genes (G <N) (Figure 9B).
In the DMS, we identified a comparable number of DEGs — 11 upregulated genes and 2
downregulated genes (Figure 9C). In the DLS, a few select genes stood out has having
potentially significant roles in FSI plasticity and excitability. Two of the three
significantly downregulated genes with goal are collagen VI al (COL6A1) and periostin
(POSTN), both of which are known extracellular matrix (ECM)-related proteins with
roles in the structure and maintenance of both PNN and ECM function (Matsunaga, et
al., 2015; Gregario, Braghetta, Bonaldo, & Cescon, 2018; Su, Cole, & Fox, 2017).
Furthermore, one of the significantly upregulated genes with goal behavior in the DLS is
the serine protease HTRA1, which has been demonstrated to preferentially degrade a
number of ECM components with a high affinity for the degradation of the perineuronal
net (PNN) component, aggrecan (Chamberland, et al., 2009). Given the known
expression of PNNs around striatal FSIs (Lee, Leamey, & Sawatari, 2008) and their role

in restricting plasticity (Carulli & Verhaagen, 2021), this first set of analyses identifies
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regulation of PNN/ECM expression as potential mechanism for the observed FSI
plasticity in the DLS.

Another DEG of note that is significantly upregulated in the goal state in the DLS
is pyruvate dehydrogenase kinase (PDK4), which is known to act as a gatekeeper
directing the switch from oxidative phosphorylation to glycolysis (Liu, et al., 2017). This
is incredibly interesting in the context of the reduced FSI excitability state observed
during goal-directed behavior presented in the previous chapter. FSIs are known to
utilize much more energy than other neurons due to their high firing properties. FSIs are
enriched with mitochondria compared to other neuronal types due to their dependency
on oxidative phosphorylation over glycolysis as their primary means of ATP generation
because oxidative phosphorylation produces significantly more ATP per cycle than
glycolysis (Kann, 2016). Interestingly, in the DLS, we see evidence of upregulated
expression of the PDK4 gene in the goal state compared to naive (Figure 9B). Elevated
Pdk4 expression would predict a switch to glycolysis in the cytosol and away from
oxidative phosphorylation in the mitochondria in DLS FSIs from goal animals, leading
to an overall decrease in ATP concentration. Thus, it is possible that this switch may be
indicative of a decrease in FSI energy demand in the goal state due to its decreased
excitability and inability to sustain firing.

In this analysis, there are 5 overlapping genes upregulated from naive to goal to

both subregions (Figure 9D). The most intriguing shared upregulated gene is early
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growth response factor 4 (EGR4), which is a transcription factor and immediate early
gene that is characterized as a plasticity-inducing gene associated with facilitating
synaptic plasticity, cytoskeletal remolding, and the opening and closing of critical
periods. Its upregulation along with other transcription factors in cortical FSIs has been
demonstrated to reinstate juvenile-like plasticity in the adult visual cortex (Bernard, et
al., 2016; Li, Carter, Gao, Whitehead, & Tourtellotte, 2005). This would suggest that
perhaps with the acquisition of goal-directed behavior FSIs in both the DMS and DLS
enter a more plasticity permissive state, perhaps underlying their modulation of

excitability.
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Figure 9. Differential expression gene analysis of PV+ nuclear transcripts at
naive and goal behavioral states. A) Schematic depicting the experimental strategy for
isolating PV+ nuclei from DLS and DMS tissue samples. B-C) Volcano plots showing
changes in DLS (B) and DMS (C) gene expression between naive and goal behavioral
conditions. Horizontal line marks adjusted p value = 0.05. D) Venn diagram showing the
number of unique and shared differentially expressed, upregulated genes between DMS
and DLS.

I also examined naive and goal gene expression differences under less stringent
criteria for differential expression (non-adjusted p-value < 0.05, log2FC > 1.5) to
determine if pathways related to the few genes with the strongest statistical effects were
enriched (Figure 10 A, B). Most notably, the most significant set of genes pulled out in
this analysis were other transcription factors (“NGF-stimulated transcription”, Figure
10G) like Egr4 known to be involved in regulation of plasticity-promoting pathways
such as Fos, Fosb, and Ascll (Andreasson & Kaufmann, 2002). All of these IEGs
exhibited increased expression in goal in both the DMS and DLS, aligning directionally
with the effects of Egr4. Interestingly, upregulation of these specific genes has also been
associated with degradation of the PNN structure and is characteristic of a juvenile,
immature neuronal state (Bernard, et al., 2016). This finding further supports the idea
that striatal FSIs in goal enter a plasticity permissive state in both subregions, perhaps
not only facilitating the mechanism underlying their own change in excitability, but also
leaving them in a highly receptive state to respond and adapt to incoming signals and
facilitate learning. Furthermore, this analysis also showed more evidence of decreased

metabolic demand because one of the main upregulated pathways is ketone body
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synthesis and metabolism. This result was found in both DMS and DLS subregions. This
result predicts a metabolic state which is consistent with the statistically robust finding
of elevated Pdk4 levels (Jha, Jeon, & Suk, 2012).

Regarding subregion specific differences in gene expression, in the DLS, but not
the DMS, there is evidence of ECM-related changes in gene expression, including
downregulation of keratan sulfate biosynthesis and metabolism (Figure 10C), which is a
class of glycosaminoglycan (GAG) known to comprise half of the PNN protein aggrecan
(Melrose, 2019). Also, in the DLS from goal animals, there is an upregulation of genes
designed to respond and protective against cellular and oxidative stress (“Regulation of
HMOX1 Expression and Activity”, Figure 10D) like genes such as BRIP1 (Mani, et al.,
2022) that is noticeably absent in the DMS. Notably, PNNs are thought to act as a
protective buffer to free radicals and oxidative stress (Carulli & Verhaagen, 2021), so an
increase in this related set of genes may suggest a need for the cell to compensate for a
potential loss of PNN structure. Altogether, these analyses introduce the hypothesis that
perineuronal net degradation in the DLS, but not DMS, is necessary for the transient dip
in FSI excitability that is found in goal-directed subjects.

A few interesting, upregulated genes in goal-directed subjects compared to naive
mice that were unique to the DMS include parvalbumin (PVALB) and the 3 subunit of
large-conductance (BK) calcium-activated potassium channel (KCNMB?2). (Figure 10B).

Parvalbumin (PV) is a calcium-binding protein whose expression is a defining trait of
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striatal fast-spiking interneurons. Previous studies have reported that decreased PV
expression facilitates GABAergic transmission (Caillard, et al., 2000; Vreugdenhil,
Jetferys, Celio, & Schwaller, 2003). In the striatum, specifically, there is evidence that a
reduction in PV expression in striatal FSIs leads to an increase in sustained high-
frequency spiking activity through decreased SK channel activation (Orduz, Bischop,
Schwaller, Schiffman, & Gall, 2013). And here in the goal state, we observe an increase in
PV gene expression in the DMS (Figure 10B) and previously in Chapter 2 we observed
an increase in the SK-dependent mAHP amplitude.

Another potentially related and interesting gene uniquely upregulated in DMS
goal is the increased expression of § subunit of large-conductance (BK) calcium-
activated potassium channel (KCNMB2). BK channels also mediate the AHP, although
they are most often associated with the fast AHP component (Wang, Zeng, Ren, & Chen
, 2008), however in FSIs the fAHP component is overwhelmingly controlled by the Kv3
channel and so it is possible that any BK channel effect on fAHP is compensated by Kv3
activity. Interestingly, here we see upregulation of 32 subunit which is known to
mediate rapid inactivation of BK currents. 32 subunit-mediated BK channel inactivation
is known to increase AP half-width leading to a broader AP which prolongs calcium
influx into the cell causing calcium to accumulate to levels that can sustain SK channel
activity and ultimately decrease firing — this is in fact a mechanism thought to protect

against seizures (Brenner, et al., 2005). Thus, both the parvalbumin and BK channel
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gene regulation changes observed in DMS FSIs predict activity consequences aligned
with the physiological properties I uncovered in Chapter 2.

Altogether, transcriptomic analyses identify divergent regulation between FSIs in
the DLS and DMS. My results specifically introduce the mechanistic hypotheses that
DLS FSIs regulate PNN/ECM structure to modify excitability, while DMS FSIs regulate

Ca2+ dynamics to reduce excitability.
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Figure 10. Less stringent differential expression gene analysis of PV+ nuclear
transcripts at naive and goal behavioral states confirms prior analysis. . A-B) Volcano
plots showing changes in DLS (A) and DMS (B) gene expression between naive and goal
behavioral conditions under. Horizontal line marks non-adjusted p value = 0.05, vertical
lines mark Log2FC = +/- 1.5. C-G) Reactome pathway analysis results for differentially
expressed genes between naive and goal in each subregion.

3.3 Naive and habit transcriptome are similarly different from
goal

In Chapter 2, we saw that the same action potential properties were modified
between the transition from naive to goal and from goal to habit in each striatal
subregion. Similarly, we see that the majority, if not all, of the significant gene hits in
both the stringent and less stringent analysis conditions similarly differ in naive vs. goal
and habit vs. goal comparisons. That is to say, genes that are upregulated in goal
compared to naive are subsequently downregulated in habit compared to goal in both
subregions (Figure 11). These results add to the physiological data supporting a
biphasic, bidirectional plasticity model in which similar effectors are responsible for the
change from naive to goal and for the change from goal to habit. Formally, there could
have been two distinct state changes as experience and adaptations progressed.
However, my data are most aligned with the model that FSI plasticity undergoes a
transient state change in association with goal-directed behavior and then returns to a

state similar to the naive in habitual subjects.
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Figure 11. Naive and habit transcriptomes are similarly different from goal. A-
D) Log2FC x Log2FC graphs comparing directionality of gene expression changes from
naive to goal to that from goal to habit. We see a significant negative such genes
upregulated from naive to goal are downregulated from goal to habit.

3.4 ECM-promoting gene expression correlates with transition
from goal to habit in the DLS and not the DMS

To identify genes driving the FSI physiological transition between goal-directed
and habitual responding subjects, I took advantage of the continuous variable feature of
the NDLPr score to identify genes whose expression significantly correlated with degree

of outcome sensitivity (i.e. the goal to habitual behavioral spectrum). In collaboration
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with the West lab, a separate DESeq2 model was built that instead of determining
differential expression between two discrete groups identifies genes whose expression
covaries with NDLPr. In this way, the log2FC would indicate which gene expression
positively or negatively correlates with increasing NDLPr score (i.e. goal -> habit).

In the DLS, just as we previously saw signs of decreased ECM
synthesis/increased ECM degradation related gene expression between naive and goal,
we now see an increase in ECM-related genes that positively correlate with increasing
NDLPr (i.e. more habit) values (Figure 12C). Also of note, are the upregulation in
oxidative phosphorylation related genes like COX1 (mt-Col), CYTB, ND1, ND2, ND4,
and ND5 with increasing habit scores (Figure 12A). COX1 or mt-Col refers to
cytochrome c oxidase and the mitochondria of PV+ fast-spiking interneurons are
particularly enriched for this protein as it is crucial for electron transport during
oxidative phosphorylation generation of ATP (Kann, 2016). This would suggest the
potential reversion to the oxidative phosphorylation pathway in the habit state to help
meet the increased energy demands of restored high-firing excitability. We also see
evidence of increased metabolism with habit in DMS FSIs as well but through the means
of increased gluconeogenesis (Figure 12E), which is responsible to the production of
glucose used as the substrate for synthesis of ATP via oxidative phosphorylation
(Cooper, 2000). Furthermore, there appears to be an overall decrease in expression of

plasticity pathway related genes like those for Erbb2 signaling (Figure 12D) and
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complement signaling (Figure 12F) both of which are known to serve plasticity inducing
roles (Ledonne & Mercuri, 2020; Parker, Bellingham, & Woodruff, 2022). This perhaps is
indicative of the closing of the plasticity permissive state in habit that was previously
suggested in goal with the upregulation of plasticity-related transcription factors and
IEGs like Egr4 and Fos. A similar analysis in DMS shows none of these relationships,
consistent with the results of the group comparisons that supported distinct DLS and
DMS mechanisms. In summary, both group-wise comparisons and quantitative
relationships between behavioral state and gene expression support DLS FSI plasticity
processes involving PNN remodeling, plasticity-permissive IEGs, and metabolic state

regulation.
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Figure 12. Differential expression of genes that significantly covary with
NDLPr score from goal to habit. A-B) Volcano plots depicting genes whose expression
positively or negatively changes with increasing steps of NDLPr score. Horizontal line
marks non-adjusted p value = 0.05, vertical lines mark Log2FC = +/- 0.5. C-G) Reactome
pathway analysis results for differentially covaried genes along NDLPr spectrum from
goal to habit in each subregion.
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3.5 Discussion

In this chapter, we observed a number of interesting genes and pathways
differentially expressed between the behavioral states of naive and goal and goal and
habit and gained unique insight into changing FSI transcriptome landscape with
behavior that introduces a new working model for candidate mechanisms underlying
the FSI plasticity accompanying habit learning.

In the DLS, combined evidence from physiology experiments in Chapter 2 and
RNAseq data from this chapter suggest a potential mechanism by which FSIs experience
a reduction in their surrounding PNN-structure ultimately leading to the induction of a
plasticity permissive state with goal, as has previously been described in other brain
regions (Carulli & Verhaagen, 2021). PNN expression has also been associated with the
regulation of ion channel expression and diffusion within the membrane, particularly
Kv3 channels (Favuzzi, et al., 2017; Hartig, et al., 1999), and is thought to be a
mechanism underlying the influence of PNN on intrinsic excitability as many others
have reported a decrease in firing at high current inputs with PNN degradation
(Wingert & Sorg, 2021).

In the DMS, we see no evidence of PNN modulation in the RNAseq data,
suggesting a region-specific role of PNN regulation of FSI excitability. However, we still
see the DMS FSIs enter a plasticity favorable, low-energy demand state as in the DLS.

Distinctly, both physiology and RNAseq experiments suggest a larger role of
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parvalbumin and calcium dynamics underlying their modulation of intrinsic firing. In
Chapter 2, there was a marked increase in FSI mAHP amplitude in the DMS from goal
animals while DLS FSIs instead observed changes in their fAHP amplitude and decay
kinetics. In addition to the upregulation of plasticity-related genes and transition to
lower energy state, we also observed a robust increase in parvalbumin gene expression
in the DMS with goal-directed behavior but not in the DLS. These data are indicative of
region-specific control of the FSI transcriptome and downstream effector proteins. I will
perform targeted investigations for further evidence of these two strategies in the next

chapter.
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Chapter 4: Region-specific mechanisms for FSI
plasticity in the dorsal striatum

Results from the two previous chapters suggested two regionally distinct
candidate mechanisms for the reduction of FSI excitability observed in goal-directed
behavior, namely regulation of perineuronal nets and Kv3 expression in the DLS and
parvalbumin expression and SK channel activity in the DMS. In this chapter, I perform
quantitative immunohistochemical measurements of the proteins suggested by the gene

expression results.

4.1 Materials and methods
4.1.1 Animals

This set of experiments utilized male and female adult (P90-120) C57BL/6] mice.
All animals were trained as either chamber controls or on the RI-schedule of an operant
lever press task as described in Section 2.1. Within 0-2 hours of the end of the last
training session after devaluation, mice were sacrificed and transcardially perfused with

4% PFA.

4.1.2 Immunohistochemistry

For preparation of brain tissue for IHC, mice were anesthetized by aerosolized
isoflurane followed by opening of the thoracic cavity and transcardial perfusion with 1x
PBS followed by fixation with 4% paraformaldehyde. Perfused brains were carefully
removed and stored in 4% PFA overnight then rinsed three times with 1x PBS. Brains

were sectioned using a Vibratome at a thickness of 40 microns for coronal sections.
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Immunohistochemistry was performed on free-floating sections that were at an
anteriorposterior distance from Bregma of approximately 1.0mm, 0.88mm, and 0.76mm.

Sections were washed three times with 1x PBS plus 0.3% Triton X-100 (PBS-T),
blocked for 2 hours at RT in 10% Goat Serum, New Zealand origin [ThermoFisher
Scientific (Gibco) cat# 16210064] + 1% bovine serum albumin (BSA), followed by
incubation overnight at 4°C with constant rotation on an orbital shaker in Wisteria
Floribunda (Japanese Wisteria) Lectin (WFL), fluorescein (FITC) [1:1000, ThermoFisher
Scientific (Invitrogen), cat # L32481] diluted in 5% Goat Serum in PBS-T.

The sections were then washed three times with PBS-T and incubated for 2 hours
at RT with a Fluorescein/Oregon Green Polyclonal Antibody (to amplify the Lectin
WFA-FITC) to Rabbit [1:1000, ThermoFisher Scientific (Invitrogen), cat# A-889;
RRID:AB_221561] and commercially available primary antibodies to guinea pig anti-
parvalbumin [1:1000, Synaptic Systems GmbH, cat# 195 004; RRID:AB_2156476] and
Anti-Kv3.1b K+ channel mouse monoclonal primary antibody [1:100, Antibodies
Incorporated, cat# 75-041; RRID:AB_2131480]. All were diluted in 5% Goat Serum in
PBS-T.

The sections were then washed three times with PBS-T and incubated for 2 hours
at RT with corresponding secondary antibodies raised in goat obtained from
ThermoFisher Scientific (Invitrogen). They are Goat anti-Rabbit Antibody, Alexa

Fluor™ Plus 488 [1:500, cat# A32731; RRID:AB_2633280], Goat anti-Guinea Pig
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Antibody, Alexa Fluor™ 546 [1:500, cat# A-11074; RRID:AB_2534118], Goat anti-Mouse
Antibody, Alexa Fluor™ 647 [1:100, cat# A-21240; RRID:AB_2535809].

The sections were then washed three times with PBS-T and incubated for 10
minutes at RT with Hoechst 33342 (ultra-pure) diluted in 5% Goat Serum in PBS-T
[1:750, Enzo Life Sciences, cat# ENZ-52401].

The sections were again washed three times with PBS-T and mounted on slides
and cover-slipped using VECTASHIELD Vibrance® Antifade Mounting Medium

[Vector Laboratories, cat# H-1700] and dried overnight at RT.

4.1.3 Image acquisition and processing

Imaging of samples involving IHC staining was performed using an Andor
Dragonfly Spinning Disc Confocal Microscope with an iXon EMCCD camera. 40X
magnification. All images were obtained under identical conditions, by an investigator
who was blinded to experimental condition. Somatic fluorescent intensity was measured
using FIJI Image] analysis software (http://imagej.nih.gov/) by generating a mask of PV
soma using the max intensity projection and selecting each individual soma as a region
of interest (ROI) using the wand selection tool. The ROI was then extended 2 microns
past the soma edge to fully encompass PNN structure. Corrected total cell fluorescence
(CTCF) was calculated based on the measured integrated density minus (area of the

selected cell x mean fluorescence of background readings).
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4.1.4 PV, PNN, Kv3.1b quantification

2 cortical brain slices (4 hemispheres) per animal were selected based on
anatomical landmarks and similarity to regions used in acute slice physiological
recordings. Corrected total cell fluorescence (CTCF) was calculated based on the
measured integrated density minus (area of the selected cell x mean fluorescence of
background readings). Cells were called WFA+ if the background-corrected signal was

at least 20% above the average background intensity for that experiment.

4.1.5 Statistics

Data shown as mean + SEM and analyzed using GraphPad Prism 10.0 software.
as indicated in the figure legends. Data acquired from IHC studies were analyzed by
two-tailed nested t test or nested one-way ANOVA where appropriate for P value
and F statistic as indicated in the figure legend. All r values were obtained using Pearson

correlation analyses. For all statistical tests, confidence interval was set to o = 0.05.

4.2 Region-specific modulation of PNNs with habit learning

I performed a set of IHC experiments designed to address whether PNN, Kv3
and parvalbumin expression changed over the course of habit training. I first examined
PNN expression surrounding striatal PV+ FSIs in DMS and DLS subregions across
naive, goal, and habit subjects. Wisteria floribunda agglutinin (WFA) is the most widely
applied marker for PNNs and so I measured the expression levels of WFA signals

surrounding PV+ FSIs in both striatal subregions. I saw no significant change in the
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overall intensity levels of WFA signal in either subregion (Figure 13B & C). However,
there was a significant and selective reduction in the percentage of PV+ FSIs that were
associated with WFA expression in goal directed subjects in comparison to either naive
or habitual mice (Figure 13D). This reduction occurred in the DLS but not the DMS
(Figure 13D). This is in line with RN Aseq data from chapter 3 in which the DLS was
more strongly associated with changes in ECM-related gene expression than in the DMS.
Furthermore, the percentage of FSIs possessing a PNN structure for a given animal
moderately correlates with their NDLPr score, suggesting that an increasing amount of
FSIs with PNNs may help facilitate the transition to habitual responding. Finally, it was
notable that in the naive state, the DMS starts out with a lower percentage of FSIs
positive for WFA compared to the DLS (Figure 13D), perhaps reflecting less of a need to
degrade these structures in the first place. Together, these data suggest that there is a
region-specific reduction in FSIs with PNN structures in goal-directed subjects, further
substantiating its involvement in DLS FSI plasticity associated with this behavioral

stage.
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Figure 13. PNN Expression is dynamically regulated by habit learning in the
DLS but not the DMS. A) Representative PV (red) and WFA (green) immunostaining in
both the DLS (left) and DMS (right). B-C) PV+ cells exhibit no change in overall WFA
intensity in the DLS or DMS (Nested one-way ANOVA: Naive, N =5 mice, n = 846 cells;
Goal, N =6 mice, n =991 cells; Habit, N =5 mice, n = 861 cells; P > 0.05) D) Decrease in
percent of PV+ cells that are positive for WFA signal in the DLS (Nested one-way
ANOVA: Naive, N =5 mice, n = 20 ROIs; Goal, N = 6 mice, n =24 ROIs; Habit, N=5
mice, n =20 ROIs; F(2,13) = 3.864, P < 0.05) but not the DMS (Nested one-way ANOVA:
Naive, N =5 mice, n =20 ROIs; Goal, N = 6 mice, n = 24 ROIs; Habit, N =5 mice, n =20
ROIs; F(2,13) = 0.8663, P > 0.05). % WFEA+/PV+ lower in DMS than DLS in naive mice
(Nested t-test: DLS, N =5 mice, n = 20 ROIs; DMS, N =5 mice, n = 20 ROlIs; F(1,38) =
2.330, P < 0.05). E-F) Percent of PV+ cells that are WFA+ per animal positively correlates
with NDLPr in the DLS (r=0.6645, P < 0.05) but not in the DMS (r=0.3071, P > 0.05).
4.2.1 PNN state predicts Kv3.1b expression in dorsal striatum

Because PNN structures have previously been shown to regulate expression and
clustering of Kv3 channels in the hippocampus (Favuzzi, et al., 2017) and because in my
studies, I observe both differences in the action potential component that Kv3 channels
contribute to (fAHP) and in the percentage of FSIs with PNNs (WFA positivity),
hypothesized that the absence of a PNN would be associated with lower Kv3 channel
expression in striatal FSIs. I chose to assess Kv3.1b channel expression in particular
because it is one of the most prominently expressed Kv3 channels in striatal FSIs (Wang,
Zeng, Ren, & Chen, 2008). I found that FSIs without a surrounding PNN structure had
significantly lower Kv3.1b channel expression compared to PNN-positive FSIs (Figure
14B & C). This relationship was true regardless of behavioral state or subregion. This is
interesting as it suggests that PNNs can similarly manipulate Kv3.1b expression in both

subregions to modify excitability yet the DMS does not appear to exploit this strategy in

goal-associated plasticity. Perhaps this preference is the result of baseline differences in
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PNN expression levels between the DLS and DMS (Figure 13D) that bias towards the

efficient and effective use of one strategy over another.
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Figure 14. PNN state predicts Kv3.1b expression in the dorsal striatum. A)
Representative WFA, Kv3.1b, and PV immunostaining in a WFA+ and WFA- PV+
neuron. B-C) Kv3.1b expression is reduced in WFA(-) PV+ cells compared to WFA(+)
ones regardless of behavioral state or striatal subregion. (DLS: Nested t-test: Naive,
(WFA+) N =5 mice, n =717 cells, (WFA-) N =5 mice, n = 129 cells, F(1,8) = 2.403, P = 0.02;
Goal, (WFA+) N = 6 mice, n =745 cells, (WFA-) N = 6 mice, 248 cells, F(1,10) =3.353, P =
0.002; Habit, (WFA+) N =5 mice, n = 752 cells, (WFA-) N =5 mice, 129 cells, F(1,8) =
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2.676, P =0.01;, DMS: Nested t-test: Naive, (WFA+) N =5 mice, n =609 cells, (WFA-) N =5
mice, n = 159 cells, F(1,8) = 2.355, P = 0.02; Goal, (WFA+) N = 6 mice, n = 795 cells, (WFA-)
N = 6 mice, 198 cells, F(1,10) = 3.619, P = 0.001; Habit, (WFA+) N =5 mice, n = 649 cells,
(WFA-) N =5 mice, 144 cells, F(1,8) = 2.254, P = 0.03).

4.3 Parvalbumin as a candidate for FSI plasticity in the DMS

Two experimental approaches, RNAseq and IHC, have yielded results that DMS
FSIs do not modify PNN expression with behavior. Instead, in DMS, RN Aseq
experiments identified an increase in parvalbumin transcript expression in goal-directed
subjects, as compared to either naive or habit. Prior work establishes that increased
parvalbumin levels in striatal FSIs can lead to an elevated residual Ca2+ state between
action potentials that results in the sustained activation of SK channels and subsequent
decrease in firing (Orduz, Bischop, Schwaller, Schiffman, & Gall, 2013). My
physiological measurements show that the component of the action potential that SK
channels strongly support in striatal FSIs, the mAHP, is also increased in goal-directed
mice. Together, these observations lead to the hypothesis that increased parvalbumin
expression in DMS FSIs drives downstream changes in residual calcium and SK channel
activity as a mechanism for FSI reduced excitability in goal-directed mice. To test this
hypothesis, I quantified PV expression levels across behavioral states in both the DMS
and DLS. Only DMS FSIs showed a significant increase in PV expression in goal mice
relative to either naive or habitual mice (Figure 15B). No significant effect on PV
expression were observed in DLS across any group-wise comparisons (Figure 15A). The
increase in DMS PV expression is not related to PNN state. Although in the DLS, there is
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a marked difference in PV expression levels dependent on the presence or absence of a
PNN structure in the goal-directed behavioral state. However, this difference is only a
trend in the DMS, where FSIs show lower levels of PV expression than DLS, regardless
of PNN state. And so, it seems unlikely that parvalbumin expression is regulated as a
function of PNN expression in the DMS, but rather that increased PV levels are

determined by some other factor.
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Figure 15. Acquisition of goal-directed behavior elevates PV expression
regardless of perineuronal net state in DMS. A) DLS FSIs see no significant change in
PV expression levels across behavioral states (Nested one-way ANOVA: Naive, N =5
mice, n = 846 cells; Goal, N = 6 mice, n = 991 cells; Habit, N = 5 mice, n = 861 cells; F(2,13)
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=1.782, P =0.2070) B) DMS FSIs display elevated PV expression level with emergence of

goal-directed behavior (Nested one-way ANOVA: Naive, N =5 mice, n =767 cells; Goal,
N = 6 mice, n = 993 cells; Habit, N =5 mice, n = 796 cells; F(2,13) = 3.854, *P = 0.04). C)

PV+ cells that are WFA(-) express lower levels of PV than PV+ WFA(+) cells (Nested t-
test: Goal, (WFA+) N = 6 mice, n = 745 cells, (WFA-) N = 6 mice, 248 cells, F(1,10) =57.18,
P <0.0001). D) DMS FSIs show no significant difference in PV expression between
WEFA(+) and WFA(-) PV+ cells (Nested t-test: Goal, (WFA+) N =6 mice, n =795 cells,
(WFA-) N = 6 mice, 198 cells, F(1,10) = 3.107, P = 0.1084).

4.4 Discussion

Overall, evidence presented in this chapter validates my physiological and
transcriptomic experimental observations that indicated two distinct region-specific
strategies to regulate FSI plasticity. Namely, in the DLS, the acquisition of goal-directed
behavior is accompanied by a reduction in the percentage of PNN-positive FSIs which
also show lower FSI Kv3.1b expression. While in the DMS, goal-directed behavior is
accompanied by elevated FSI parvalbumin expression levels independent of the
presence of PNNs.

Additionally, my results identify quantitative differences in these components
between DMS and DLS in the naive state that offer some suggestion as to why each
region utilizes a distinct mechanism to achieve a similar FSI physiological outcome. I
found that basally the DMS has a lower percentage of FSIs with PNN structures than the
DLS and so perhaps DMS FSIs are already in a low PNN state, making it less likely or
unnecessary that the DMS further reduce PNN expression in order to undergo plasticity.
Similarly, the DLS FSIs are known to express higher levels of PV than DMS FSIs
(Monteiro, et al., 2018) and perhaps this places DLS FSIs closer to ceiling for PV
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expression compared to DMS FSIs and as such limits the usefulness of increasing PV

levels to reduce excitability.
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Chapter 5: Conclusions

In this concluding chapter, I will briefly summarize the original findings
presented herein. Then, I will discuss the implications of this work and how these
results advance our understanding of striatal circuit mechanisms for adaptive behavior

before finally addressing important limitations and future directions.

5.1 Summary of findings

Here, I provide original findings of region-specific, experience-dependent, long-
lasting striatal FSI plasticity. Intrinsic membrane excitability significantly differed
between goal-directed and habitual mice, with DLS FSIs from habitual animals being
more excitable. Despite opposing roles for DMS and DLS in supporting goal vs habit
behavior, I observed similar modulation of FSI excitability in both DMS and DLS
regions. More specifically, I found a biphasic and bidirectional change in FSI excitability
upon comparisons of naive, goal-directed and habitual mice. FSI excitability is most
similar between naive & habitual states, indicating that acquisition of goal-directed
behavior introduces a transient dip in FSI excitability, updating working models for
habit learning & expression.

Despite the commonality that both DMS and DLS show reduced FSI excitability
in goal-directed mice, electrophysiological, transcriptomic, and immunohistochemical
experiments reveal that the DMS & DLS deploy distinct mechanisms to achieve this

state. In the DLS, the emergence of goal-directed behavior correlates with degradation of
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PNNs surrounding FSIs and decreased expression of Kv3 channels. In the DMS,
elevated parvalbumin (PV) expression and Ca2+-activated potassium channel activity is
associated with the emergence of goal-directed behavior. RNAseq data show that FSIs in
both subregions have elevated transcription of plasticity-related genes in the goal-

directed state.

5.2 Implications

As previously discussed at the end of Chapter 1, the question of whether and
how learning modifies inhibitory interneurons remains largely unexplored. This is
especially true in dorsal striatal circuitry. There has been a long-standing assumption in
the habit field that the local striatal circuitry default is a configuration suitable for the
acquisition of goal-directed behavior and that any plasticity driving this early phase of
learning occurs at incoming excitatory synaptic inputs onto SPNs. As such, little
attention has been given to local microcircuit plasticity between naive and goal-
directed/early learning states with most effort almost exclusively directed towards a
comparison of the goal-directed and habitual states. My results substantially revise the
working model for habit learning in the striatum — namely that at the level of the FSI the
goal state is more different from the naive state and the habit state is more similar to the
naive state than previously thought. This updated model is reminiscent of cortical PV+
FSI learning models, which associate a low PV expression state with early learning and a

high PV expression state with late learning stages (Donato, Rompani, & Caroni, 2013).
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However, this cortical model accounts only for PV expression levels, leaving its
relationship to activity unknown. Here, in striatal FSIs, I find that FSI excitability tracks
PV levels in Dorsomedial but not dorsolateral striatum. It is interesting to further
consider the implications of these regional differences. In DMS, an increase in PV
expression occurs in the goal/early learning state unlike what is observed in the cortex. It
is worth noting that the impact of a “low PV state” on FSI excitability and/or activity in
the cortex was not explicitly demonstrated in the cortex and previous studies have
suggested that the ultimate role of parvalbumin can differ as PV function is highly
dependent on the absolute amount present at any given time (Caballero, Flores-Barrera,
Thomases, & Tseng, 2020). In this way, it's possible that both the cortex and striatum
similarly display reduced PV activity in early learning states compared to both baseline
and late learning stages.

Prior to starting this work, it was unclear and in fact unexpected that I would
observe any evidence of FSI plasticity with habit learning in the DMS. Previous work
has shown us that striatal FSIs are expressed in a mediolateral gradient across the dorsal
striatum with fewer FSIs residing in the DMS (Gerfen, Baimbridge, & Miller, 1985).
Additionally, both ex vivo and in vivo work in naive animals suggests that striatal FSIs
have robust control over SPN activity in the DLS with little to no influence on SPN
activity in the DMS, while DMS SPN output sees greater influence by somatostatin

(SOM) interneurons (Fino, Vandecasteele, Perez, Saudou, & Venance, 2018).
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Furthermore, recent in vivo manipulations suggest that SOM interneurons in the DMS
are necessary for the acquisition of goal-directed behavior (Holly, et al., 2019). Combine
all of this with the fact that the DMS and DLS are thought to have two separate roles in
goal and habit behavior, and this evidence suggests that FSIs in the DMS may not play a
substantial role in the regulation of goal-directed and habitual behavior. However, my
study reveals a significant and shared reduction in FSI excitability in both subregions.
This has important implications for our understanding of how FSIs influence SPN
output in a given region and raises the possibility that that might change with
experience-dependent plasticity. This is a significant question to address in future
studies.

The results outlined here provide the first mechanistic description of any dorsal
striatal FSI plasticity mechanism induced with learning. Not only is it the first example
of both experience-dependent PNN plasticity and parvalbumin plasticity but it is also
the first example of region-specific mechanisms controlling local striatal plasticity. This
highlights the independent regulation of the two subregions in our working models for
striatal learning and any manipulations. However, while the mechanisms of action may
differ, the plasticity phenotype is remarkably similar across subregions. This fact again
brings up the question of regional differences in FSI control over SPN activity, but also
asks what the purpose of the dip in FSI excitability during goal is in each respective

region on learning and behavior.

94



Finally, the work presented here offers new insight into mechanisms underlying
neuropsychiatric diseases linked to maladaptive habit formation. Fewer striatal FSIs
have been reported in both Tourette’s syndrome (Kalanithi, et al., 2005) and obsessive-
compulsive disorder (OCD) based on parvalbumin immunohistochemistry to identify
FSIs. Interestingly, this result might be related to reduced PV expression rather than
fewer FSIs. If this is indeed the case, the finding of regulated PV expression in normal
habit learning suggests a possible link between overly reduced PV expression levels and
maladaptive habit circuitry and neuropsychiatric disorders. This work also presents two

distinct and novel targets for region-selective interventions.

5.3 Limitations and future directions

Here I will discuss the limitations of the work laid out herein and important
future directions of study that they raise.

One of the primary findings of this work is the reduction in FSI excitability
observed in both the DMS and DLS. However, this study does not address how a change
in FSI excitability translates to FSI recruitment at a circuit level or activity in vivo with
each subregion, which can give incredible insight into how altered FSI excitability
manifests within striatal circuit dynamics. Understanding changing striatal FSI activity
in vivo is likely more complicated in practice as others have tried to isolate and
understand FSI activity in vivo during motor learning and choice tasks (Berke, 2008;

Berke, 2011) and have had significant difficulty aligning FSI activity to behavioral
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events. However, it is possible to address this question in acute brain slice examining FSI
recruitment to afferent stimulation in order to isolate FSI output within the local DMS or
DLS circuitry. The results of such an experiment may provide some insight into other
nodes of plasticity contributing to FSI function. In fact, this may be how habit
differentiates from naive or the DMS differentiates from the DLS. One may find that
despite similar levels of FSI excitability, naive and habit may manifest with distinct FSI
recruitment or output due to contributions to FSI evoked firing from other sources.

The findings presented here have addressed the question of when, where, and
how striatal FSI plasticity occurs but what remains to be seen is why striatal FSI
plasticity occurs. Specifically, it was quite surprising to find similar plasticity
phenotypes exhibited in both the DMS and DLS. If FSIs really have little to no influence
over DMS SPN activity in the naive brain (Fino, Vandecasteele, Perez, Saudou, &
Venance, 2018), then it begs the question of why DMS FSIs are even undergoing
plasticity with learning. The implication of this is that perhaps the FSI-SPN relationship
is also being regulated and changing with learning in the DMS (and thus perhaps the
DLS as well) such that in goal or habit stages a change in FSI control over SPN activity
occurs ultimately modifying SPN output and downstream behavior. Future studies
aimed at addressing this question would be quite impactful for the field in trying to
understand the overlapping and divergent contributions of the local striatal

microcircuitry to DMS and DLS output in learning and behavior. Examining DMS and
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DLS output via a 2-photon acute slice preparation with and without contributing FSI
activity (via pharmacological or optical inhibition) is a feasible means to address this
question.

Given that the insights provided by the RNAseq dataset are a primary
substantiating piece of evidence for the mechanistic claims of the findings, it will be
important to separately validate key RN Aseq kits using other techniques such as
RNAscope across different regional and behavioral conditions. In particular,
confirmation of plasticity-related immediate early genes (IEGs) like Egr4 and Fos will be
important in order to support the claim of the transition to an immature, plasticity-
permissive state with the emergence of goal-directed behavior.

Finally, a key limitation with this study is lack of causation. It remains unknown
whether manipulating either PNNs or PV expression is sufficient and/or necessary to
modify habit learning or expression. Related to this, it remains unclear whether the dip
or reduction in FSI excitability is necessary for the emergence or expression of goal-
directed behavior, or maybe it is necessary for the transition to habit. It will be necessary
to explore the functional role of this reduced FSI excitability state in both the DMS and
DLS. In the DLS, we know that FSI activity is necessary for the expression of habitual
behavior (O'Hare, et al., 2017); however, we have no knowledge of the functional
significance of DMS FSIs on behavior or the impact of their excitability state in the

acquisition of goal-directed behavior or the transition to habitual behavior. It will be
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crucial to try and separately prevent the dip in FSI excitability in the DMS and DLS. In
the DLS, we can prevent the breakdown of the PNN by potentially overexpressing
neuron-specific PNN components like aggrecan or inhibit PNN enzymatic activity,
while in the DMS we can overexpress PV from a naive state and ask whether each
region-specific manipulation impairs early/goal learning or perhaps prevent the

expression of habitual behavior.
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