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Dissecting Striosome Circuitry and the Mechanisms of Tardive Dyskinesia 

Matthew Mark McGregor 

Abstract 

 
The basal ganglia are a group of interconnected, subcortical nuclei that mediate a wide array of 

behavioral functions. The primary input nucleus of the basal ganglia, the striatum, is a region 

implicated in behaviors ranging from motor control, reward learning, decision making, habit 

formation, to social interaction. How these diverse behavioral functions map onto various striatal 

cell types and circuit connections remains a major question within the basal ganglia field. Classical 

models of striatal circuitry that divide output neurons into populations called the direct and indirect 

pathways have proven extremely useful in understanding how the striatum mediates function such 

as movement initiation and behavioral reinforcement. Furthermore, such models have played a 

foundational role in understanding the pathophysiology of disorders linked to the basal ganglia, 

such as Parkinson’s disease and Huntington’s disease. These models, however, struggle to 

explain how the striatum mediates other well-established functions, and in other types of disease 

can even lead to behavioral predictions contrary to what is observed. Here, we began by reviewing 

foundational models of basal ganglia function and how they informed present understanding of 

Parkinson’s disease mechanisms. Next, we built on this foundation by exploring how alternative 

models of striatal circuitry might be used to better understand basal ganglia function and 

dysfunction through two parallel approaches. First, we investigated whether striosome and matrix 

neurons—an alternative model for dividing striatal neurons—differ in the electrophysiological 

properties and synaptic connectivity. Early anatomical work suggested that striosome and matrix 

may represent two parallel circuits, relaying limbic and motor information to downstream nuclei, 

respectively. However, recent attempts to genetically isolate these population cast doubt upon 

these earlier findings. Using a developmental approach to isolate striosome and matrix neurons, 

we found that these population receive differing cortical input consistent with early anatomical 
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studies. Furthermore, we determined that striosome and matrix differ in how they process cortical 

input and where they project information within the midbrain. Next, we investigated how changes 

in striatal activity relate to a disorder called tardive dyskinesia (TD). Resulting from chronic 

administration of antipsychotic medications, TD is characterized by involuntary movements of the 

face, mouth, and tongue that can be irreversible once developed. Several lines of evidence 

implicate a causal role for the striatum in TD, and classical models predict that excessive 

involuntary movements may be driven by hypoactivity of indirect pathway neurons. Unfortunately, 

little is known about how striatal activity changes over the course of the disease. To address this 

gap in knowledge, we used a combination of genetic manipulations, in vivo recordings, and slice 

electrophysiology to determine how striatal activity changes of the development of TD. Currently 

in progress, our findings indicate that alternative changes outside that predicted by classical 

models of basal ganglia function likely underlie TD. Mainly, we find that TD may arise as the result 

of changes in dopaminergic signaling that affect both direct and indirect pathway neurons. In 

combination, the results of these projects demonstrate that additional models of striatal circuitry 

are necessary to describe its function, and additionally identify new cellular populations on which 

to build such models. 
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CHAPTER 1  

Introduction 

 

1.1 Overview of Dissertation 

 Over the past several decades, a symbiotic relationship between basic, translational, and 

clinical research has critically shaped our understanding of basal ganglia function. In this 

dissertation, we continue that tradition by exploring basic models of basal ganglia function and by 

probing the underlying mechanisms of disorders such as Parkinson’s disease and tardive 

dyskinesia. 

 In Chapter 1, we begin with a brief overview of the basal ganglia’s circuitry and its role in 

behavior. Next, we introduce several models of basal ganglia function that explore how such 

circuitry gives rise to these behaviors. We then provide a more extensive review on striosome 

and matrix, two populations of striatal neurons that form the basis for a largely understudied model 

of basal ganglia function. Lastly, we provide an overview on a disease called tardive dyskinesia 

and how basal ganglia dysfunction might contribute to its manifestation. 

In Chapter 2, we review the circuit mechanisms of Parkinson’s disease, a disorder that 

fueled decades of discovery within the basal ganglia. In addition to reviewing clinical features of 

the disease and future directions of the field, we highlight how models of the basal ganglia and 

findings in Parkinson’s disease inform each other. 

 In Chapter 3, we investigate the function of striosome and matrix neurons. Using a 

developmental approach to identify striosome and matrix neurons, we find that these populations 

differ in their upstream and downstream connectivity with other brain regions. Our findings support 

a model in which striosome neurons exist as part of a limbic loop within the basal ganglia that 

may play an important role in regulating dopamine, while matrix neurons contribute to the 

traditional sensorimotor loop. 
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 In Chapter 4, we reveal preliminary findings into the brain regions, cell types, and activity 

patterns that mediate tardive dyskinesia. To do this, we use a mouse model of the disease in 

combination with ex vivo physiology and in vivo optogenetics, imaging of dopamine and neural 

activity, and a newly developed system for detecting orofacial movements. We find that tardive 

dyskinesia may result from hyperdopaminergic signaling and its impact on a subset of neurons 

with the ventrolateral portion of the striatum. 

 Lastly, we conclude in Chapter 5 by discussing how our findings fit into the current 

understanding of basal ganglia function. We then speculate on the future directions of research 

into basal ganglia and diseases such as tardive dyskinesia.  

 

1.2 Introduction to the Basal Ganglia 

1.2.1 Summary 

 To begin, we cover basic information pertinent to understanding the basal ganglia and the 

major outstanding questions about its function. We begin by detailing the basic anatomy of the 

basal ganglia, then the specific anatomy of the striatum. Next, we briefly cover some of the major 

behavioral functions it serves. Lastly, we provide introduction to several prominent models aimed 

at explaining how the basal ganglia mediates is behavioral functions. 

  

1.2.2 Anatomy of the Basal Ganglia 

 The basal ganglia is a group of interconnected nuclei whose key parts can be divided like 

that of a computer into input, intermediate processors, and output. In this analogy, the user of the 

computer is considered to be the cerebral cortex. Thus, the structure of the basal ganglia is 

designed to receive information from the cortex, process it, and return some output back (Figure 

1.1). Here, we cover the basic regions of the basal ganglia involved in this process. 

The primary input nucleus of the basal ganglia is the striatum. Situated beneath the cortex, 

the striatum receives glutamatergic (excitatory) inputs from nearly every cortical region, as well 
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the thalamus. These glutamatergic projections are integrated with dopaminergic input from the 

substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) (Moore and Bloom, 

1978). Unlike glutamatergic signals that can directly drive neuronal firing, these dopaminergic 

inputs plays a modulatory role, adjusting the strength of the glutamatergic projections and the 

overall output of the striatum to its downstream targets. 

The diverse set of synaptic input received by the striatum is next transformed and relayed 

by two major GABAergic (inhibitory) pathways, the “direct” and “indirect” pathways. Striatal 

neurons that make up the direct pathway project directly to output nuclei of the basal ganglia, the 

globus pallidus pars interna (GPi) and the substantia nigra pars reticulata (SNr), both of which are 

seated at the base of the brain. Conversely, neurons of the indirect pathway project to 

intermediate basal ganglia nuclei that continue to process information. First, striatal neurons 

project to the globus pallidus externa (GPe). The GPe then sends GABAergic projections to the 

only excitatory nucleus in the basal ganglia, the subthalamic nucleus (STN). Named for its position 

just beneath the thalamus, the STN relays excitatory projections to the GPi and SNr. 

The GPi and SNr are the output “devices” of the basal ganglia. They send inhibitory 

projections to thalamus, which in turn innervates cortex, returning the processed information to 

complete the “cortico-basal ganglia-thalamo-cortical loop” (Parent and Parent, 2004). Thus, 

information tends to literally flow down and through the basal ganglia before being sent back up 

to the cortex. At the top, the cortex projects down to the striatum, which directly and indirectly 

send information down to the SNr and GPi, two regions that then relay it back up to the cortex 

through the thalamus. (In humans and other primates, the GPi is the major source of basal ganglia 

output. In rodents, the SNr is the major source of basal ganglia output and the GPi is referred to 

as the entopeduncular nucleus. For the purpose of this introduction, we will use GPi and SNr 

interchangeably to refer to the primary output nucleus of either primates or rodents, respectively). 

What is the purpose of this basal ganglia computer within the brain? In the next section, 

we discuss some of the behavioral functions known to be mediated by the basal ganglia.  
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1.2.3 Behavioral Roles of the Basal Ganglia 

 The basal ganglia mediates a diverse range of behavioral functions. Early studies of the 

basal ganglia were heavily influenced by our understanding of disorders such as Parkinson’s and 

Huntington’s disease (DeLong and Wichmann, 2009). Although the non-motor portion of these 

diseases is increasingly appreciated, they have historically been viewed as movement disorders, 

and as a consequence the basal ganglia were believed to be primarily a motor circuit.  Later, the 

discovery that midbrain dopamine neurons in the SNc and VTA encode rewarding stimuli 

expanded the role of the basal ganglia to cognition and learning (Ljungberg et al., 1992; Schultz 

et al., 1993, 1997). The idea that the basal ganglia updates expectations and behavior based on 

the outcomes of previous actions quickly emerged as one of its major functions. Since then, the 

basal ganglia has become well established as a key player in disorders such as addiction and 

depression, and multiple fields investigating its role in reward and aversion have since emerged. 

The addition of cognitive functions to the basal ganglia’s role in behavior has led to a revised view 

of its motor function. Rather than simply executing movements, the basal ganglia is now thought 

to play a critical role in the selection of appropriate actions.  

Presently, the list of basal ganglia functions continues to expand. Recent work has shown 

the basal ganglia is involved in motor learning, habit formation, action selection, socialization, and 

several forms of decision making (Gremel and Costa, 2013; Friedman et al., 2015; Kawai et al., 

2015; Yttri and Dudman, 2016; Walsh et al., 2018; Zalocusky et al., 2016). As the list of basal 

ganglia functions grows, a major focus of the field has been to explain how these different 

functions map onto basal ganglia. Such efforts require identification of different cells, mapping of 

connectivity, and understanding of how activity patterns generate behavior. When combined, 

these elements come together to form a model of basal ganglia function. 

In the next section, we briefly cover prominent models of basal ganglia function. For a 

more detailed overview of these models and how they fit into our understanding of Parkinson’s 

disease, refer to Chapter 2. 
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1.2.4 Models of the Basal Ganglia Function 

The Parallel Circuit Model  

 The parallel circuit posits that the different functions of the basal ganglia are organized in 

parallel lines of information flow organized along anatomical axes. Derived from early anatomical 

studies of the basal ganglia (Alexander et al., 1986; Alexander and Crutcher, 1990), it was shown 

that separation of cortical information in the striatum is maintained in subsequent downstream 

regions. For example, the motor cortex projects to the motor portion of the striatum, which projects 

to the motor portions of the GPe and GPi. Over the last several decades, the parallel circuit model 

has largely been confirmed (Foster et al., 2021; Lee et al., 2020), though exceptions have been 

recently identified (Aoki et al., 2019). 

 The strength of the parallel circuit model is that it provides a concrete, structural basis for 

how different types of information are processed within the basal ganglia. Subsequent models 

have focused on characterizing the processing itself. 

 

Classical Model 

 The classical model of basal ganglia function focuses on how dopamine modifies the firing 

rate of the direct and indirect pathway to adjust motor output. In this model (Penney and Young, 

1983; Albin et al., 1989; DeLong, 1990), dopamine has two main effects: 1) it increases the firing 

of direct pathway striatal neurons and 2) decreases the activity of indirect pathway neurons. This 

function was attributed to the fact that direct pathway neurons express “excitatory” (Gs-coupled) 

D1-type dopamine receptors (D1Rs), whereas indirect pathway neurons express “inhibitory” (Gi-

coupled) D2-type dopamine receptors (D2Rs) (Gerfen and Surmeier, 2011).  

 Increasing direct pathway activity and decreasing indirect pathway both cause increased 

movement by reducing firing in the GPi. The direct pathway directly suppresses GPi activity 

(Freeze et al., 2013; Lee et al., 2016) so increased firing leads to greater inhibition. The indirect 

pathway acts through a more complicated route: inhibition of indirect pathway neurons in the 
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striatum 1) disinhibits neurons in the GPe, which 2) suppresses neurons in the STN, leading to 3) 

reduced excitatory drive to the GPi. Finally, decreases in GPi activity allow for increased activity 

in the thalamus and cortex that promote movement. 

 It is important to note that the yin-yang relationship of the direct and indirect pathways 

applies to other functions beyond movement. For example, the classical model has been used to 

explain how the basal ganglia mediates reward- and aversion-based learning. Increases in 

dopamine activate the direct pathway to reinforce behaviors (Matsumoto and Hikosaka, 2009; 

Tsai et al., 2009; Kravitz et al., 2012), whereas drops in dopamine activate the indirect pathway 

to inhibit behaviors (Matsumoto and Hikosaka, 2009; Kravitz et al., 2012; Danjo et al., 2014). 

Thus, the classical model can be nested within the parallel circuit model to understand how the 

basal ganglia mediates a variety of complementary functions. 

 A major strength of the classical model is its predictive strength in explaining how 

manipulations and disorders of the basal ganglia affect overall movement. Studies using 

optogenetics to either excite or inhibit different parts of the basal ganglia have largely confirmed 

predictions of the classical model (Kravitz et al., 2010; Freeze et al., 2013; Alcacer et al., 2017; 

Lee et al., 2016), and its development led directly to the development of deep brain stimulation, 

a major therapy for the treatment of Parkinson’s disease. However, it is important to keep in mind 

that the classical model oversimplifies both the anatomical and functional connectivity of the basal 

ganglia, overemphasizes the importance of single-neuron firing rate versus ensemble activity, 

and fails to explain many behavioral phenomena. 

 

Center Surround Model 

 The center-surround model aims to explain how the basal ganglia controls specific actions 

as opposed to overall movement. More conceptually than anatomically based, the model posits 

that the direct pathway selects specific actions by essentially “hole-punching” activity within the 

GPi (Mink, 1996). In this model, the STN controls the overall likelihood of actions by broadly 
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exciting the GPi (Nambu et al., 2000). What motor outputs occur ultimately depend on which 

portions of the GPi are activated and which parts are “hole-punched” by inhibition. This model 

also attempts to incorporate the role of convergent versus divergent inputs at different stages of 

basal ganglia circuitry. 

 While less well-studied than the parallel circuit or classical model, the center surround 

model provides a new way to think about action selection within the basal ganglia, and how this 

process might break down in movement disorders outside Parkinson’s and Huntington’s, such as 

those involving dyskinesia or tics. While there is anatomical evidence consistent with the center-

surround model, a drawback is that it is more conceptual in nature and more difficult to map onto 

physical brain structures for hypothesis-testing.  

 

The Striosome and Matrix Model 

 The striosome and matrix model (discussed extensively in the next section) was originally 

thought to explain how the basal ganglia can both select a particular action and learn from its 

outcome in a way that adjusts subsequent actions. Based again on the connectivity and anatomy 

of the basal ganglia, this model posits that matrix neurons within the striatum receive input from 

motor regions of the brain and drive motor action. In parallel, striosome neurons in the striatum 

receive information from limbic brain regions about the value of the action in the present context 

(i.e. did it result in a rewarding or aversive outcome) (Joel et al., 2002). The striosome neurons 

then modulate the matrix by controlling dopamine signaling to adjust the likelihood of selecting 

that action in the future.  

 

1.3 Striosome and Matrix Model of Basal Ganglia Function 

1.3.1 Summary 

 In this section, we provide an overview on striosome and matrix, two striatal populations 

whose differences have been explored over several decades, and are hypothesized to mediate 
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distinct basal ganglia functions. We begin by covering basic definitions of striosome and matrix, 

then touching briefly upon their development. Next, we cover the differences in connectivity 

between striosome and matrix, focusing on their inputs, local connections, and output. Lastly, we 

overview the potential behavioral functions of striosomes and future areas of investigation.  

 

1.3.2 Defining Striosome and Matrix Neurons 

Anatomically Definition of Striosome and Matrix 

A basic understanding of the neurons that comprise the striatum and their traditional 

classification is necessary to understand striosome and matrix. Here, we begin with a brief 

overview of the output neurons of the striatum, then discuss how they are divided into striosome 

and matrix. 

The striatum is predominantly composed of GABAergic output cells called medium spiny 

neurons (MSNs). The classical model of the basal ganglia divides MSNs into two populations 

based on dopamine receptor expression and output target (Penney and Young, 1983; Albin et al., 

1989; Gerfen et al., 1990). Direct pathway MSNs (dMSNs) express D1-type dopamine receptors 

and project predominantly to the output nuclei of the basal ganglia, the GPi and SNr. Indirect 

pathway MSNs (iMSNs) express D2-type dopamine receptors and project to the GPe. These two 

populations are intermixed throughout the striatum in relatively even proportion and largely 

overlap in the morphology and electrophysiology (Gertler et al., 2008). Both have round somata 

(deemed “medium” sized in (Kemp and Powell, 1971) with several radial dendrites that extend 

out in three dimensions (Gerfen, 1988). An abundance of leak channels means that these cells 

rest at about -90 mV and require substantial excitatory input to spike (Nisenbaum and Wilson, 

1995; Mermelstein et al., 1998). In vivo, both dMSNs and iMSNs are largely quiescent, typically 

firing around ~1 Hz, but occasionally showing bursts of activity to relevant events (Hikosaka et 

al., 1989). The overlapping properties of dMSNs and iMSNs made them difficult to identify, and 

therefore study, both in ex vivo and in vivo systems. However, differences in dopamine receptor 
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expression between these populations enabled development of fluorophore lines to distinguish 

them, and eventually Cre-recombinase lines to manipulate them (Gerfen, 1988). As a result, 

understanding of MSNs in terms of direct and indirect pathways has exploded over the last twenty 

years. Comparatively, the development of similar tools for striosome and matrix divisions lagged, 

as did our understanding of these divisions. 

Striosome and matrix is an alternative method of classifying MSNs in the striatum. 

Historically, striosome and matrix has divided MSNs based on their anatomical localization within 

neurochemically distinct compartments within the striatum. Early studies found that post-mortem 

sections of striatum stained for acetylcholinesterase (a marker of cholinergic neurons) showed an 

uneven, or “patchy” pattern of labeling (Graybiel and Ragsdale, 1978). While the majority of the 

striatum densely stained for acetylcholinesterase, small islands of reduced staining appeared 

scattered throughout the striatum randomly. These islands were referred to as striosomes (and 

the cells within them striosome neurons), while the surrounding striatal cells became known as 

matrix neurons. Since then, numerous proteins have been found to preferentially express in either 

striosome or matrix compartments (see Crittenden & Graybiel, 2011 for a comprehensive 

overview). Two common striosome-enriched markers are the μ-opioid receptor and prodynorphin, 

while two common matrix-enriched markers are acetylcholinesterase and calbindin. However, 

unlike the strict segregation of D1Rs and D2Rs on dMSNs and iMSNs, no single protein or gene 

is exclusively expressed in either striosome or matrix. As a result, mouse lines and genetic tools 

for studying striosome and matrix have lagged behind those for the direct and indirect pathway. 

It is important to note that striosome and matrix neurons are the same cells as discussed 

at the beginning of this section, meaning they can also be classified as dMSNs or iMSNs. Both 

dMSNs and iMSNs are found in striosome and matrix compartments. Thus, striosome and matrix 

neurons send projections to typical downstream nuclei such as the GPe and GPi. However, 

striosome and matrix neurons were hypothesized to differ in other forms of connectivity. Whereas 

dMSNs and iMSNs generally receive similar cortical and thalamic input, striosome and matrix 
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neurons were hypothesized to receive distinct input, with limbic regions innervating striosomes 

and sensorimotor regions innervating matrix, based on studies that combined anterograde tracing 

from cortical regions and histochemical staining in the striatum (Crittenden and Graybiel, 2011). 

At the same time, similar tracing studies suggested that striosome neurons may uniquely 

innervate SNc dopamine neurons, which exhibit powerful influence over striatal activity. The 

differences in striosome and matrix connectivity are discussed in greater detail later, but first we 

overview the developmental differences of striosome and matrix that also played a key role in 

defining striosome and matrix neurons. 

 

Developmental Definition of Striosome and Matrix 

 Development has played an important historic role in understanding striosome and matrix. 

Striosome compartments were initially identified within the developing striatum as “dopaminergic 

islands,” regions of intense dopamine marker expression (Graybiel et al., 1981; Olson et al., 1972; 

Tennyson et al., 1972). Subsequent studies identified that these islands were also dense in the 

expression of cholinergic markers (Butcher and Hodge, 1976; Graybiel and Ragsdale, 1980), and 

would eventually link these islands to the acetylcholinesterase-poor “patches” in the adult striatum 

(Graybiel et al., 1981; Nastuk and Graybiel, 1985; Newman-Gage and Graybiel, 1988), unifying 

them as striosomes. Since then, extensive work has outlined the development of striatal MSNs 

that arise from radial glial progenitor cells located in the lateral ganglionic eminence (Rubenstein 

and Campbell, 2013). Birthdating of striatal cells showed that striosome neurons are born and 

migrate earlier, while matrix neurons arise later (Graybiel and Hickey, 1982; van der Kooy and 

Fishell, 1987; Newman et al., 2015; Kelly et al., 2018). The regulatory factors that control 

striosome and matrix development are outside the scope of this introduction, but the finding that 

striosome and matrix differ in their birthdates is notable, as it provided new ways of identifying, 

targeting, and investigating striosome neurons in living tissue. Several studies have now used 

this difference in birthdate in combination with genetic tools for conditionally manipulating neurons 
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to investigate striosome function (Bloem et al., 2017; Kelly et al., 2018; Matsushima and Graybiel, 

2020). In an odd twist, this trend has led the striosome and matrix field full circle. Initially identified 

developmentally and later defined anatomically, striosomes are once again be viewed as 

developmentally-defined population of neurons. 

 

1.3.3 Circuitry of Striosomes and Matrix 

Inputs to Striosomes and Matrix 

 Early anatomical tracing studies identified important differences in the inputs between 

striosome and matrix compartments. Together, these differences led to the idea that striosomes 

are part of a larger limbic loop within the brain, while the matrix contributes to a sensorimotor loop. 

Although we will focus on the differences between striosome and matrix, it is important to keep in 

mind 1) the majority of brain regions project to both striosome and matrix, and 2) the strength of 

striatal inputs also varies across major anatomical axes, meaning input strength can vary as much 

within either striosome or matrix compartments as it does between them.  

 Several cortical and thalamic regions have been identified to preferentially innervate either 

striosome or matrix compartments. The orbitofrontal, cingulate, and insular cortices preferentially 

innervate striosomes (Eblen and Graybiel, 1995; Lévesque and Parent, 1998; Ragsdale and 

Graybiel, 1990), as do paraventricular and rhomboid nuclei of thalamus, regions that are also 

interconnected with the amygdala (Ragsdale Jr. and Graybiel, 1991). Conversely, the 

somatosensory, motor, and association cortices preferentially innervate the matrix (Flaherty and 

Graybiel, 1994; Kincaid and Wilson, 1996), as do intralaminar thalamic nuclei interconnected with 

sensorimotor regions (Herkenham and Pert, 1981; Ragsdale Jr. and Graybiel, 1991; Sadikot et 

al., 1992). In addition to these cortical and thalamic regions, several subcortical structures also 

show biased projections to striosome and matrix compartments. Terminals from the basolateral 

amygdala largely appear confined to striosomes (Ragsdale and Graybiel, 1988) and more 

recently the bed nucleus of the stria terminalis (BNST) has been shown (using optogenetics) to 
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exclusively innervate striosome neurons (Smith et al., 2016). While much of what is known about 

inputs to striosome and matrix are based on early anatomical tracing, this latter study uses 

transgenic mouse lines to label striosome and matrix neurons as a means to test the synaptic 

strength of inputs arriving into each area. While some findings with this transgenic line align with 

early anatomical work (eg cingulate cortex preferentially innervating the matrix), other findings 

conflict (eg prelimbic cortex projections showing no preference between areas). Differences 

between results using anatomical and physiological techniques highlight the need for additional 

studies to characterize how inputs drive activity in either striosome or matrix compartments. In the 

next section, we discuss the local circuit elements that further shape striosome and matrix activity. 

  

Local Circuitry of Striosomes and Matrix  

The striatal microcircuit is composed of GABAergic MSNs and a variety of local 

interneurons. With the exception of cholinergic interneurons, all other interneuron populations are 

GABAergic. These GABAergic interneurons include fast-spiking (FS) interneurons (parvalbumin 

PV+), neurogliaform-like interneurons (Neuropeptide Y, NPY+), and persistent low-threshold 

spiking (PLTS) interneurons (NPY/somatostatin, SOM+) (Tepper et al., 2010). Several differences 

in the microcircuitry of striosome and matrix compartments suggest that they operate as parallel 

lines with some crosstalk. 

First, histological studies demonstrate that MSN morphology is shaped by striosome and 

matrix compartments. The dendrites of MSNs form radial, star-like arborizations that extend out 

in all directions (Walker and Graybiel, 1993; Kincaid and Wilson, 1996; Fujiyama et al., 2011). In 

the matrix, dMSNs have larger arborizations than iMSNs (Gertler et al., 2008). However, 

striosome dMSNs and iMSNs have reduced arborizations that obey the boundaries of their 

smaller compartments (Fujiyama et al., 2011). As mentioned above, although most cortices 

innervate striosome and matrix compartments, individual axons tend to innervate MSNs within a 
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single compartment (Kincaid and Wilson, 1996). Thus, the morphological boundaries of striosome 

or matrix may relate to the organization of cortical inputs into the striatum. 

Anatomical and functional evidence indicates that lateral connections formed between 

MSNs tend to obey compartment boundaries. Although typically thought of as the output neurons 

of the striatum, MSNs form extensive lateral connections within the striatum. The individual 

strength of these lateral connections is generally low and individual MSNs are thought to make 

sparse connections (Czubayko and Plenz, 2002; Tunstall et al., 2002). However, the large number 

of MSNs forming connections means that the total lateral inhibitory input that any one MSN 

receives can be substantial (Wilson, 2007; Dobbs et al., 2016). Experiments in ex vivo slices 

demonstrate that this laterally connectivity is largely segregated between striosome and matrix 

compartments (Banghart et al., 2015). Furthermore, this study found that inhibition onto 

striosome, but not matrix MSNs, is sensitive to neuromodulation (inhibition) by enkephalin 

(Banghart et al., 2015). The restriction of lateral connectivity between striosome and matrix is 

notable given that dMSNs and iMSNs form lateral connections within and across pathways 

(Kawaguchi et al., 1990; Taverna et al., 2004, 2008). 

Local interneurons are one potential source of crosstalk between striosome and matrix 

neurons. Differences in cholinergic markers were instrumental in early identifications of striosome 

and matrix, with striosome compartments thought to be devoid of cholinergic interneurons (Kubota 

and Kawaguchi, 1993). However, later work revealed that cholinergic neurons are present in both 

compartments and that while their dendrites are denser in the matrix, their axons densely 

innervate both striosome and matrix MSNs (Crittenden et al., 2014). More recent work in ex vivo 

slices suggests cholinergic signaling modulates the activity of both striosome and matrix MSNs 

(Crittenden et al., 2017). Dendrites and axons of PLTS interneurons were found to cross 

striosome/matrix boundaries, suggesting they may act a source of cross-communication (Bolam 

et al., 1988). Conversely, FSI cell bodies appear under-represented within striosomes and seem 

to provide sparse innervation (Banghart et al., 2015). Taken together, the local circuitry of 
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striosome and matrix suggests that cortical input and lateral inhibitory connections operate in 

separate but parallel fashion, while interneurons provide crosstalk or synchronization across 

compartments. 

 

Outputs from Striosomes and Matrix 

Striosome and matrix overlap in their traditional targeting of downstream basal ganglia 

nuclei. However, early excitement around the striosome and matrix model centered on the 

possibility that striosome neurons targeted dopamine neurons in the substantia nigra pars 

compacta (SNc). Retrograde tracing from the SNc revealed preferential labeling of striosomes 

(Gerfen, 1985; Jiménez-Castellanos and Graybiel, 1989) within the striatum. Later, selective (or 

presumed selective) toxin-based lesions of striosomes resulted in degenerating terminals within 

the SNc (Tokuno et al., 2002), consistent with these earlier findings. Almost a decade later, 

anterograde tracing of axons from single MSNs demonstrated that individual striosome, but not 

matrix MSNs, innervate SNc dopamine neurons (Fujiyama et al., 2011). Shortly after, 

development of Cre-dependent modified rabies virus would allow retrograde tracing specifically 

from dopamine neurons (Watabe-Uchida et al., 2012). This study demonstrated that the majority 

of striatal neurons innervating SNc dopamine neurons originate within striosomes.  

Over the same time period, evidence was emerging that striosome MSNs may indirectly 

connect to SNc dopamine neurons through an alternative route. Retrograde tracing from the 

lateral habenula, a region known to receive input from the prefrontal cortex and innervate SNc 

dopamine neurons, revealed that the region received input from areas of the entopenduclar 

nucleus (EPN) predominantly innervated by neurons within striosome compartments (Rajakumar 

et al., 1993). These findings were later confirmed using cell type-specific tracing methods 

(Wallace et al., 2017) and have been validated in vivo in primates (Hong et al., 2019).  

The advent of transgenic mouse lines for fluorescently labeling striosome neurons led to 

the discovery of structures now known as “dendritic bouquets” (Crittenden et al., 2016). Some 
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SNc dopamine neurons extend long dendrites into the SNr, and in certain cases dendrites from 

multiple neurons “bundle” together. Fluorescent labeling of striosome neurons revealed that their 

terminals tightly and densely innervate these dendritic bundles, forming the dendritic bouquets 

(Crittenden et al., 2016; Davis et al., 2018). The significance of these newly discovered structures 

is currently unknown, but their discovery highlights just how little is known about how striosomes 

regulate dopaminergic activity and what influences this connection may have on behavior. 

 

1.3.4 Behavioral Role of Striosomes 

 Decades of research has explored how striosome and matrix neurons differ, yet their 

respective roles in shaping basal ganglia output and behavior remains mysterious. Actor-critic 

models of the basal ganglia posited that striosome neurons play a general role in reward learning 

(Joel and Weiner, 2000; Joel et al., 2002). Based on their connectivity with other limbic brain 

regions involved in aversion, and their theorized ability to inhibit dopamine neurons, other 

hypotheses suggested that striosomes mediated aspects of aversion learning. Several 

tremendous studies in rats, using optogenetics and behavior, indicate that striosomes may 

integrate positive and negative outcome information (Friedman et al., 2015, 2017, 2020). These 

studies found that prefrontal input to the striatum activated during decisions involving conflicting 

cost-benefit analysis, and activation of these inputs increased firing of striatal FSIs, which in turn 

inhibit striosome MSNs. Inhibition of this cortical-striosome input led to choices of high-reward / 

high-cost, while activation promoted choice of low-reward / low cost (Friedman et al., 2015). 

Furthermore, the activity of these prefrontal inputs was found to be increased by chronic stress, 

leading to choices of high-reward / high-cost (Friedman et al., 2017). These studies indicate that 

striosome neurons may play a complex role in integrating reward and punishment to shape 

decision making. 

 The recent advent of mouse lines for conditionally identifying and manipulating striosome 

neurons has lent further evidence that striosome neurons have a dual role in both reward and 
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aversion. Calcium imaging of striosome and matrix neurons during Pavlovian reward tasks reveal 

that these two populations respond similarly to reward, reward-predicting stimuli, and licking 

(Bloem et al., 2017). Deeper analysis revealed that striosome neurons show a stronger response 

to reward that evolves over learning, whereas matrix neurons have a weaker response to reward 

that is modulated more by recent reward history. A technically similar study evaluating striosome 

activity in Pavlovian reward and punishment settings found that some striosome dMSNs (~10%) 

encode aversive stimuli at some point during learning (Yoshizawa et al., 2018). While this 

represents only a fraction, the scarce evidence for encoding of aversive stimuli in striatal dMSNs 

in general suggests that striosomes may be enriched for neurons involved in aversion. 

Interestingly, a recent study later identified a subset of striosome neurons involved in aversion. 

This subset of primarily direct pathway striosome neurons are characterized by expression of 

Teashirt family zinc finger 1 (Tshz1) (Saunders et al., 2018; Zeisel et al., 2018) and encoded both 

punishing stimuli as well as punishment-predictive stimuli over the course of learning (Xiao et al., 

2020). Activation of these neurons was sufficient to drive place aversion. This study provides 

evidence that the reward and punishment encoding of striosomes may be segregated onto 

molecularly distinct populations, opening up new possibilities of heterogeneity within striosomes. 

 

1.3.5 Future Directions 

 A recent trend in neuroscience has been characterizing cellular heterogeneity across lines 

of molecular identity, connectivity, and activity patterns. Throughout the past, and even in this 

introduction, striosome and matrix are discussed as two monolithic populations. However, recent 

research has already identified heterogeneity within these populations in their molecular profiles 

(Gokce et al., 2016; Miyamoto et al., 2018; Märtin et al., 2019; He et al., 2021), connectivity 

(Matsushima and Graybiel, 2020), and function (Xiao et al., 2020). Still, little is known about the 

activity of striosome neurons during behavior, how their activity correlates with other striosome 

and matrix neurons, and how this is activity is shaped by different inputs. Exploring activity of 
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striosome neurons with an eye towards potential heterogeneity may reveal insights into their 

function. It may also address whether striosomes represent multiple pathways or a single 

functional unit within the striatum. 

 In the more immediate future, a major question is how striosomes shape the activity of 

dopamine neurons and dopamine release. While we show that striosome neurons functionally 

inhibit dopamine neurons, and are the predominant striatal source of such inhibition (see Chapter 

3), how this output shapes dopaminergic activity, striatal function, and behavior remains to be 

seen. Much work remains to be done in terms of understanding striosome and matrix, but the 

rapid evolution of tools for their study points to a bright and exciting future. 

 

1.4 Clinical Features and Models of Tardive Dyskinesia 

1.4.1 Summary 

 In this section, we cover the clinical features of the disorder tardive dyskinesia (TD), a 

condition that results from chronically taking antipsychotic medication. We begin with a brief 

historical overview of psychiatric medications and then explore some of the risk factors and 

treatments related to TD. Next, we cover several prominent models on the mechanisms 

underlying TD. Lastly, we provide an introductory background on the animals that have been used 

to build such models and speculate on future directions of the field. 

 

1.4.2 Clinical Features of Tardive Dyskinesia 

Antispychotic Drugs and the Generation of Tardive Dyskinesia 

Antipsychotic drugs are the mainstay treatment for diseases such as schizophrenia, 

bipolar disorder, and Tourette’s syndrome. Currently, there are two broad classes of antipsychotic 

drugs: first generation and second generation. First generation antipsychotics (also known as 

typical antipsychotics or neuroleptics) were discovered in the 1950s and approved by the FDA 

over the next three decades (Figure 2.1). Characterized by their antagonism of D2-type dopamine 
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receptors (D2Rs), these drugs were found to alleviate many of the “positive” symptoms associated 

with psychosis, including hallucinations, delusion, and paranoia. They were also found to have 

marked motor effects. Parkinsonian symptoms such as bradykinesia (slowing of movement) and 

akinesia (lack of movement), as well as other motor symptoms such as dystonia (muscle 

contractions that cause twisting or repetitive movements) and akathisia (restlessness) were 

commonly noted. In fact, so tightly intertwined were the motor effects (often referred to as 

extrapyramidal symptoms) that they were initially considered necessary to achieve therapeutic 

benefits. However, another motor side effect began to emerge over time, one that presented a 

more persistent clinical problem. During chronic treatment, patients often developed involuntary 

movements of the face and mouth, including lip smacking, chewing, tongue protrusions, as well 

as brow raising and furrowing. Due to its late development (occurring after months to years of 

treatment), this condition was termed tardive dyskinesia (TD). Several aspects of TD differed from 

the acute motor effects of antipsychotic drugs. First, TD emerged only after prolonged treatment. 

Secondly, unlike the acute effects, the involuntary movements of TD were often irreversible once 

developed, even if the offending medication was discontinued. The observation that 

antipsychotics could cause an essentially irreversible neurological disorder raised concern and 

fueled research into new treatments for psychiatric disorders. 

The discovery of clozapine opened the door to second generation antipsychotics and the 

possibility of alleviating symptoms of psychiatric disorders without such severe motor side effects 

(See Figure A). In contrast to first generation antipsychotics, second generation antipsychotics 

typically had lower affinity for D2Rs and stronger antagonism at serotonergic receptors (such as 

5HT2A). As the motor side-effects of antipsychotics had been linked to their occupancy of D2Rs, 

second generation antipsychotics were thought to carry lower risk of both acute motor impairment 

as well as TD. While second generation antipsychotics, especially clozapine, do indeed have a 

lower risk of acute motor effects and a lower incidence of TD (Casey, 2006; Woods et al., 2010), 

there is still substantial risk, which has become evident the longer second generation drugs have 



19 
 

been used. Additionally, second generation antipsychotics have been associated with other side 

effects, such as metabolic alterations (Divac et al., 2014), and have overall comparable tolerability 

to first generation drugs (Casey, 2006; Jones et al., 2006). As a result, both the acute motor 

symptoms and the development of TD remain major issues in the treatment of psychiatric illness. 

 

Incidence and Risk Factors of Tardive Dyskinesia 

The prevalence and incidence rates of TD have historically been a source of controversy. 

After the introduction of first generation antipsychotics and the discovery of TD in the 1960s, 

editorials from psychiatrists downplayed its significance, claiming that the disorder was rare or 

non-existent (Brandon et al., 1971; Kilpatrick and Whyte, 1965; Kline, 1968; Paulson, 2005; Caroff 

et al., 2018). Since then, TD has been recognized as major problem, only to be downplayed once 

again with the introduction of second generation antipsychotics (Divac et al., 2014). Despite these 

bursts of initial optimism with each generation of antipsychotics, TD remains a problem. 

It is estimated that 4-5% of people currently taking antipsychotics will develop TD each 

year (Caroff, 2019). Prevalence (the number of people on antipsychotics experiencing TD at any 

one time) is estimated to be ~25% (Carbon et al., 2017; Caroff, 2019). The risk of developing TD 

depends on several factors, including antipsychotic type, dose, and treatment duration (Miller et 

al., 2005; Woods et al., 2010; Carbon et al., 2017; Solmi et al., 2018). First generation 

antipsychotics such as haloperidol have an estimated TD prevalence of 30%, whereas second 

generation antipsychotics are thought to have prevalence rates around 20%. In addition to these 

drug-related factors, patient-related aspects such as age, female sex, and Caucasian or African 

ethnicity have also been identified as potential predictive factors (Morgenstern and Glazer, 1993; 

Miller et al., 2005; Carbon et al., 2017; Frei, 2019). 

Current trends in the prescription of antipsychotic medications suggest that TD is likely to 

become a growing rather than shrinking problem. Although the global prevalence of psychosis is 

estimated at 0.7% (Moreno-Küstner et al., 2018), 1.6% of American adults (~3.8 million) are 
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currently taking antipsychotic medications at a given time (Dennis et al., 2020). This number has 

been increasing in part due to off-label prescription of antipsychotics for other uses (Comer et al., 

2011). Given the shortcomings of second generation antipsychotics and the continued use of first 

generation drugs, TD is poised to persist as a problem for millions of people.  

 

Genetic Risk Factors in Tardive Dyskinesia 

Several genetic polymorphisms have been linked to TD risk, though reports for many have 

been inconsistent. Generally, these genes fall into two categories: 1) those that function outside 

of the brain and 2) those directly involved in neural signaling. Expressed in the liver, the enzyme 

cytochrome P450 family 2 subfamily D member 6 (CYP2D6) is involved in the clearance of 

antipsychotic drugs, and reduced CYP2D6 function is thought to increase the risk of TD by 

increasing cumulative drug dose (Patsopoulos et al., 2005; Miksys et al., 2017). Another gene 

implicated in TD is Heparan sulfate proteoglycan 2 (HSPG 2), which encodes perlecan, a 

component of the blood-brain barrier. Although it’s unclear how changes in perlecan function may 

relate to the disease (Frei, 2019), this gene has been identified in multiple studies and patient 

populations (Syu et al., 2010; Greenbaum et al., 2012; Zai et al., 2018a). 

Genes affecting neurotransmission and TD risk are typically involved in dopaminergic 

signaling. Polymorphisms in the DRD2 and DRD3 genes (which encode D2- and D3-type 

dopamine receptors) appear to increase risk of TD (Hori et al., 2001; Bakker et al., 2006; Mo et 

al., 2007; Zai et al., 2007, 2009; Koning et al., 2012), though not in all cases (Park et al., 2011; 

Tsai et al., 2010; Utsunomiya et al., 2012). Polymorphisms in the vesicular monoamine 

transporter 2 (VMAT 2, see section below for further discussion) have also been linked to TD risk 

(Zai et al., 2013, 2018b). However, no single gene or mutation has been identified to cause TD, 

nor predict the likelihood of TD with high confidence. Thus, while genetics may influence the 

likelihood or severity of TD, they are only one contributing factor. 

Available Treatments for Tardive Dyskinesia 



21 
 

 There is currently no cure for TD, although recently, two drugs which reduce its severity 

have been FDA-approved. These compounds are part of a larger group of related drugs that 

includes tetrabenazine, a competitive inhibitor of the vesicular monoamine transporter 2 (VMAT2). 

VMAT2 packages dopamine in synaptic vesicles, so tetrabenazine and its relatives lead to 

synaptic dopamine depletion. Indeed, one theory is that excessive dopamine signaling contributes 

to TD (see more below). Upon oral administration, tetrabenazine is converted into metabolites ( 

(+)α and (+)ß-dihydrotetrabenazine) that block VMAT2 and therefore prevent the normal release 

the dopamine (Roberts et al., 1986; Grigoriadis et al., 2017). It is through this mechanism that 

tetrabenazine is thought to reduce involuntary movements.  

Though the parent compound tetrabenazine is approved for treating chorea (involuntary 

dance-like movements) resulting from Huntington’s disease, a long-acting version, 

deutetrabenazine, is approved for treatment of TD. Deutrabenazine is constructed by replacing 

six of the hydrogen atoms on tetrabenazine with deuterium (heavy hydrogens), making it more 

resistant to metabolism (Howland, 2015). As a result, deutrabenazine can be taken once or twice 

per day, instead of three times per day like tetrabenazine (Koch et al., 2020).  

The second drug approved for treatment of TD is valbenazine. This drug is the 

tetrabenazine metabolite (+)α-dihydrotetrabenazine with a valine attached, which is also meant 

to delay metabolism. Upon cleavage of the valine ester, valbenazine becomes (+)α-

dihydrotetrabenazine, acting just as when derived from tetrabenazine itself. Like deutrabenazine, 

valbenazine can be taken once a day. 

It is critical to note that deutrabenazine and valbenazine are not cures for TD and that their 

current cost far exceeds the value they provide to patients. According to a study by the Institute 

or Clinical and Economic Review, these drugs would have to be discounted ~90% to meet 

thresholds for long-term cost effectiveness (Vesicular Monoamine Transporter 2 Inhibitors for 

Tardive Dyskinesia: Effectiveness and Value, www.icer-review.org). As a society, we should 

consider the morality in prescribing drugs known to create a permanent disorder, then prescribing 

http://www.icer-review.org/
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additional drugs to treat that disorder (all at the expense of patients and towards the profit of 

pharmaceutical companies). Given the current treatment options for psychiatric disease and TD, 

new and accessible therapies are urgently needed.  

 

1.4.3 Models of Basal Ganglia Dysfunction in Tardive Dyskinesia 

D2R Supersensitivity Hypothesis  

The supersensitivity hypothesis adopts from the classical model of basal ganglia function 

that has proven useful for understanding disorders such as Parkinson’s and Huntington’s disease. 

In this model, chronic antagonism of D2Rs on striatal iMSNs is thought to lead to a homeostatic 

upregulation of D2R signaling. This upregulation is hypothesized to become maladaptive, leading 

to excessive inhibition of the indirect pathway and excessive motor output.  

Many of the acute and chronic motor effects of antipsychotic treatment can be explained 

using the supersensitivity hypothesis. First, antipsychotics like haloperidol are well known for the 

ability to acutely induce dose-dependent parkinsonism. Secondly, studies demonstrate that TD 

severity can transiently worsen if antipsychotics are stopped (Marsden and Jenner, 1980; Peralta 

and Cuesta, 2010; Peralta et al., 2010). In this case, discontinuation of D2R agonists is thought 

to restore dopaminergic signaling via sensitized D2R on iMSNs, leading to strong inhibition of 

these neurons. Based on this theory, one might predict that increasing D2R antagonism might 

actually relieve TD, despite having initially caused it. Indeed, increasing antipsychotic dose or 

switching to a drug with more potent D2R antagonism can temporarily suppress TD (Crane, 1973; 

Marsden and Jenner, 1980). The ability to neatly explain these paradoxes initially made the 

supersensitivity hypothesis appealing. However, evidence in both animal models of TD and 

patients has led to a more complicated picture. 

Early scientific evidence for the D2R supersensitivity hypothesis arose from studies 

characterizing the tendency of antipsychotic drugs to enhance the acute motor effects of 

dopaminergic drugs. Inspired by the discovery that dopaminergic denervation by 6-OHDA led to 
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an enhanced motor response to dopaminergic agents such as levodopa (Klawans, 1973), several 

studies in mice and rats found that pretreatment with antipsychotics such as haloperidol, 

chlorpromazine, and reserpine exacerbated locomotion or stereotypies in response to 

compounds like apomorphine and methamphetamine  (Schelkunov, 1967; Tarsy and 

Baldessarini, 1973, 1974; Vonvoigtlander et al., 1975; Martres et al., 1977). In line with these 

findings, biochemical studies later found that antipsychotic treatment also increased D2R mRNA, 

protein, and binding levels (Burt et al., 1977; Savasta et al., 1988; Rogue et al., 1991; Lévesque 

et al., 1995; D’Souza et al., 1997; Florijn et al., 1997). Despite these findings, several major 

observations were not consistent with the supersensitization hypothesis. Increases in D2R 

binding were not observed in every case (Waddington et al., 1983), and even when increases 

were found, they were not predictive of whether animals actually developed orofacial dyskinesia 

(Shirakawa and Tamminga, 1994; Bachus et al., 2012). Additionally, studies testing whether D2R 

signaling is functionally increased by chronic antipsychotic treatment have found no evidence for 

enhanced signaling on iMSNs (Jiang et al., 1990; Kruyer et al., 2021). 

It is important to note that while the supersensitivity hypothesis is in line with several 

behavioral effects of antipsychotic drugs, it is less accurate in predicting changes in neural activity. 

In vivo single-unit recordings in rats administered haloperidol found that activity of striatal MSNs 

was reduced overall compared to baseline (Yael et al., 2013). Given the low firing rates of MSNs 

(~1 Hz), it is likely that the activity of both direct and indirect pathway neurons is reduced. 

Additionally, work using conditional knockout of D2Rs to investigate antipsychotic-induced 

parkinsonism highlighted that D2R signaling on other striatal cell types may play a critical role in 

motor output (Kharkwal et al., 2016). They found that deletion of D2Rs from striatal cholinergic 

interneurons blocked drug-induced parkinsonism in response to acute haloperidol, while deletion 

from iMSNs did not prevent this response to haloperidol. Work such as this highlights the 

necessary interplay between theoretical models and empirical data on neural activity in 

understanding disease mechanisms. 
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Studies from patients with TD have found little evidence for the supersensitivity 

hypothesis. Positron Emission Tomography (PET) imaging of D2R availability in patients with or 

without TD have observed no difference in maximum binding or binding sensitivity (Kornhuber et 

al., 1989; Andersson et al., 1990; Adler et al., 2002). Furthermore, measurement of D2R 

expression levels in post mortem tissue from patients who have been off medication for several 

months or more has found similar, or even reduced, D2R levels in TD patients compared to those 

who received antipsychotics but did not develop TD (Blin et al., 1989; Reynolds et al., 1992). The 

latter studies also point to another caveat in the supersensitivity hypothesis; while TD persists 

after cessation of antipsychotic treatment, D2R levels appear to decrease to baseline. It is 

important note though that alterations in D2R signaling downstream of receptor expression itself 

could still contribute to the development of TD through altered plasticity. Still, the transience of 

D2R upregulation, its temporal disconnect from behavior, and the lack of evidence in patients with 

TD all cast doubt on the supersensitivity hypothesis. 

 

Degeneration Hypothesis 

 The degeneration hypothesis addresses a major shortcoming of the supersensitivity 

hypothesis: the persistence of TD after withdrawal from treatment. According to this hypothesis, 

antipsychotics lead to irreversible neurodegenerative processes that in turn drive TD. Increased 

turnover of dopamine in response to antipsychotic treatment (See, 1991) has been hypothesized 

to increase free-radical production, leading to cell damage and cell death (Cho and Lee, 2013). 

Evidence that such free radicals may contribute to TD come from several studies that have a 

reduction in TD severity with vitamin E treatment (Cho and Lee, 2013). However, a major caveat 

to the degeneration hypothesis is the lack of overt degeneration or cell loss within the striatum, 

where dopamine release and turnover are likely to be highest. Studies of post mortem tissue from 

TD patients have no overt signs of cell loss in the striatum (Hunter et al., 1968; Christensen et al., 
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1970) and multiple computerized tomography (CT) scan studies have identified no difference in 

striatal volume between patients with or without TD (Swayze et al., 1988).  

 Others have hypothesized that chronic antipsychotic treatment may lead to selective 

degeneration of particular cell-types, such as cholinergic interneurons within the striatum, which 

might not be labeled in standard postmortem analyses, nor significantly contribute to striatal 

volume on imaging studies. While an early study identified markers of degeneration in putative 

cholinergic interneurons in the striatum (Miller and Chouinard, 1993) and several studies in 

rodents have found reduced cholinergic interneurons as identified by choline acetyltransferase 

(ChAT) staining (Mahadik et al., 1988; Kelley and Roberts, 2004; Angelucci et al., 2000), we can 

find no additional studies in TD patients investigating loss of cholinergic interneurons. 

 

Aberrant Plasticity Hypothesis 

The idea that aberrant plasticity underlies TD was likely born from the shortcomings of the 

supersensitivity and degeneration hypotheses. Newer and less explored, aberrant plasticity 

hypotheses aim to explain both how neural activity might change in TD and how such changes 

could be irreversible (Teo et al., 2012). According to these models, chronic D2R antagonism does 

not directly modulate neural activity, but alters corticostriatal plasticity to promote unidirectional 

and/or aberrant motor learning. While few studies have directly tested this hypothesis in TD 

patients or animal models, aberrant plasticity has been demonstrated in several other disorders 

involving the striatum (Plotkin and Goldberg, 2019), and a variety of studies have shown that 

antipsychotics can alter normal plasticity. 

 Plasticity of excitatory inputs within the striatum is dependent on a complex interaction of 

various neurotransmitter systems, many of which are altered by antipsychotic drugs. Studies in 

humans show that antipsychotics can impair plasticity within primary motor cortex (Korchounov 

and Ziemann, 2011; Nitsche et al., 2009), a major source of excitatory input to the motor portions 

of the striatum. Additionally, studies in slice have identified a key role of dopamine and D2R 
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receptors in plasticity of MSNs (Calabresi et al., 1992; Kreitzer and Malenka, 2007; Shen et al., 

2008; Iino et al., 2020). High-frequency stimulation paired with depolarization as well as spike-

timing dependent plasticity have been shown to induced cannabinoid dependent long-term 

depression (LTD) in iMSNs (Kreitzer and Malenka, 2007; Shen et al., 2008; Wang et al., 2006). 

Short-term haloperidol treatment (< 1 month) has been shown to increase glutamatergic synapses 

in the striatum (Kerns et al., 1992; Meshul et al., 1992) and convert normal LTD in response to 

high-frequency stimulation into aberrant LTP (Centonze et al., 2004). Furthermore, this aberrant 

form of plasticity could be replicated by D2R deletion as well (Centonze et al., 2004). In addition 

to the direct role of D2Rs on iMSNs in corticostriatal plasticity, numerous indirect roles likely exist 

through modulation of neurotransmitter systems critical for plasticity. Antipsychotics may alter 

other neurotransmitter systems critical for plasticity indirectly, or act on other cell types such as 

cholinergic interneurons (Augustin et al., 2018; Calabresi et al., 1992; Wang et al., 2006). Other 

lines of evidence point to a potential role for pharmacological actions on non-dopamine receptors. 

Haloperidol (high risk of TD) and clozapine (low risk of TD) have different effects on NMDA 

receptors (NMDARs), which has been cited as another piece of indirect evidence supporting the 

aberrant plasticity hypothesis. First generation antipsychotics like haloperidol have a higher 

tendency to induce TD compared to second generation antispychotics like clozapine, which has 

one of the lowest incidence rates (Strous et al., 2006; Novick et al., 2010). Several groups have 

studied how these two agents differ in order to investigate the role of plasticity in TD. Unlike 

haloperidol, short-term clozapine treatment was not found to increase excitatory synapses within 

the striatum (Meshul et al., 1992). Additionally, several studies have found that clozapine, but not 

haloperidol, enhances NMDAR currents through a series of complex mechanisms (Arvanov et al., 

1997; Leveque et al., 2000; Wittmann et al., 2005). NMDARs have been shown to play a role in 

particular types of striatal plasticity (Shen et al., 2008; Yagishita et al., 2014), though the link 

between their function and TD is more tenuous. 
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The biggest limitation to the aberrant plasticity hypothesis is a dearth of evidence linking 

changes in plasticity to the development of TD. This lack of evidence in humans is unsurprising 

given the difficulty in measuring plasticity within deep structures. However, primate and rodent 

models of TD have existed for decades (see below). Given the extensive and foundational work 

on plasticity done in such rodents, these particularly represent an untapped front for investigating 

the role of aberrant plasticity in TD. In the next section, we review these and other animal models 

of TD. 

 

1.4.4 Animal Models of Tardive Dyskinesia 

Non-human Primate  

Studies have used chronic treatment with antipsychotic drugs in combination with several 

species of non-human primates (NHPs) as potential pre-clinical models of TD with varying 

success. Direct comparison across species is difficult, in part due to differences in the particular 

antipsychotic used, dose, administration route, and treatment duration (Table 1.1). Low rates of 

TD have been observed in rhesus macaque (a common primate choice for preclinical models), 

with most studies finding no TD (Lidow and Goldman-Rakic, 1994; O’Connor et al., 2006, 2007), 

and only handful finding TD in any animals (Deneau & Crane, 1969; Paulson et al., 1973; 

McKinney et al., 1980; Bedard et al., 2011). While potentially reflective of the overall rates of TD 

observed in human patients, this has made the rhesus macaque model prohibitively costly. Of the 

several other primate species that have been tested as models of TD (Gunne and Bárány, 1976; 

Weiss et al., 1977; Bárány et al., 1979; Kovacic and Domino, 1982; Baca-Garcia et al., 1999; 

Halliday et al., 2002; Klintenberg et al., 2002; Jackson et al., 2004; Dorph-Petersen et al., 2005), 

capuchins treated with either fluphenazine or haloperidol appear to have the highest rates of TD, 

though it is worth noting that studies largely come from a single research group several decades 

ago. In fact, despite NHP models sharing the closest behavioral phenotype to human TD of any 

animal model, research involving NHP models of TD appear to have declined substantially over 
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the last decade. This may relate to declining use of NHP models overall, driven in part by the 

labor-, time- and resource-intensive nature of NHP research, especially with the prolonged drug 

treatments typically required to induce TD. Still, the decline in NHP models may be in part due to 

the advantages of other models such as mice and rats, both of which offer increasingly greater 

toolkits for mechanistic investigations. 

 

Rat 

The majority of animal model research in TD has been performed in rats chronically treated with 

antipsychotic medication. As noted in another excellent review of animal models in TD (Blanchet 

et al., 2012), early work in rat models of TD has been definitively reviewed previously 

(Waddington, 1990; Turrone et al., 2002). Here, we review key behavioral features identified in 

rat models of TD that have laid the groundwork for TD models in mice. 

 The core behavioral metric of rat TD models is the development of vacuous chewing 

movements (VCMs). Defined generally as overt chewing movement unrelated to grooming, 

exploration, or consumption, VCMs can also include tongue protrusions and jaw tremor. VCMs 

are most commonly scored in 2-5 minute periods, often by a live rater. In certain cases, rats have 

been restrained to obtain video of the rat’s face, with VCMs scored manually by an offline rater. 

Healthy, wild type animals typical exhibit low, though non-zero, rates of VCMs. Animals treated 

with high doses of first generation antipsychotics (most commonly haloperidol) for several weeks 

can begin to display increased VCM frequency. Generally, VCMs that emerge at this early time 

interval (< 3 months) are not considered a “true” model of the persistent TD seen in patients, as 

they often resolve after discontinuation of drug. In addition, their frequency can be reduced by 

treatment with anticholingergics (Waddington, 1990; Egan et al., 1996; Marchese et al., 2004). 

Generally, a minimum of several months of treatment are considered necessary to induce VCMs 

that persist even after drug discontinuation in the rat model. However, several other factors affect 

the development of VCMs, in addition to treatment duration. 
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 The particular antipsychotic drug, delivery route, and dose are also believed to influence 

the development of VCMs. Haloperidol carries a relatively high risk of TD in patients and has 

commonly been used in rats for this reason, though it is not the only drug found to induce 

persistent VCMs (Waddington et al., 1983). Continuous routes of administration (minipumps, 

slow-release pellets, depot injections) are considered to produce more robust VCMs than 

intermittent routes such as daily intraperitoneal or subcutaneous injections (Turrone et al., 2002). 

Lastly, as in TD patients, higher doses are thought to increase the likelihood of developing VCMs. 

Interestingly though, even with continuous administration of high dose haloperidol over several 

months, the proportion of animals that develop VCM frequencies above those observed in healthy 

animals generally ranges between 30-50% (Blanchet et al., 2012). While a substantially higher 

rate than for patients treated over the same time period, the rat model does recapitulate the 

incomplete penetrance of TD seen in human patients chronically treated with antipsychotics. In 

combination with their convenience and reduced cost, the ability of rats to 1) partially recapitulate 

the orofacial dyskinesia observed in TD and 2) mimic the persistence of the disease has made 

them popular as an animal model. 

 

Mouse 

 Use of mice in modeling TD has been historically rarer than that of rats, despite their ability 

to recapitulate many of the same features. Administration of antipsychotics at high doses over 

several months has remained a standard, and like rats, mice typically develop increased VCMs 

with 3-4 weeks of treatment (Carvalho et al., 2003; Ceretta et al., 2018). As in rats, a handful of 

studies in mice have been used to investigate the role of specific genes or potential treatments in 

modulating VCMs (Crowley et al., 2013; Ceretta et al., 2018; Sonego et al., 2018).  Of note, 

multiple studies have characterized genetic factors across mouse strains relating to development 

of VCMs (Crowley et al., 2012; Giusti-Rodríguez et al., 2020). In addition to highlighting genes 

and inheritable factors that may relate to TD, these studies also provide an excellent 
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characterization for modeling TD across mouse strains and should serve as a tool in expanding 

TD research. 

 In addition to the genetic work being done in mice, several studies have recently 

highlighted the use of mice to study cellular and circuit mechanisms relating to TD. One study 

used a combination of transgenic mice and optogenetics to highlight the potential of cholinergic 

interneurons in alleviating TD (Bordia et al., 2016), while another used a combination of calcium-

imaging, transgenic mice, and exogenous channel overexpression to test how short-term 

antipsychotic activity impacts D2R sensitivity and striatal activity (Kruyer et al., 2021). With genetic 

toolskits increasing alongside methods for measuring population activity and finer quantification 

of behavior, these studies highlight exciting uses for mice in the research and understanding of 

TD. 

 

1.4.5 Conclusion 

 People treated with antipsychotic medications continue to suffer from the development of 

TD. While certain risk factors of TD can be mitigated, others are unavoidable, and no patient on 

antipsychotic medications for prolonged periods is safe from developing TD. With few treatment 

options available, and the high cost of currently approved treatments, there is a critical need for 

the development of new approaches to resolving TD. Better understanding of the mechanisms 

underlying TD will likely be key in these efforts. Previous models have fueled essential research 

into mechanisms of TD, but additional models and more evidence are needed before a coherent 

picture can be painted. Most critically, changes at the molecular and cellular level need to be 

linked to changes in neural activity and behavior in animal models of TD. Fortunately, decades of 

research have established TD models in non-human primates, rats, and mice. With these tools, 

the foundational knowledge of prior work, and the rapid emergence of tools for understanding the 

brain, current researchers are poised to advance our understanding and treatment of TD. 



31 
 

Although just a small step in curing psychiatric disease, such advances could represent leaps for 

the well-being and happiness of patients. 
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1.5 Tables 

 
 Table 1.1: Overview of studies involving non-human primate models of tardive dyskinesia. 
List of species, antipsychotic drug, dose, administration route, treatment duration, dyskinesia rate, 
delay until dyskinesia onset, and reference. 
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1.6 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Anatomy of the basal ganglia. Above: Coronal section of the human basal 
ganglia. Below: Sagittal section of the rodent basal ganglia. Abbreviations: GPe = globus 
pallidus externa, GPi = globus pallidus interna, SNc = substantia nigra pars compacta, 
SNr = substantia nigra pars reticulata, STN = subthalamic nucleus  
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CHAPTER 2  

Circuit Mechanisms of Parkinson’s Disease 
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2.1 Abstract 

Parkinson’s disease (PD) is a complex, multi-system neurodegenerative disorder. The second 

most common neurodegenerative disorder after Alzheimer’s Disease, it affects approximately 1% 

of adults over the age of 60. Patients are usually diagnosed with the development of one or more 

of the core motor features of the disease, including tremor, slowing of movement (bradykinesia), 

and rigidity. However, there are numerous other disease manifestations, including motor and 

nonmotor features. Many PD symptoms are the direct result of neurodegeneration in selected 

brain regions; others appear to be driven by aberrant activity patterns in surviving neurons. This 

latter phenomenon, PD circuit dysfunction, is an area of intense study, as it likely underlies our 

ability to treat many disease symptoms in the face of (currently) irreversible neurodegeneration. 

This review will discuss key clinical features of PD and their basis in neural circuit dysfunction. 

We will first review important disease symptoms and some of the responsible neuropathology. 

We will then describe the basal ganglia-thalamocortical circuit, the major locus of PD-related 

circuit dysfunction, and some of the models that have influenced its study. We will review PD-

related changes in network activity, subdividing findings into those that touch on the rate, rhythm, 

or synchronization of neurons. Finally, we suggest some critical remaining questions for the field, 

and areas for new developments. 
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2.2 Results 

2.2.1 Clinical Features of Parkinson’s Disease 

Motor Features 

Though the core, or classic, motor features of PD include tremor, bradykinesia, and 

rigidity, there are many other motor features, including alterations in gait and balance, eye 

movement control, speech and swallowing, and bladder control. In PD patients, bradykinesia 

manifests as reductions in movement amplitude, movement velocity, and difficulty in initiating 

movement. It can impact voluntary control of many muscle groups, including eye muscles 

(resulting in slowed initiation of saccades), muscles of speech (resulting in softer and sometimes 

slurred speech), and limb muscles (resulting in reduced dexterity).  Patients describe difficulties 

in fine motor tasks like buttoning, writing, and using utensils. 

Tremor is variable: most, but not all, patients have a tremor, typically present in one or 

both hands, but also can affect the legs or head. Hand tremor is usually present at rest, and 

consists of rhythmic movement, about 5 Hz in frequency, about the wrist. Tremor is greatly 

diminished during voluntary movement. Many core motor symptoms respond to dopamine 

replacement therapy with the dopamine precursor levodopa or dopamine agonists. 

As the disease progresses, abnormalities outside the core motor features develop, and 

drive disability. These include impaired gait and balance. Initially gait slows, then later develops 

a shuffling quality with reduced stride length. Postural reflexes diminish, and instability becomes 

apparent, and increasingly likelihood of falls. These gait and balance symptoms are only partially 

responsive to dopamine replacement therapy. Speech and swallowing are typically impacted later 

in the disease course. Speech often becomes soft and sometimes difficult to understand, and the 

slowing of swallowing can cause both choking episodes and drooling. Indeed, swallowing 

impairment can lead to aspiration pneumonia. These symptoms rarely respond to dopaminergic 

medications. While these motor symptoms are very useful in current clinical diagnosis, there is 
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increasing awareness of the numerous nonmotor features of PD, many of which do not respond 

to standard pharmacological treatment. Nonmotor features of PD arise both before and after the 

onset of the classic motor symptoms, increase disability and reduce quality of life. They can be 

grouped into behavioral, cognitive, and autonomic categories. 

 

Behavioral symptoms 

Behavioral symptoms such as mood disorders and sleep disturbances arise throughout 

the course of PD, and may also represent a major complication of current treatments. PD patients 

often describe the development of anxiety or depression several years before the onset of typical 

motor symptoms (Abbott et al., 2001; Iranzo et al., 2009; Doty, 2012; Bezard and Fernagut, 2014), 

suggesting these symptoms are driven by the underlying disease process, rather than coping with 

the disease. Anxiety is present in approximately 40% of patients (Pontone et al., 2009), while 

depression affects approximately 40-50% of PD patients, depending on how depression is defined 

(Reijnders et al., 2008). Fortunately, these symptoms are often amenable to the same 

antidepressant therapies used in patients without PD.  

PD is also characterized by multiple changes in sleep. Earliest to develop is REM sleep 

behavior disorder, a phenomenon in which patients physically enact their dreams, thrashing about 

during sleep, grabbing their bedpartner, or falling out of bed. In healthy individuals, brainstem 

circuitry produces paralysis during REM sleep (sleep atonia). This process goes awry in many 

patients with PD or other synucleinopathies (Louis et al., 2017), and is often present many years 

before the onset of motor symptoms (Postuma et al., 2009; Galbiati et al., 2018). Aside from REM 

sleep behavior, PD patients experience a number of sleep disruptions, including insomnia and 

alterations in sleep and wake cycles.  

Dopamine replacement therapy can alleviate some behavioral symptoms, such as apathy 

or anhedonia, but may also create new behavioral symptoms in susceptible individuals. Two well-

described behavioral phenomena associated with dopamine replacement therapy are impulse 
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control disorder (ICD) and the dopamine dysregulation syndrome (DDS). ICD is associated most 

commonly with dopamine agonist therapy, but can occur during levodopa treatment, as well. In 

this condition, patients impulsively or compulsively engage in reward-seeking behaviors, such as 

gambling, video-gaming, shopping, eating, and pornography or other sexual activities (Weintraub 

et al., 2010). DDS is a related condition in which patients develop addictive behaviors toward their 

dopaminergic medication (dopamine agonists or levodopa), taking larger amounts than 

prescribed, more frequently, and with dependence/withdrawal-type symptoms (Giovannoni et al., 

2000). 

 

Cognitive symptoms 

Cognitive decline is one of the most disabling features of PD, and though some cognitive 

changes are evident even at the time of diagnosis (Williams-Gray et al., 2007; Aarsland et al., 

2009), clinically significant cognitive impairment typically manifests some years later, and 

progresses steadily over time. Though initially PD was considered a movement disorder, without 

significant cognitive components, longitudinal studies have shown that essentially all PD patients 

eventually develop dementia (Hely et al., 2008). Historically, diagnostic distinctions were drawn 

between PD and the related synucleinopathy, Lewy body dementia. This distinction was based 

on the timing and severity of cognitive deficits (late and milder in PD versus early and marked in 

Lewy body dementia). However, with increased study of the entire range of symptoms and 

postmortem brain pathology, it appears these disorders may be part of a single spectrum 

(Jellinger, 2018). Thus many consider it appropriate to discuss the cognitive features of both 

conditions together. 

Symptoms and measurable declines in nearly every cognitive domain have been reported 

in PD, but deficits can be subdivided into those that are dopamine-dependent (alleviated or 

exacerbated by dopamine replacement therapy) and those that are not (Sethi, 2008). Dopamine-

dependent cognitive symptoms tend to emerge earlier, and include deficits in attention, 
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processing speed, set-switching, and verbal fluency (Lange et al., 1992; Marié et al., 1999; 

Dadgar et al., 2013). Dopamine-independent cognitive impairments tend to accumulate later, and 

include deficits in episodic memory and visuospatial function. In later stage disease, visual 

phenomena such as illusions and hallucinations frequently develop, which can unfortunately be 

worsened by dopamine replacement therapy (Sethi, 2008). Cognitive deficits in PD are commonly 

treated with cholinesterase inhibitors (Pagano et al., 2015), which may help compensate for 

decreased cholinergic input to the cortex from cholinergic basal forebrain neurons (Müller and 

Bohnen, 2013). 

 

Autonomic symptoms 

PD patients also experience symptoms related to dysfunction of the autonomic nervous 

system, including constipation, sexual dysfunction, urinary symptoms and incontinence, 

orthostatic hypotension, and changes in thermoregulation. Some symptoms, like constipation, 

frequently predate the onset of motor symptoms, while others, like orthostatic hypotension and 

incontinence, tend to become clinically significant in middle and later stages of the disease. These 

symptoms tend not to respond to dopamine replacement therapy or to be worsened by it (e.g. 

orthostatic hypotension). These key PD symptoms are rooted in the functional anatomy of the 

disease. Understanding some of the neuropathological features of PD, including the areas 

affected by neurodegeneration, informs our knowledge of which symptoms can be explained 

directly by cell loss, versus those that may arise from circuit dysfunction.  

 

2.2.2 Patterns of Neurodegeneration in Parkinson’s Disease 

Though PD is a neurodegenerative disease, some disease symptoms can be directly 

linked to neuronal loss, while others appear to be caused by aberrant activity or connectivity in 

surviving neurons. Here we will briefly discuss the neurodegenerative features of PD. Functional 

components will be discussed subsequently at length.  
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As with the clinical features, the neuropathology of PD is highly heterogeneous, but there 

are some shared features across patients. The pathological hallmark of PD is the Lewy body, 

which contains the protein alpha synuclein. Lewy bodies are found in different regions of the 

postmortem brain, often but not always accompanied by neurodegenerative cell loss (Surmeier 

et al., 2017) corresponding to symptom burden. The most well-known site of Lewy body 

deposition and neurodegeneration is the midbrain, in the dopaminergic neurons of the substantia 

nigra pars compacta (SNc), and to a lesser degree the adjacent ventral tegmental area (VTA). 

The loss of dopamine neurons and their projections to the striatum is believed to produce the core 

motor symptoms of PD and contribute to some of the cognitive and behavioral features, including 

depression (Frisina et al., 2009). The chronic loss of dopaminergic signaling is believed to trigger 

many changes at the cellular and circuit levels, which will be detailed in the next sections.  

Neurodegeneration is also extensive in brainstem nuclei, including both autonomic areas 

like the dorsal motor nucleus of the vagus, motor nuclei like the pedunculopontine nucleus, and 

neuromodulatory nuclei like the locus coeruleus and raphe (Seidel et al., 2015). Changes in 

noradrenergic and serotonergic projections may have different timing than loss of dopaminergic 

projections (Espay et al., 2014). In fact, in a postmortem immunohistochemical study of PD 

patients, it appeared that serotonin signaling might be enhanced in the striatum (perhaps as a 

compensatory mechanism or response to chronic treatment) (Bedard et al., 2011). These 

observations are consistent with serotonergic sprouting seen in a study of levodopa-treated 

parkinsonian patients, monkeys, and rats (Rylander et al., 2010). Loss of serotonergic and 

noraderenergic neurons might produce secondary effects on synaptic connectivity and function 

in its projection targets, much like the loss of dopaminergic projections profoundly alters striatal 

and frontal cortical connectivity and function. Less is known about clinical-pathological correlates 

in these areas, but positron emission tomography (PET) studies in PD patients show correlations 

between loss of serotonergic neurons and depression in PD (Pagano et al., 2017) or loss of 

serotonergic and noradrenergic signaling with sleep disturbances, mood disorders, and cognitive 
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deficits in PD (Espay et al., 2014; Politis and Niccolini, 2015). Neurodegeneration in limbic and 

neocortical areas is common in PD, and correlates strongly with cognitive decline (Horvath et al., 

2013), though many older patients have concomitant Alzheimer’s Disease pathology (Irwin et al., 

2017).  

Though the pattern of neurodegeneration seen in PD patients explains many aspects of 

the disease, some of the key clinical features, including the core motor symptoms (tremor, 

bradykinesia, and rigidity) are suspected to arise from aberrant patterns of activity within surviving 

neurons.   

 

2.2.3 Anatomy and Circuit Models of the Basal Ganglia 

Understanding the circuit mechanisms that drive motor symptoms of PD requires 

knowledge of the affected circuit components and their functions. Here, we review the anatomy 

and several prominent circuit models of the basal ganglia, a group of interconnected subcortical 

nuclei whose dysfunction following dopamine loss plays a critical role in the motor symptoms of 

PD. These models greatly simplify the underlying anatomy. Each model emphasizes different 

aspects of basal ganglia function, and may be complementary in some ways. Later sections 

addressing measures of activity in the basal ganglia such as firing rate, firing pattern, and 

synchrony that change following dopamine loss will be presented in the context of these models. 

 

Parallel Circuit Model 

The parallel circuit model (Figure 2.1) provides an anatomical basis for how different 

channels of information progress through the basal ganglia and for the prominent motor 

disruptions associated with PD. The primary input nucleus of the basal ganglia, the striatum, 

integrates glutamatergic input from the cortex and thalamus (centromedian and parafascicular, 

CM-PF) with dopaminergic input from midbrain regions including the VTA and SNc  (Moore and 

Bloom, 1978). Early anatomical studies of the basal ganglia found that gross subdivisions of the 



68 
 

striatum receive glutamatergic and dopaminergic innervation from different input regions, and that 

output from these subdivisions to downstream basal ganglia nuclei tends to remain separated. 

Such findings helped lead to the development of the parallel circuit model (Alexander et al., 1986), 

which proposed that different types of information, such as limbic and motor, flow in parallel 

streams through the basal ganglia thalamo-cortical loop. At the simplest level, this model divides 

the striatum into three broadly defined regions: the ventral striatum, the caudate and pre-

commissural putamen, and the post-commissural putamen (Figure 2.1, Galvan et al., 2015). The 

ventral striatum, comprised of the nucleus accumbens and olfactory tubercle, receives 

glutamatergic input from limbic regions, and is predominantly innervated by dopamine neurons in 

the VTA. The caudate and pre-commissural putamen receive dopaminergic input from the SNc 

and glutamatergic input from associative regions. Similarly, the post-commissural putamen 

receives dopaminergic input from the SNc, but receives greater input from sensorimotor regions 

of the cortex. Notably, in rodents, the dorsal striatum is contiguous, with the dorsomedial portion 

receiving greater associative input and the dorsolateral greater receiving sensorimotor input. 

From these different striatal subdivisions, GABAergic output neurons, termed medium 

spiny neurons (MSNs, also known as spiny projection neurons or SPNs), project either directly or 

via several synapses (indirectly) to basal ganglia output nuclei, the globus pallidus pars interna 

(GPi, referred to as the entopeduncular nucleus in rodents) and substantia nigra pars reticulata 

(SNr). Indirect projections are relayed through GABAergic connections in the globus pallidus pars 

externa (GPe) and glutamatergic neurons in the subthalamic nucleus (STN), which in turn project 

to the GPi and SNr. GPi and SNr projections inhibit the brainstem motor centers or to the ventral 

anterior (VA) and ventral lateral (VL) thalamus (Parent and Parent, 2004). The distinct channels 

carrying limbic, associative, and sensorimotor information arise at the level of striatal input, but 

are preserved—in part—through downstream basal ganglia structures. Channel-specific 

information at the level of the cortex may cross-talk with other channels as it re-enters the basal 

ganglia loop (Calzavara et al., 2007; Frank, 2011). Thus, while many brain regions and functions 
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are affected by PD, the preferential loss of SNc dopamine neurons that innervate motor regions 

of the striatum (Bernheimer et al., 1973) may partially account for the early prominence of motor 

deficits. How nonmotor basal ganglia channels are affected in PD, and whether these changes 

are causal in the cognitive and behavioral symptoms, remains a crucial area for further 

investigation. 

 

The Classical Model 

The classical model of basal ganglia function has critically shaped understanding of how 

dopamine contributes to motor output and how loss of midbrain dopamine neurons leads to circuit-

level changes underlying the motor symptoms of PD. Developed in the late 1980s and early 1990s 

(Albin et al., 1989; Alexander and Crutcher, 1990; DeLong, 1990), the classical model divides 

striatal MSNs into two populations, direct and indirect pathway MSNs, based on their projection 

targets (Figure 2.2). Direct pathway MSNs (dMSNs) project directly to basal ganglia output 

(GPi/SNr) and express Gαolf-coupled D1-like dopamine receptors (Gerfen et al., 1990; Herve´ et 

al., 1995; Deng et al., 2006). Thus, activation of the direct pathway is thought to decrease basal 

ganglia output, disinhibiting the thalamus and promoting movement.  In contrast, indirect pathway 

MSNs (iMSNs) project to basal ganglia output indirectly via the GPe and STN, and express Gi-

coupled D2-like dopamine receptors (Gerfen et al., 1990; Deng et al., 2006). Activation of this 

pathway is thought to increase basal ganglia output, inhibiting the thalamus and suppressing 

movement. Importantly, dopamine is hypothesized to have opposing effects on these two 

populations, increasing dMSN activity and decreasing iMSN activity. The net effect of 

dopaminergic signaling, according to this model, is to promote movement by suppressing basal 

ganglia output form the GPi. In PD, loss of dopamine would be predicted to cause an imbalance 

of activity between the two pathways at the level of the striatum. Excessive indirect pathway 

activity is hypothesized to suppress GPe firing, increasing STN activity and driving an increase in 

GPi-mediated thalamic inhibition. Concurrently, diminished direct pathway firing would be 
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predicted to disinhibit GPi neurons, increasing GPi firing further and adding to suppression of the 

thalamus and cortex. The classical model generated testable predictions on firing directionality of 

firing rate alterations throughout the basal ganglia following changes and served as a foundation 

for subsequent models of basal ganglia function. 

 

Center-Surround Model 

 Accumulating evidence indicates an essential role for the basal ganglia not only in action 

initiation, but action selection. We use the term “center-surround model” to refer to ideas first 

proposed by Mink (Mink and Thach, 1993; Mink, 1996), but which have been developed in several 

directions by subsequent investigators. The center-surround model provides a conceptual 

framework for how basal output might control selection of actions and shape motor deficits 

(Nambu, 2005). The underlying concept of this model is that to execute an action, other similar or 

competing actions must be simultaneously suppressed. In this model, activation of direct cortical-

STN projections–the hyperdirect pathway (Monakow et al., 1978)–produces widespread 

increases in GPi firing, which in turn inhibits thalamus and cortex and ultimately suppresses 

competing actions (Figure 2.3). Simultaneously, activation of dMSNs in the striatum leads to focal 

inhibition within GPi, releasing downstream inhibition and permitting execution of a selected action 

(Figure 2.3). Excitation of the STN is further shaped by release of GPe-mediated inhibition by the 

iMSNs in the striatum. Evidence for such interactions between the hyperdirect pathway and 

striatal output in guiding action selection was found in rodents trained in a cued stopping task 

(Schmidt et al., 2013). Similar to the classical model, the center-surround model predicts that in 

parkinsonism, there will be excessive STN and GPi activity, as well as decreased activity in some 

dMSNs and the GPe. However, while the classical model emphasized opposing responses of 

direct and indirect pathway MSNs to dopamine, the center-surround model highlights the 

complementary function of these two pathways in selecting action. The center-surround concept 

may also be recapitulated at different levels of the basal ganglia circuit, not only by the divergence 
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and convergence present in between nodes, but also by lateral connections and resultant patterns 

of activity within nodes. These connections may also be a potent substrate for PD-related circuit 

dysfunction. 

 

2.2.4 Rate-Based Models of Parkinson’s Disease Pathophysiology 

While neuronal activity can be characterized in numerous ways, an underlying assumption 

in many models of basal ganglia function is that information is encoded in the firing rate of 

individual neurons. In this section, we explore evidence linking changes in basal ganglia firing 

rates with the motor deficits of PD. We review observational and interventional evidence obtained 

from parkinsonian non-human primate and rodent models. Notably, while these studies are 

highlighted for their findings relating to parkinsonism-associated alterations in firing rate, many 

also consider changes in firing patterns and synchrony, which are addressed in a later section.  

 

Observations in Humans and Non-human Primates 

Significant evidence for rate-based models of basal ganglia function was obtained from 

studies using non-human primate models of disease (Figure 2.4). The discovery that injection of 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induced chronic parkinsonism in humans 

(Langston et al., 1983) and dopaminergic degeneration in macaques and squirrel monkeys (Burns 

et al., 1983; Langston et al., 1984) provided a key tool to explore how loss of dopamine changes 

neural activity. Initial studies examining 2-deoxyglucose uptake, a proxy for afferent terminal 

activity, indicated changes throughout the basal ganglia of parkinsonian primates, including 

increased uptake in the GPe, GPi, and thalamus (Crossman et al., 1985; Mitchell et al., 1986)  

and decreased uptake in caudate, STN, and cortex (Schwartzman and Alexander, 1985). Later, 

studies using extracellular single-unit recordings in parkinsonian primates and humans 

demonstrated increased baseline firing of GPi neurons, suggesting that parkinsonian motor 

deficits may be due to excessive basal ganglia output (Filion and Tremblay, 1991; Hutchison et 
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al., 1994; Boraud et al., 1996, 1998; Heimer et al., 2002), though similar changes were not 

observed within the SNr (Wichmann et al., 1999). Consistent with elevated GPi firing, increased 

baseline firing was also observed in the STN (Bergman et al., 1994; Benazzouz et al., 2002). 

Furthermore, both firing of GPe neurons and tonic GABA in the STN were reduced in parkinsonian 

primates compared to healthy animals  (Boraud et al., 1998; Filion and Tremblay, 1991; Heimer 

et al., 2002; Soares et al., 2004). Together, findings such as these supported the classical model 

of basal ganglia function. 

Notably, while multiple studies using parkinsonian non-human primates have recorded 

activity in downstream basal ganglia nuclei, for the most part, changes in striatal activity have 

been inferred. Classical models predict increased iMSN and decreased dMSN activity. However, 

evidence from humans and non-human primates is conflicting, either showing marked increases 

in the firing rate of MSNs (Liang et al., 2008; Singh et al., 2016) or no overall change (Deffains et 

al., 2016). Recent studies in rodents may provide a clearer picture of how parkinsonism changes 

the activity of dMSNs and iMSNs (see below). 

The classical model predicts that increased basal ganglia output induces excessive 

inhibition of thalamus and cortex, leading to a paucity of movement. Consistent with these 

predictions, single-unit recordings showed reduced firing of in primary motor cortex of 

parkinsonian primates (Pasquereau and Turner, 2011; Pasquereau et al., 2016). At the level of 

the VA and VL thalamus, however, baseline firing was reportedly unchanged in parkinsonian 

primates (Pessiglione et al., 2005), while decreased rates have been reported in parkinsonian 

cats (Schneider and Rothblat, 1996), as well as PD patients compared to those with essential 

tremor and chronic pain (Molnar et al., 2005). Thus, firing rate changes observed throughout the 

basal ganglia, thalamus, and cortex of non-human primates and PD patients largely support rate 

predictions of the classical models. However, as discussed in the next section, manipulations of 

basal ganglia activity in parkinsonian and healthy animals suggest that other measures of activity 

likely play a critical role in PD motor deficits. 
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Manipulations in Humans and Non-human Primates 

To support causal relationships between firing rates in basal ganglia circuit nodes and 

parkinsonian motor symptoms like bradykinesia, investigators have taken two broad approaches:  

(1) measuring physiological parameters before and after a therapeutic manipulation, such as 

administration of a dopamine agonist or levodopa, or DBS, and (2) pharmacological inactivation 

or electrolytic/chemical lesions of circuit nodes. Prior to the development of the MPTP primate 

models, surgical lesions of individual basal ganglia nuclei were known to alleviate motor deficits 

in PD patients. Aligning with the classical model, GPi lesions reduce rigidity in PD patients 

(Narabayashi et al., 1956; Cooper and Bravo, 1958), a result later replicated in parkinsonian 

primates (Baron et al., 2002). Studies using dopamine agonists, including levodopa, also observe 

decreased GPi firing (though notably no change in the STN or GPe) (Boraud et al., 1998; Filion 

et al., 1991; Levy et al., 2001).  The advent of levodopa therapy for the treatment of PD diminished 

the use of surgical lesions, but interest climbed again in the early 1990s when lesions of the STN 

were found to alleviate motor symptoms in MPTP-treated primates (Bergman et al., 1990; 

Wichmann et al., 1994), leading to the development of STN and GPi electrical DBS (Aziz et al., 

1991; Benazzouz et al., 1993; Limousin et al., 1995). These findings support classical model 

predictions that STN hyperactivity contributes to PD motor symptoms (Bergman et al., 1990; 

Wichmann et al., 1994), but also support alternative models that postulate lesions disrupt 

propagation of abnormal activity. While electrical stimulation may induce complex effects on 

activity in target structures, high frequency DBS was initially hypothesized to decrease output of 

target structures, functionally acting as a reversible lesion (Chiken and Nambu, 2016). However, 

while some studies indicate that DBS inhibits cell-bodies near the stimulation site (Meissner et 

al., 2005; Moran et al., 2011), others find evidence of increased target structure output, including 

increased GPi  firing during STN DBS (Reese et al., 2011; McConnell et al., 2012) and decreased 

thalamic and cortical firing following GPi DBS (Anderson et al., 2003; Johnson et al., 2009) or no 

net change (Kammermeier et al., 2016). Furthermore, many studies, in both nonhuman primates 
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and PD patients, call into question whether abnormal firing rates, as predicted by the classical 

model, are a causal mechanism of PD motor symptoms. For example, motor output is either 

unaffected or reduced by GPe and GPi lesions in healthy animals (Horak and Anderson, 1984; 

Inase et al., 1996; Mink, 1996; Wenger et al., 1999; Desmurget and Turner, 2008; Soares et al., 

2004), suggesting that rate changes in these regions is insufficient to drive PD motor deficits. 

Thus, while firing rate changes consistent with classical rate models have been observed, 

manipulations of the basal ganglia in parkinsonian and healthy animals suggest that other 

measures of activity such as pattern and synchrony play a role in driving PD motor symptoms. 

 

Observations in Rodents 

 Electrophysiological recordings in healthy and parkinsonian rodents largely support those 

made in parkinsonian primates, demonstrating that dopamine depletion is followed by firing rate 

changes in multiple basal ganglia nuclei. Advancements in genetics, large-scale 

electrophysiology, and optical methods have enabled (1) cell-type specific and (2) large ensemble 

recordings, which reveal heterogeneous responses within individual regions. As in nonhuman 

primates, most investigators have used toxin-based models that target midbrain dopamine 

neurons, such as 6-hydroxydopamine (6-OHDA). While increased firing rates have been 

observed in the motor thalamus of parkinsonian rats compared to healthy controls (Bosch-Bouju 

et al., 2014), multiple studies have demonstrated increased SNr firing in parkinsonian rodents 

(Breit et al., 2007; Burbaud et al., 1995; Wang et al., 2010). As in primates, evidence in 

parkinsonian rodents is variable for increased STN firing, as predicted by the classical model. 

While some studies utilizing single-unit recordings have observed increased firing rates (Kreiss 

et al., 1997; Vila et al., 2000; Aristieta et al., 2012; Park et al., 2018) others have observed no 

change (Ni et al., 2008; Lindemann et al., 2013; Delaville et al., 2015). In the STN, changes in 

activity pattern appear more consistent (see next section). Cell-type specific manipulations of STN 
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neurons to alleviate parkinsonian motor symptoms also point toward a central role of patterned 

activity. 

 GPe unit recordings in awake parkinsonian rats demonstrated overall decreases in 

baseline firing  (Pan and Walters, 1988) comparable to that observed in primates (Filion and 

Tremblay, 1991; Boraud et al., 1996). In anesthetized rats, GPe firing was decreased during 

active phases of slow wave activity and following toe pinches compared to healthy animals (Mallet 

et al., 2008). This and a subsequent study further distinguished two populations of GPe neurons, 

whose firing rate and synchrony to cortical oscillations differed in the parkinsonian state: 

prototypical neurons that project to the STN and arkypallidal neurons that send inhibitory 

projections back to the striatum (Mallet et al., 2008, 2012). Activation of both prototypical and 

arkypallidal neurons has been associated with movement cessation (Mallet et al., 2016) in healthy 

animals, and  though the contribution of these populations to PD motor symptoms is unknown, 

recent work in parkinsonian rodents indicates that subpopulations within the GPe may play distinct 

roles (see below). 

 Whereas studies of striatal activity have produced conflicting results in parkinsonian non-

human primates, evidence in rodents supports bidirectional changes in iMSN and dMSN activity 

consistent with classical models. In anesthetized parkinsionian rats, antidromically identified 

dMSNs showed decreased firing as compared to healthy animals, while presumed iMSNs showed 

elevated firing (Mallet et al., 2006; Kita and Kita, 2011). Recent single-unit recordings of optically 

and antidromically identified iMSNs and dMSNs in freely moving parkinsonian mice confirmed 

these bidirectional changes in firing (Ryan et al., 2018; Sagot et al., 2018). Notably, Ryan and 

colleagues also found that the firing of both iMSNs and dMSNs loses its normal correlation to 

locomotion, and that iMSN firing was specifically enhanced during periods of immobility. Another 

recent study in parkinsonian mice using two-photon calcium imaging to measure the activity of 

thousands of MSNs made similar observations: bidirectional changes in iMSN and dMSN activity 

and loss of locomotion correlations (Parker et al., 2018). Together, results like these highlight the 
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utility of parkinsonian rodents, which can extend findings from humans and primates by linking 

activity changes to discrete populations with potentially distinct contributions to parkinsonian 

motor symptoms. 

  

Manipulations in Rodents 

Rodent models of PD have provided a genetic platform for linking circuit level and cell-

type specific changes in firing to motor output. Basal ganglia nuclei that have recently been 

targeted for study using optogenetics or chemogenetics include the STN, GPe, and striatum. 

While we consider how manipulations of these regions relate to firing rate changes, it is important 

to keep in mind that other measures of neuronal activity are inevitably perturbed as well.  

Manipulations in rodent models of PD have provided key insights into the contribution of 

STN firing to motor deficits and the therapeutic mechanisms underlying DBS. As described above, 

lesions and inactivation of the STN ameliorate motor deficits in parkinsonian primates, consistent 

with rate model predictions. Similar results have been observed with lesions and pharmacological 

blockade of the STN in rodent models (Klockgether and Turski, 1990; Piallat et al., 1996; Blandini 

et al., 1997; Henderson et al., 1999; Luo et al., 2002). The discovery that high-frequency STN 

DBS results in comparable behavioral effects led to the hypothesis that DBS works through 

functional inactivation. Testing this hypothesis directly, Gradinaru and others optogenetically 

inhibited excitatory STN neurons in parkinsonian rats (Gradinaru et al., 2009). Surprisingly, while 

electrical stimulation reversed parkinsonian symptoms, direct inhibition of excitatory STN neurons 

cell bodies had no effect. Similarly, high-frequency stimulation of the same population also failed 

to change behavior. However, activation of terminals from layer 5 pyramidal neurons innervating 

the STN, which are also likely activated during electrical stimulation (Li et al., 2012), robustly 

reversed parkinsonian deficits (Gradinaru et al., 2009). This finding was later replicated using 

ultra-fast opsins (Sanders and Jaeger, 2016). These findings have led to the hypothesis that STN 
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DBS may alleviate motor deficits by altering cortical activity directly through anterograde 

activation, rather than by altering basal ganglia and thalamic output. 

The classical model predicts that loss of SNc dopamine neurons leads to decreased firing 

of GPe neurons and that manipulations enhancing GPe firing should alleviate parkinsonian motor 

symptoms. While unit recordings generally support the first prediction, a recent study using 

optogenetic stimulation of subpopulations within the GPe paints a more complicated picture 

(Mastro et al., 2017). Global optical activation of GPe neurons in severely parkinsonian mice failed 

to rescue motor deficits. However, optogenetic manipulations that enhanced activity of 

parvalbumin (PV)-expressing GPe neurons, as compared to those expressing Lim homeobox 6 

(Lhx-6), either by activation of the former or inhibition of the latter, produced long-lasting motor 

improvements. Together, these findings suggest that relative changes of output within the GPe 

play a greater role than total output. 

Optogenetic and chemogenetic manipulations of dMSNs and iMSNs have been used to 

determine their effect on motor output and downstream brain region activity in both healthy and 

parkinsonian rodents. In line with predictions from the classical model, optogenetic and 

chemogenetic activation of dMSNs increased locomotion in healthy mice, and was sufficient to 

rescue parkinsonian motor deficits (Kravitz et al., 2010; Alcacer et al., 2017). Conversely, iMSN 

activation reduced measures of locomotion and promoted freezing (Kravitz et al., 2010; Alcacer 

et al., 2017). These results are consistent with classical rate model predictions, and supported by 

studies in healthy rodents showing increases and decreases in motor thalamic and motor cortical 

activity following stimulation of the direct activation of direct and indirect pathway, respectively 

(Oldenburg and Sabatini, 2015; Lee et al., 2016). Notably, while experiments in healthy rodents 

indicate that activation of the direct and indirect pathway can produce complex patterns of activity 

in downstream nuclei (Freeze et al., 2013; Lee et al., 2016), chemogenetic stimulation of the GPe, 

or inhibition of the GPi/SNr, has been shown to be sufficient to improve motor output in 

parkinsonian rodents (Assaf and Schiller). Taken together, manipulations in rodents highlight an 
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important distinction between activity changes that cause PD motor deficits and those sufficient 

to alleviate them. Multiple manipulations appear sufficient to reverse parkinsonian motor deficits, 

however, future work using manipulations in rodents will likely aim to identify the activity changes 

that are sufficient to cause such deficits. 

 

2.2.5 Patterned Neural Activity in Parkinson’s Disease 

While there are changes in firing rates across many nodes in the basal ganglia-

thalamocortical loop in both PD patients and animal models of PD, there is extensive evidence 

suggesting that PD is characterized by significant alterations in both the pattern of single-cell firing 

and in synchronization between circuit nodes. In fact, many investigators have challenged the 

idea that static changes in rate are the key causal mechanism of PD motor symptoms, and 

postulate changes in pattern are the most critical change in neural activity associated with PD. 

Despite accumulating evidence for these types of changes in activity, investigators are now trying 

to determine if patterned activity actually causes different symptoms of PD. Many experiments 

are consistent with the idea that pattern is a key causal mechanism, but there is some data 

suggesting that these markers of patterned activity do not consistently correlate with motor 

impairments, in both rodent and nonhuman primate models (Leblois et al., 2007; Muralidharan et 

al., 2016).  

 

Bursting and Synchronization 

Bursting of individual neurons, and synchronization between neurons, are two phenomena 

commonly associated with PD and animal models of PD (Bevan et al., 2002). Some of these 

changes are schematized in Figure 2.4. The bursting pattern of neuronal activity may reflect 

changes in the intrinsic properties or synaptic input of neurons, and together with PD-related 

changes in local and long-range connectivity, may be a key contributor to changes in the local 

field potential in basal ganglia circuit structures. Though changes in these measures have been 
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reported across many nuclei in the basal ganglia circuit, their functional contribution to PD 

symptoms remains unclear. At the level of basal ganglia output, several groups have found altered 

bursting activity in GPi neurons in human PD patients (Hutchison et al., 1994; Starr et al., 2005), 

as well as parkinsonian nonhuman primates (Miller and DeLong, 1988; Boraud et al., 1998; 

Muralidharan et al., 2016) . Bursting has also been observed in the GPe and STN of both PD 

patients and parkinsonian nonhuman primates (Bergman et al., 1994; Soares et al., 2004). The 

motor cortex has also been identified as a site of abnormal patterned activity in parkinsonian 

monkeys (McCairn and Turner, 2015). Though bursting patterns of activity are found in some 

thalamic neurons under normal conditions, there is also evidence for increased numbers of 

bursting neurons in the motor thalamus of PD patients (Magnin et al., 2000). The same group 

observed bursting neurons in the centromedial/parafascicular (CM-PF) thalamus, whose activity 

corresponded to patients’ tremor. Though far less studied, one group found that about half of 

striatal projection neurons had irregular and bursty firing in parkinsonian nonhuman primates, 

identified as predominantly putative dMSNs (Singh et al., 2015).  

 As with studies of firing rate in basal ganglia nuclei, it has been challenging to causally 

link bursting activity specifically with parkinsonian motor deficits. Measuring bursting in the context 

of pharmacological treatment or DBS for parkinsonism is one approach. However, changes in 

bursting may occur in the context of changes in rate, synchronization, and oscillations (see 

below), making it hard to definitively say which change was responsible for the relief of 

bradykinesia. Consistent with the idea that bursting is pathological, dopamine replacement 

therapy in parkinsonian nonhuman primates reduces bursting in striatum (Singh et al., 2015), GPi 

and GPe (Filion et al., 1991) in parallel with therapeutic changes in motor function. Similar 

observations have been made in the GPi patients in response to levodopa (Boraud et al., 1998). 

In other experiments in parkinsonian nonhuman primates, it appears synchronization, rather than 

bursting, is reduced by therapeutic DBS, at the level of basal ganglia output and motor cortex 

(McCairn and Turner, 2009, 2015). 
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Synchronized activity between cells is another key alteration in single-unit activity. 

Synchronization amongst neurons has several potential neural substrates, including alterations 

in local connectivity and shared synaptic input. In PD patients and animal models, synchronization 

has been measured with multiple simultaneous single-unit recordings or between single-unit 

activity and the local field potential (LFP) (Shimamoto et al., 2013), and has been both widely 

observed and closely correlated with symptom severity (reviewed in (Hammond et al., 2007)). 

Synchronized firing was seen in the STN of PD patients undergoing DBS (Levy et al., 2000) and 

in parkinsonian rats (Lintas et al., 2012). Additionally, investigators observed enhanced 

synchronization between individual neurons at the level of the motor cortex (Goldberg et al., 

2002). A key caveat of such studies, however, is that motor output and/or sensory experience can 

provide an external trigger to synchronize activity. An extreme example is tremor, which is present 

in many PD patients. While abnormal rhythmic and synchronized activity may generate tremor, it 

is also possible that tremor produces rhythmic activity in the brain. In one study using dual 

microelectrodes in PD patients undergoing stereotactic surgery for DBS or lesioning of basal 

ganglia nuclei, the authors found synchronization between GPe, GPi, and SNr neurons only in 

patients with tremor (in fact, oscillating at the tremor frequency); it was absent in patients without 

tremor (Levy et al., 2002). This observation points to another key issue in interpreting human and 

animal model data: most, but not all, PD patients have tremor, while few animal models do (e.g. 

MPTP-treated African green monkeys). This phenotypic difference may potently influence the 

neural signals recorded in each species, due to differences in the pathophysiology, or in 

responses to the tremor itself. 

The functional role of bursting and synchronization between individual neurons remains 

unclear, but recent work is beginning to test how these features of neural activity might contribute 

to PD symptoms. One of the key manipulations used to investigate the causal role of bursting in 

both PD patients and nonhuman primates is therapeutic DBS of the STN or GPi. At the 

appropriate settings, DBS greatly reduces bradykinesia. Thus, the particular component of neural 
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activity that changes in response to therapeutic DBS may contribute to motor symptoms such as 

bradykinesia. Some such studies have found that GPi DBS does not markedly change the firing 

rate or burstiness of GPi neurons, but does reduce synchronization between single units (McCairn 

and Turner, 2009), suggesting that changes in synchronization (or oscillations) may be more 

critical than rate or bursting for the therapeutic effects of DBS. In contrast, in a rat model of PD, 

STN electrical stimulation relieved bradykinesia when calibrated to reduce burst firing, but not 

when a similar protocol was used that increased burst firing (Tai et al., 2012). The same group 

explicitly tested whether STN neuronal burst firing versus oscillations produce bradykinesia, and 

found that bursting was the critical component (Pan et al., 2016). 

 

Beta Oscillations 

Convergent evidence from both human patients and animal models suggests that 

parkinsonism is accompanied by changes in the LFP across multiple basal ganglia circuit nodes, 

which has been reviewed extensively elsewhere (Hammond et al., 2007; Brittain et al., 2014). 

Most evidence supporting a role for such changes in LFP in PD symptoms are correlative, but 

over the past few years there has been increasing interest in determining whether these changes 

are an epiphenomenon versus a causal mechanism of parkinsonism.  

In human patients, the advent of DBS surgery permitted invasive microelectrode 

recordings of the STN and GPi during awake implantation surgery. The LFP from such recordings 

can be measured intraoperatively, both in the parkinsonian state and after administration of 

dopamine replacement therapy. In addition, the DBS device itself can be used to obtain LFP 

recordings, which has permitted similar LFP measurements postoperatively. Finally, more recent 

DBS devices have chronic recording functionality (Quinn et al., 2015; Swann et al., 2018), such 

that LFP signals can be measured in patients outside the operating room, either at home or in the 

clinic during directed tasks. Some of these devices, designed for closed-loop stimulation using 
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electrophysiological signals in the cortex to trigger STN stimulation, permit LFP measurements in 

two locations, such as the motor cortex (via electrocorticography) and STN (via the DBS device).  

Measurements using various methodologies have shown that in PD patients, there is 

consistently higher LFP power in the beta frequency range (8-35 Hz, but typically around 20 Hz), 

as compared to non-PD comparators, as measured in the STN (Brown et al., 2001). Indeed, STN 

LFP beta power seems to correlate well with parkinsonian symptoms such as bradykinesia and 

rigidity (Kuhn et al., 2009), and is reduced in response to the two major types of PD therapy: 

dopamine replacement therapy (Giannicola et al., 2013) and basal ganglia DBS (Quinn et al., 

2015). Not only are such LFP signals seen at individual circuit nodes, but there is some 

predictable synchronization of these rhythms across brain regions. Nevertheless, beta oscillations 

also occur in many regions during normal movement in healthy individuals (Engel and Fries, 

2010), so there is nothing intrinsically pathological about beta-range LFP power. Recent work 

indicates that the duration of beta bouts is more specific to parkinsonism, however (Deffains et 

al., 2018). Similar beta oscillatory activity has been seen in the LFP at multiple nodes in 

parkinsonian nonhuman primates. In rodent models, evidence regarding beta oscillations has 

been somewhat more inconsistent. In awake-behaving parkinsonian rats, enhanced beta-range 

power is at a somewhat higher frequency (approx. 35 Hz) than is seen in humans, but has been 

found in the STN (Delaville et al., 2015), SNr (Avila et al., 2010; Brazhnik et al., 2014), thalamus 

(Brazhnik et al., 2016), and motor cortex (Brazhnik et al., 2012). In anesthetized parkinsonian 

rats, cortical activation led to increased beta-range LFP power in the GPe, and individual GPe 

units frequently entrained to this rhythm (Mallet et al., 2008). There are many fewer instances of 

beta oscillations seen in mice, however, and most oscillatory activity has been seen in 

anesthetized animals. Interestingly, one group observed that patterned activity in parkinsonian 

mice is greatly attenuated in the awake-restrained versus the anesthetized state (Lobb and 

Jaeger, 2015). To our knowledge, there are no reported instances of beta oscillations in the 

striatum of parkinsonian mice, though modeling suggests it could be generated there (McCarthy 
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et al., 2011). As better tools now exist for recording in awake-behaving parkinsonian mice, 

investigators may or may not find evidence of strong oscillatory activity in the LFP. The 

discrepancies between primate, rat, and mouse recordings may be due to differences in the 

recording configurations (anesthetized, head-fixed, freely moving), differences in symptoms seen 

in the PD models, or perhaps differences in the complexity or density of connections between 

circuit nodes, likely a critical ingredient in producing strong oscillatory activity. However, as all 

models display bradykinesia, the lack of demonstrated beta in awake-behaving parkinsonian mice 

is puzzling, and may call into question the causal relationship between this physiological 

phenomenon and bradykinesia. 

It is challenging to directly test if altered LFP power in different frequency ranges causally 

contributes to parkinsonism. Part of the difficulty is that LFP changes are most robust in human 

patients and parkinsonian monkeys, where fewer specific interventional techniques are available. 

In addition, efforts to modulate LFP beta power often entail changing the overall spiking activity 

and/or synchronization of a group of neurons, such that multiple mechanisms may be responsible 

for behavioral changes. However, investigators have taken several approaches to get at the 

question of whether changes in beta oscillatory activity causes parkinsonian motor impairments. 

First, investigators have used therapeutic interventions, such as DBS, in conjunction with neural 

recordings, to see which features of neural activity change with therapeutic stimulation. As 

mentioned above, DBS studies in nonhuman primates have yielded a variety of results, but in 

some studies changes in rate appear relatively minor, whereas synchronization and beta 

oscillations are potently reduced (McCairn and Turner, 2009). In rodents, treatments also reduced 

beta-range LFP power in parallel with therapeutic effects (Brazhnik et al., 2014). Second, some 

have tried to induce beta oscillations in healthy human subjects to test whether such a 

manipulation can provoke bradykinesia, using transcranial current stimulation (Krause et al., 

2013; Pogosyan et al., 2009). Additionally, there is evidence that STN DBS at low frequencies 

(which might be hypothesized to enhance beta oscillatory activity in the STN or connected 
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structures) may worsen bradykinesia (Timmermann et al., 2004), and that more specific 

stimulation of hyperdirect pathway neurons at low frequencies in rodents can worsen bradykinesia 

(Gradinaru et al., 2009). Another way to examine the causal role of different firing patterns and/or 

LFP oscillations is to look at alternative models of PD. One group compared SNr activity in an 

alpha-synuclein overexpression model, which recapitulates many of the motor and nonmotor 

features of PD, but does not show the same dopaminergic cell loss seen in toxin-based models. 

They found much more subtle changes in firing rate in the overexpression model, and if anything, 

beta oscillations were reduced, rather than enhanced, in this model of PD (Lobb et al., 2013). 

Together, this work begins to address the question of whether increased beta oscillations are part 

of causal network changes in PD. 

 

Loss of Functional Segregation in Parkinsonian Basal Ganglia Circuits 

 As discussed above, separate lines of information such as limbic, associative, and 

sensorimotor are thought to progress through the basal ganglia in parallel (Figure 2.1). Another 

level of segregation, best understood within the sensorimotor channel, is by specific 

somatosensory or motor maps in each circuit node of the basal ganglia. Though less well-studied 

than the simpler rate or pattern-based changes in parkinsonian subjects, the aberrant mapping of 

sensory responses or specific actions is likely a major type of PD circuit dysfunction, the 

importance of which we have yet to fully explore. The advent of chronic recordings in patients and 

high-density recordings in awake behaving parkinsonian nonhuman primates or calcium imaging 

in freely moving parkinsonian rodents (Barbera et al., 2016; Klaus et al., 2017; Markowitz et al., 

2018) makes possible the more detailed investigation of these maps across multiple neurons in 

a given circuit node.  

While there is evidence for somatotopy and motor mapping at several levels of the basal 

ganglia circuit, the exact cellular and synaptic structure supporting these maps (and action 

selection) is as yet unclear. However, several studies have examined the sensory receptive fields 



85 
 

of basal ganglia neurons during single-unit recordings, and have observed changes in 

parkinsonian animals. In the striatum of rats and cats, clusters of units responsive to 

somatosensory stimulation shrank in size and showed diminished spatial specificity (Rothblat and 

Schneider, 1995; Cho et al., 2002). Similarly, while most GPi neurons in healthy primates 

responded to one type of passive joint movement, in parkinsonian animals the majority of neurons 

responded to multiple joint movements (Boraud et al., 2000). Results looking at the motor 

thalamus have proven more variable, with some studies showing increases in the number of 

responsive units and their receptive fields (Pessiglione et al., 2005), others reporting a decrease 

in the number of responsive units (Schneider and Rothblat, 1996), and other finding no change 

(Kiss et al., 2003).  Changes in receptive fields suggest the possibility that dopamine-related 

changes in synaptic connectivity may lead to deficits in action selection. The underlying cellular 

and synaptic substrate of these changes may include lateral connections within individual basal 

ganglia nuclei. Interestingly, lateral connections in healthy mice are potently regulated by 

dopamine (Dobbs et al., 2016), and in parkinsonian mice, the likelihood of lateral connections 

between iMSN-iMSN or dMSN-dMSN pairs was significantly decreased, while connections from 

iMSNs to dMSNs were largely spared (Taverna et al., 2008). Such changes may help explain 

differences in striatal information processing observed in vivo. Still, how somatosensory and 

motor mapping evolve during PD and how such changes may causally contribute to activity 

patterns and motor symptoms remains to be explored. 

Basal Ganglia Mechanisms of Cognitive Parkinson’s Disease Symptoms 

 As mentioned above, some PD cognitive symptoms correlate well with primary 

neurodegenerative processes in the cortex and other higher cognitive regions. However, given 

the fact that some cognitive features of PD (1) are modulated by dopamine replacement therapy, 

and (2) can be observed in toxin-based animal models (where cortical neurodegeneration is not 

present), these features may be mediated by aberrant neural activity, much like the classic motor 
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features of PD. Aberrant neural activity may be present in the cognitive/associative or 

behavioral/limbic streams that course through the basal ganglia loops, which could in turn 

contribute to impaired action selection-like phenomena in cognitive (poor set-switching and 

reward-based learning) and behavioral (depression, apathy) domains. Though this theory has not 

been investigated extensively, there are indications that some of the same impairments seen in 

the dorsolateral, motor portions of basal ganglia nuclei and motor cortex are also seen in the more 

medial and ventral portions of the same basal ganglia nuclei (Kish et al., 1988; Carriere et al., 

2014) and cognitive portions of frontal cortex (Wang et al., 2017; Chung et al., 2018). However, 

in parkinsonian rats, the high beta-range oscillatory activity seen in the primary motor cortex is far 

less prominent in prefrontal cortical areas important for cognitive function (Delaville et al., 2015). 

Some studies have directly measured circuit activity during more cognitive tasks in patients. In 

one such study, investigators correlated changes in STN LFP oscillations with performance on a 

speeded cognitive task (Siegert et al., 2014). Another recent study measured STN LFP during 

chronic recordings in PD patients during a response inhibition task, and showed correlations 

between STN oscillatory activity and task performance (Hell et al., 2018). These type of studies 

are relatively rare, but may yield important information about how circuit changes contribute to 

cognitive deficits. To date it remains unclear whether the same neural signatures contribute to 

cognitive and behavioral dysfunction, or whether distinct physiological phenomena mediate these 

symptoms.  

There are very few studies attempting to link parkinsonian cognitive deficits with circuit 

dysfunction in rodents or nonhuman primate models. A major limitation is that toxin-based models 

produce fairly profound motor dysfunction, and most cognitive assays have a motor-dependent 

outcome measure (in rodents, swimming to a hidden platform in the water maze, nosepoking or 

pushing a lever to indicate choice; in monkeys reaching for a reward or pushing a button). 

However, other models show potential for such studies. In nonhuman primates, several groups 

have characterized a PD-like frontal pattern of cognitive deficits in lower dose MPTP-treated 
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primates that have minimal or no motor deficits (Schneider and Kovelowski, 1990; Schneider and 

Roeltgen, 1993). Interestingly, in this type of model (as in many patients), doses of levodopa that 

greatly ameliorate motor symptoms do not improve (and can even worsen) cognitive performance 

(Schneider et al., 2013). In rodents, non-toxin based models may also be useful. One example is 

the Mito-Park model, which replicates several motor, nonmotor, and pathological features of 

human PD. At early time points (before marked motor impairment develops) Mito-Park mice show 

deficits on the Barnes maze and novel object recognition (tests of visuospatial learning and 

memory) (Li et al., 2013). There is also evidence for a relationship between non-dopaminergic 

circuit changes and cognitive dysfunction in PD animal models. In mouse α-synuclein 

overexpression models, there are multiple cognitive deficits observed, some of which can be 

linked to cortical cholinergic deficits (as are seen in PD patients). In an extensive behavioral study, 

investigators found many cognitive deficits that mirror those of PD patients: reversal learning, 

habit learning, and visuospatial memory (Magen et al., 2012). These models that allow focused 

study of PD-related cognitive deficits may be a good platform upon which to build more circuit-

level analyses, in order to more directly link circuit changes to cognitive deficits. 
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2.3 Future Directions 

The recent advances in neural monitoring technology, both in humans and animal models, 

represents a major opportunity for gathering additional, and more representative, data about the 

patterns of neural activity that accompany symptoms in PD. In patients, there are opportunities to 

probe neural activity in multiple brain regions. For example, an investigational DBS system 

developed for future use in closed-sloop stimulation has also been used to monitor the activity of 

both the motor cortex and STN, both intraoperatively and chronically, in patients with PD (Swann 

et al., 2018). This approach permits chronic recordings of the relationship between neural activity 

in these two nodes in patients with different movement disorders, but perhaps most interestingly, 

in relation to specific disease symptoms (Swann et al., 2016). In animal models, tools now allow 

simultaneous electrical recordings of hundreds of neurons in a given brain region, but also across 

multiple brain areas, during behavior. The development of genetically-encoded calcium indicators 

and voltage sensors permits gathering of even larger numbers of single-cell data, though thus far 

the temporal characteristics of these indicators cannot match traditional electrophysiology for 

determining tight synchronization between single cells. In rodents, and now nonhuman primates 

(Galvan et al., 2017), the use of optogenetic and chemogenetic tools permit more direct tests of 

whether specific patterns of activity (changes in rate, pattern, or synchronization).  

 

Despite the accumulation of extensive supportive evidence for different circuit mechanisms in 

driving the symptoms of PD, a number of major questions remain. We have listed some of the 

questions that we think are particularly critical to address: 

 

1. How do low-level changes in synaptic connectivity and firing rate or pattern contribute to 

higher-level phenomena such as synchronization between neurons or brain regions, and 

local-field potential oscillations at particular frequencies? Connecting cellular and synaptic 
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observations to the disease-related changes in the local field potential at different nodes 

in the basal ganglia thalamo-cortical loop is an important basic science question, but will 

also help bridge extensive work at these two levels of analysis in the PD field. 

2. Do changes in firing rate, pattern, or synchronization cause disease symptoms? It will 

likely require both more sophisticated observational studies (a more detailed look at the 

timing of neural activity and behavioral changes) and causal manipulation studies to fully 

address this question. Observational studies will be greatly facilitated by new technology 

permitting high channel-count electrophysiology, as well as deep imaging methods that 

permit physiological measurement from tens to hundreds of neurons at the same time. 

Though tools like optogenetics will no doubt be useful in this quest, we should be careful 

to use them to mimic healthy or disease-related activity (informed by the decades of work 

in this area), rather than imposing yet new rates or patterns of activity on neural circuits. 

Otherwise, results may be difficult to interpret. 

3. How do our major therapies for PD work?  Ongoing studies involving current therapies, 

such as oral medications (levodopa, dopamine agonists) or DBS, in both patients and 

animal models, may also give us insights into which circuit changes cause, vs correlate 

with, disease symptoms. In the course of these studies, investigators may identify multiple 

therapeutic mechanisms, which could guide development of new treatments. 

4. Do motor and nonmotor aspects of PD have shared or distinct circuit mechanisms? 

Mechanistic studies of the nonmotor aspects of PD have been limited to date, largely 

because of the challenges in identifying and quantifying these symptoms. However, the 

advent of chronic ambulatory recordings in PD patients now allows recordings of neural 

activity in conjunction with cognitive task performance, or alignment with patient-identified 

symptoms that arise at home. In addition, improvements in high-throughput testing of 

higher cognitive function in rodents will allow more invasive testing of the hypotheses 

generated by observational studies in both patients and nonhuman primates. 
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5. Are changes in circuit function, at the level of connectivity and neural activity not just a 

feature of pathophysiology, but also a contributor to ongoing pathogenesis? Historically, 

most PD research has been separated into two branches: pathogenesis (focused on 

cellular and molecular mechanisms of neurodegeneration) and pathophysiology (focused 

on circuit mechanisms in the circuit). However, it may be that these two processes are 

intertwined. Activity may be a key contributor to neurodegeneration (Surmeier, 2018), and 

synaptic connectivity may be a mechanism of disease spread (Braak et al., 2003). 

 

Key to progress is communication and collaboration between investigators studying human 

patients, nonhuman primate, rodent, and even cellular models of PD. Those of us who work with 

animal models need to identify which questions can be answered with our current tools (including 

the animal models themselves), and which should be set aside until the tools improve, or would 

be best answered by our colleagues working with patients. In addition, as each group of scientists 

makes progress in unraveling the circuit mechanisms of PD, it will be important to check findings 

against those in other models, and ultimately, in the disease itself.  
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2.4 Figures 

Figure 2.1: Parallel circuit model of basal ganglia. Limbic (green), associative (purple), and 
sensorimotor (blue) information from excitatory (arrows) cortical afferents is distributed in parallel 
to regions of the striatum. Anatomical separation of these channels is preserved in downstream 
basal ganglia nuclei. As an example, inhibitory projections (flat arrows) from sensorimotor striatum 
send innervate sensorimotor regions GPi, either directly or intermediately through the GPe and 
STN. Projections from sensorimotor regions of GPi then innervate the motor thalamus, which 
projects back to sensorimotor regions of the cortex. 
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Figure 2.2: Classical model of the basal ganglia. (Left) A fuller representations of the 
connectivity within the basal ganglia demonstrates the simplification present in the classical 
model. In the healthy condition (middle), dopamine (blue) from the SNc to the striatum activates 
direct pathway (green) MSNs and inhibits indirect pathway (red) MSNs. This effect decreases GPi 
output, releasing inhibition on the thalamus and cortex and promoting movement. In the 
parkinsonian condition (right), loss of SNc dopamine causes hypoactivity of the direct pathway 
and hyperactivity of the indirect pathway that leads to excessive GPi output. As a result, over 
inhibition of the thalamus and cortex leads to a suppression of movement. (Adapted from DeLong, 
1990) 
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Figure 2.3: Center-surround model of the basal ganglia. Cortical input activates STN neurons 
(purple) that broadly excite GPi neurons (black), suppressing actions. Concurrently, cortical input 
to the striatum activates iMSNs that shape STN activity through the GPe, as well as dMSNs 
(green) that converge and inhibit a subset of GPi neurons to permit selective execution of 
movement. At the striatal level, inhibitory connections between MSNs may contribute to 
conceptually similar center-surround patterns. 
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Figure 2.4: Changes in firing between healthy and parkinsonian conditions. Schematic 
depiction of pattern and rate changes observed across healthy and parkinsonian animals in basal 
ganglia, thalamus and cortex (Arky, arkypallidal; proto, prototypical; M1, primary motor cortex). 
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CHAPTER 3 

Functionally Distinct Connectivity of Developmentally Targeted Striosome 

Neurons 
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3.1 Abstract 

One longstanding model of striatal function divides the striatum into compartments called 

striosome and matrix. While some anatomical evidence suggests that these populations represent 

distinct striatal pathways with differing inputs and outputs, functional investigation has been 

limited by the methods for identifying and manipulating these populations. Here, we utilize 

hs599CreER mice as a new tool for targeting striosome projection neurons and testing their 

functional connectivity. Extending anatomical work, we demonstrate that striosome neurons 

receive greater synaptic input from prelimbic cortex, whereas matrix neurons receive greater input 

from primary motor cortex. We also identify functional differences in how striosome and matrix 

neurons process excitatory input, providing the first electrophysiological method for delineating 

striatal output neuron subtypes. Lastly, we provide the first functional demonstration that 

striosome neurons are the predominant striatal output to substantia nigra pars compacta 

dopamine neurons. These results identify striosome and matrix as functionally distinct striatal 

pathways. 
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3.2 Introduction 

The striatum is the primary input nucleus of the basal ganglia and plays a critical role in a 

wide range of behaviors. Classical models of striatal function divide the output neurons, medium 

spiny neurons (MSNs), into two groups: direct and indirect pathway cells. These populations have 

proven useful for understanding striatal functions such as movement control (Kravitz and Kreitzer, 

2012; Cui et al., 2013) and are differentiated by their connectivity to downstream basal ganglia 

nuclei. An alternative model that may help explain other striatal functions, including certain forms 

of learning and decision making (Brown et al., 1999; Friedman et al., 2015), divides striatal output 

neurons into populations called striosome and matrix. Like the direct-indirect pathway model, 

striosome and matrix neurons are hypothesized to mediate distinct functions, based in large part 

on proposed differences in their upstream and downstream connectivity. 

Historically, striosome and matrix neurons have been distinguished by their localization 

within neurochemically distinct compartments. Striosome compartments, which appear as 

irregularly distributed islands within the surrounding matrix, show enriched expression of markers 

such as µ-opioid receptors (MORs) and diminished expression of markers such as calbindin (Pert 

et al., 1976; Gerfen, 1985). Early and recent anatomical tracing studies found that terminals from 

limbic and sensorimotor regions show preferential localization in striosome and matrix 

compartments, respectively (Ragsdale and Graybiel, 1988; Sadikot et al., 1992; Eblen and 

Graybiel, 1995; Kincaid and Wilson, 1996; Lévesque and Parent, 1998; Friedman et al., 2015). 

Additionally, while MSNs in both compartments project to canonical downstream basal ganglia 

targets such as the substantia nigra pars reticulata (SNr), tracing studies suggest that striosome 

MSNs in the dorsal striatum send additional output to dopamine neurons in the substantia nigra 

pars compacta (SNc), while those in the ventral striatum project to dopamine neurons in the 

ventral tegmental area (VTA) (Gerfen, 1985; Jiménez-Castellanos and Graybiel, 1989; Fujiyama 

et al., 2011; Watabe-Uchida et al., 2012). These anatomical findings led to the hypothesis that 
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striosomes comprise a distinct striatal pathway that integrates limbic information and regulates 

activity of SNc dopamine neurons. 

Neurochemically-defined striosome and matrix compartments have been recognized for 

decades, but without tools to identify and manipulate these neurons in vivo, studies of how 

potential structural differences in connectivity translate functionally have been limited. Much of 

our current knowledge is derived from postmortem neuroanatomical studies, with methods to 

facilitate functional study of striosome and matrix MSNs in living tissue only recently becoming 

available (Davis and Iii, 2011; Gerfen et al., 2013; Banghart et al., 2015; Lopez-Huerta et al., 

2016; Smith et al., 2016; Crittenden et al., 2017). Such approaches have enabled novel insights 

into differences between striosome and matrix, but also raised debate over whether striosome 

and matrix MSNs indeed differ in their inputs and outputs. Here, we use Cre-mediated 

recombination from the hs599CreER mouse line to target developing striosome MSNs. We find that 

striosome and matrix MSNs receive biased input from limbic and sensorimotor regions at the 

synaptic level. We also show that striosome and matrix MSNs have divergent intrinsic properties. 

Finally, we demonstrate that striosome and matrix MSNs have functionally distinct inhibitory 

output to SNc dopamine neurons. Together, our data establish the hs599CreER mouse line as a 

highly specific tool for studying striosomes and confirm that striosome and matrix represent 

functionally distinct striatal pathways.  
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3.3 Results 

3.3.1 Enhancer hs599 drives gene expression in postmitotic neurons of the developing 

striatum  

hs599 is a 1678 bp DNA fragment from the human genome that was discovered to drive LacZ 

expression in the E11.5 mouse striatum using a mouse transgenic screen of candidate regulatory 

elements (Visel et al., 2013). hs599 was then cloned upstream of CreERT2-IRES-eGFP, and 

used to generate a stable mouse transgenic line (hs599CreERT2-eGFP, referred to here as hs599CreER) 

which confirmed its activity in the E11.5 striatum (Silberberg et al., 2016). Here we investigated 

hs599CreER as a tool for labelling components of the developing striatum.  

To explore its ability to label striosomes, we examined hs599-driven CreER-eGFP 

expression and CreER-mediated recombination during development following a single 

administration of tamoxifen. Previous studies demonstrate that striosome and matrix cells are 

derived from the lateral ganglionic eminence (LGE) starting at E10.5 (van der Kooy and Fishell, 

1987), with striosome neurons born prior to matrix neurons. Because the hs599 is active in the 

LGE during this time (Silberberg et al., 2016), we hypothesized that tamoxifen administration at 

E10.5 would label early-born neurons that give rise to striosomes (Figure 3.1A). Therefore, we 

administered tamoxifen at E10.5 to hs599CreER;Ai14 mice and observed CreER-eGFP expression 

(eGFP) and Cre-mediated recombination (tdTomato) in the striatum of embryos and pups (E12.5, 

E15.5, E18.5; Figure 3.1B, 3S1A-C).  In the LGE at E12.5, recombination appeared restricted to 

the neuronal zone (mantle zone), suggesting hs599 was not active in progenitor cells (Figure 

3.1B). To confirm that recombination was restricted to post-mitotic cells, we stained E12.5 

sections for either Ki67 or phospho-histone H3, markers of proliferating cells. Neither eGFP nor 

Cre-driven tdTomato expression overlapped with either marker within the LGE, except for a small 

domain at the pallial/subpallial boundary (Figure 3.1C-D, asterisks in Figure 3S1A). This region 

produces interneurons of the olfactory bulb and pyramidal neurons of the piriform cortex; both of 

these structures had low levels of recombination (Figure 3.1E). No recombination was observed 
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in the progenitor domains of the medial ganglionic eminence (Figure 3.1B).  While we did observe 

recombined cells in the external globus pallidus (GPe), they were NKX2-1-negative, and therefore 

unlikely to be derived from the MGE (Figure 3S2A) (Flandin et al., 2010; Nóbrega-Pereira et al., 

2010; Hernández et al., 2015; Dodson et al., 2015). In line with hs599 enhancer embryonic 

activity, fate-mapping of tdTomato+ cells in adult animals (P30) revealed labeling in the 

GABAergic regions of the telencephalon  (striatum, olfactory bulb, olfactory tubercle, septal nuclei, 

bed nucleus of the stria terminalis (BNST), amygdala (central and intercalated nucleus), and 

diencephalon (reticular thalamus, zona incerta) (Figure 3.1E). Notably, tdTomato+ cell bodies 

were not observed in the substantia nigra (Figure 3.1E, 3S2B). These data show that hs599CreER 

mice can be used to label a subset of striatal neurons born during specific developmental time 

points. 

 

3.3.2 hs599CreER Mice Enable Genetic Targeting of Striosome MSNs 

hs599CreER;Ai14 mice given tamoxifen at E10.5 lead to patchy striatal tdTomato expression by 

adulthood, suggesting the possibility of striosome labeling (Figure 3.1B, right). To test this 

hypothesis, we double-labeled striatal sections from hs599CreER;Ai14 mice for µ-opioid receptors 

(MORs) and calbindin, markers of striosome and matrix compartments, respectively (Pert et al., 

1976; Gerfen et al., 1985). tdTomato+ cells were found in regions enriched for MOR and poor in 

calbindin expression (Figures 3.2A-B), consistent with striosome labeling. Previous studies 

targeting striosomes developmentally indicate a tradeoff between penetrance and specificity 

across different developmental time points (Kelly et al., 2018; van der Kooy and Fishell, 1987; 

Mason et al., 2005). Therefore, we estimated the penetrance and specificity of striosome labeling 

in the dorsal striatum of hs599CreER;Ai14 mice (tamoxifen administration at E10.5) by quantifying 

the density of tdTomato+ cells in striosome and matrix compartments (Figure 3.2C-D). We 

observed an approximately 12-fold higher density of labelling in striosome compared to matrix 

compartments (12,211 ± 820 vs. 1,058 ± 79 cells/mm, N=3, Figure 3.2I). Notably, tamoxifen 
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administration at E15.5 led to increased striatal labeling, but in a broader and more nonspecific 

pattern (data not shown). Next, to confirm whether labeling was restricted to striatal projection 

neurons (medium spiny neurons, MSNs), we stained for markers of striatal interneurons: choline 

acetyltransferase (ChAT), parvalbumin (PV), and neuropeptide Y (NPY) (Figure 3.2E-G). We 

observed almost no overlap of tdTomato with ChAT, PV, or NPY (Figure 3.2J). These findings 

indicate that hs599CreER mice enable highly enriched labeling of striosome MSNs. 

Striosome and matrix compartments each contain direct and indirect pathway MSNs. To 

determine if hs599CreER mice preferentially label either pathway, we first measured the 

endogenous proportion of indirect pathway MSNs in each compartment. Striatal slices from an 

indirect pathway reporter mouse line (D2-GFP, Gong et al., 2003) were stained for MORs and the 

neuronal marker NeuN, enabling quantification of the proportion of GFP+ neurons in striosomes 

and matrix (Figure 3.2H). While approximately half of identified matrix neurons were GFP+ (45.8 

± 0.6%, N=4), striosomes showed a small but consistent reduction in this proportion (38.7 ± 1.2%, 

N=4), suggesting a slight enrichment for direct pathway MSNs (Figure 3.2K). Using 

hs599CreER;Ai14;D2-GFP mice, we next quantified the proportion of tdTomato+ neurons that were 

D2-GFP+. We observed minimal overlap between GFP+ and tdTomato+ neurons (Figure 3.2H,K, 

9.8 ± 0.9%, N=3), indicating that labeled neurons in hs599CreER mice underrepresent indirect 

pathway MSNs within striosomes. Thus, our data indicate that striatal neurons labeled in 

hs599CreER mice are primarily direct pathway striosome MSNs. 

 

3.3.3 Striosome and Matrix Receive Differential Input from Prelimbic and Primary Motor 

Cortex 

The advent of novel tools for studying striosome and matrix MSNs has raised questions over 

whether these populations receive differing levels of input from limbic and sensorimotor 

neocortical regions. With the hs599CreER mouse line as a tool to identify and manipulate striosome 

MSNs, we next tested the hypothesis that striosome MSNs receive differential inputs from 
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upstream brain regions, as compared to neighboring matrix MSNs. While terminals from prelimbic 

cortex (PL) and primary motor cortex (M1) have been found to preferentially distribute onto 

striosome and matrix compartments, respectively (Eblen and Graybiel, 1995; Kincaid and Wilson, 

1996; Lévesque and Parent, 1998; Miyamoto et al., 2018), it is unknown how such anatomical 

differences translate at the functional level. To address this question, we expressed 

channelrhodopsin (ChR2-eYFP) in either prelimbic (PL) or primary motor cortex (M1) of 

hs599CreER;Ai14 mice. Consistent with previous findings, ChR2-eYFP+ fibers from the PL were 

enriched in tdTomato-labeled striosomes (Figure 3S3A-C), while those from M1 concentrated in 

the matrix (Figure 3S3D-F). Next, we targeted sequential pairs of neighboring striosome and 

matrix MSNs in ex vivo brain slices (Figure 3.3A) and measured optically evoked excitatory 

postsynaptic currents (oEPSCs) in whole-cell voltage-clamp configuration. Brief pulses of blue 

light induced short latency oEPSCs (< 5 ms) from PL and M1 inputs in both matrix and striosome 

MSNs (Figure 3.3A). The amplitude of PL-derived EPSCs was greater in striosome (776 ± 175 

pA) than in matrix (483 ± 182 pA) MSNs (Figure 3.3B left, Wilcoxon sign-rank, p = 0.0099, n = 17 

pairs, N = 4). Conversely, the amplitude of M1-derived EPSCs was significantly lower in striosome 

(202 ± 48 pA) compared to matrix (756 ± 201 pA) MSNs (Figure 3.3C left, Wilcoxon sign-rank, p 

=0.0072, n = 19 pairs, N = 4). To quantify the functional bias of PL and M1 inputs for striosome 

MSNs, we averaged the ratio of oEPSC amplitudes [striosome / (striosome + matrix)] for all 

recorded pairs, as well as for each animal. Values greater than 0.5 represent preference for 

striosome MSNs, while values less than 0.5 represent preference for matrix MSNs. PL and M1 

showed opposing biases, with PL favoring striosome MSNs (Figure 3.3B right, 0.65) and M1 

favoring matrix MSNs (Figure 3.3C right, 0.28). The directionality of this bias was consistent 

across all animals for both PL and M1. In combination, these results extend anatomical findings, 

showing that PL and M1 inputs onto individual striosome and matrix MSNs differ at the functional 

level. 
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3.3.4 Direct Pathway Striosome MSNs Have Increased Intrinsic Excitability Compared to 

Matrix MSNs 

Though striosome and matrix MSNs may receive distinct synaptic input from PL and M1, how 

they transform synaptic input into spiking relies in part on their intrinsic properties. Using whole-

cell current-clamp recordings in ex vivo brain slices to measure instantaneous firing rates in 

response to current injections, we compared the intrinsic excitability of striosome and matrix 

MSNs (Figure 3.3D-E).  To control for potential differences in excitability between direct and 

indirect pathway MSNs (Gertler et al., 2008; Lieberman et al., 2018; Planert et al., 2013), we used 

hs599CreER;Ai14;D2-GFP mice to compare labeled striosome MSNs to direct and indirect pathway 

MSNs in the matrix. As very few labeled striosome neurons were indirect pathway neurons (Figure 

3.2K), only direct pathway MSNs within striosomes were examined (see Methods). Because direct 

pathway MSNs have lower intrinsic excitability than indirect pathway MSNs, we would expect to 

see lower excitability in tdTomato+ striosome MSNs compared to matrix MSNs. However, we 

observed higher intrinsic excitability in labeled striosome MSNs (n = 34, N = 5) compared to matrix 

MSNs (Figure 3.3F, n = 25, N = 5). In fact, intrinsic excitability of presumed direct pathway 

striosome MSNs (n = 34, N=5) was increased over both direct (Figure 3.3G, n=12, N = 5) and 

indirect (Figure 3.3H, n=13, N=5) pathway MSNs in the matrix. Histologically confirmed direct 

pathway striosome MSNs showed similar excitability to that of the overall striosome population 

(Figure 3S3G). No difference was observed in the maximal firing rate (Figure 3S3H, striosome = 

50 ± 3.0 spikes/sec, matrix D1 = 55 ± 4.4 spikes/sec, matrix D2 = 51 ± 5.4 spikes/sec Kruskal-

Wallis, p = 0.595) or resting membrane potential (Figure 3S3I, striosome = -89 ± 0.9 mV, matrix 

D1 = -93 ± 1.5 mV, matrix D2 = -87 ± 1.4 mV, Kruskal-Wallis, p = 0.032) of any group. However, 

direct pathway striosome MSNs had higher input resistance at rest (Figure 3S3J, striosome = 236 

± 14 MΩ, matrix D1 = 151 ± 16 MΩ, matrix D2 = 162 ± 25 MΩ, Kruskal-Wallis, p=0.00052, Dunn 

post-hoc, striosome vs. D1 matrix, p = 0.0018, D2 matrix, p = 0.0023) and showed a substantial 

shift in rheobase (Figure 3S3K, striosome = 207±17 pA, matrix D1 = 404 ± 47 pA, matrix D2 = 
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325 ± 32 pA, Kruskal-Wallis, p < 0.0001, Dunn post-hoc, striosome vs. D1 matrix p < 0.0001, D2 

matrix p=0.0008). Given the marked difference in excitability between striosome and matrix 

MSNs, we wondered if this electrophysiological property could be used as a surrogate marker for 

compartmental identity. Striosome and matrix direct pathway MSNs showed minimal overlap in 

their rheobase distribution (Figure 3S3K). Therefore, we quantified the positive and negative 

predictive value (PPV and NPV) of various rheobase cutoffs for identifying direct pathway MSNs 

in striosomes from those in the matrix (Figure 3S3L-N). Notably, a rheobase cutoff of 200 pA or 

less had a PPV of 100% for labeled striosome neurons, while a rheobase cutoff of 250 pA or more 

had a NPV of 92.7% (Figure 3S3L,M). Repeating this measure without a priori knowledge of direct 

or indirect pathway identity produced similar results (Figure 3S3N, PPV = 76.9%, NPV = 92.0%) 

Together, these data indicate striosome MSNs have greater intrinsic excitability compared to 

matrix MSNs of either pathway, and provide a potential non-transgenic approach for 

electrophysiological identification of direct pathway striosome MSNs in slice recordings. 

 

3.3.5 Striosome MSNs Are a Predominant Source of Striatal Input to SNc Dopamine  

We next asked if striosome MSNs send outputs to distinct downstream targets. Previous 

anatomical studies suggest that direct pathway striosome MSNs, unlike those in the matrix, 

project monosynaptically to substantia nigra pars compacta (SNc) dopamine neurons, in addition 

to canonical target regions such as the substantia nigra pars reticulata (SNr) (Gerfen, 1985; 

Jiménez-Castellanos and Graybiel, 1989; Fujiyama et al., 2011; Watabe-Uchida et al., 2012; 

Yang et al., 2018). However, this anatomical connection from striosome MSNs to SNc dopamine 

neurons, and its specificity, have not been explored at the physiological level. Furthermore, recent 

evidence suggested that striosome output may not differ from that of matrix (Smith et al., 2016). 

To address if striosome MSN synaptic output is distinct from that of direct pathway MSNs as a 

whole, we expressed ChR2-eYFP in direct pathway MSNs (both striosome and matrix; D1-

Cre;Ai32) or selectively within striosome MSNs (hs599CreER;Ai32), and recorded light-evoked 
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currents in SNc dopamine neurons. To control for differences in ChR2 expression across lines, 

we also recorded light-evoked currents in SNr neurons, allowing for normalization of synaptic 

output as a ratio between the two target regions (SNc/SNr; Figure 3.4A). In both D1-Cre;Ai32 (D1) 

and hs599CreER;Ai32 (599) mice, we observed ChR2-eYFP+ terminals within the SNc as identified 

by staining for tyrosine hydroxylase, a marker of dopaminergic neurons (Figures 3S4A-B). Brief 

pulses of blue light induced optically evoked inhibitory postsynaptic currents (oIPSCs) with short 

latency (<5 ms), which were unaffected by application of glutamatergic antagonists (NBQX + 

APV) and abolished by application of the GABAA antagonist picrotoxin (Figures 3.4B-C). In SNc 

dopamine neurons identified by biocytin fill (Figure 3S4C) or cell-attached spike waveform (Figure 

3S4D-E), we observed no difference in the oIPSC amplitude between 599 and D1 mice (Figure 

3.4D, 599 = 428 ± 145 pA, n = 9, N=5; D1 = 281 ± 109 pA, n=7, N=5; p =0.70). If we assume that 

D1-Cre captures all direct pathway neurons, these results indicate that the majority of striatal input 

to SNc dopamine neurons is derived from striosome neurons. Consistent with this assumption, 

oIPSC amplitude in SNr neurons was significantly less in 599 compared to D1 mice (Figure 3.4E, 

599 = 1603 ± 505 pA, n=14, N=5; D1 = 4417 ± 392 pA, n=14, N =5; p = 0.0012). The normalized 

ratio oIPSC amplitude (SNc:SNr) averaged 0.25 in 599 mice and 0.06 in D1 mice, suggesting that 

striosome output shows increased bias towards SNc dopamine neurons compared to D1 MSNs 

as a whole. To compare these ratios statistically, we bootstrapped data acquired from D1 and 

599 mice to obtain a probability distribution of outcomes, which were significantly different (Figure 

3.4F, Kolmogorov–Smirnov test, p <0.001). Next, to show that striosome MSNs can regulate SNc 

dopamine neuron firing, we recorded spontaneous activity of dopamine neurons in a cell-attached 

configuration and activated striosome terminals using hs599CreER;Ai32 mice and brief trains of 

blue light (5 pulses, 10 Hz; Figure 3.4G). Activation of striosome MSNs was sufficient to inhibit 

firing in SNc dopamine neurons (Figure 3.4H, n=7, N=4). Thus, these results demonstrate that 

striosome MSNs are the major source of striatal output to SNc dopamine neurons. 
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3.4 Discussion 

As a new tool for studying striosome and matrix MSNs, it is important to consider how the 

hs599CreER mouse line compares to existing methods. Our data indicate that by targeting early-

born, post-mitotic neurons of the LGE, hs599CreER mice label striosomes with higher specificity 

compared to non-inducible Cre lines, such as the Sepw1NP67-Cre line (Smith et al., 2016), 

though with reduced penetrance. Labeling of more ventral striosomes was especially variable, 

being present in some mice, but appearing largely absent in others. As with other mouse lines for 

targeting striosomes (Kelly et al., 2018; Smith et al., 2016), labeling in hs599CreER mice was 

present in MSNs but not major interneuron populations. Furthermore, labeling within MSNs was 

strongly biased towards those of the direct pathway, a feature of other methods for targeting 

striosomes (Davis and Iii, 2011; Banghart et al., 2015; Smith et al., 2016). Although our data 

support a slightly greater proportion of direct pathway MSNs in striosomes compared to matrix, 

labeling with these lines and hs599CreER mice underrepresents the numbers of indirect pathway 

MSNs in striosomes. The presence of this bias across different methods for isolating striosomes 

may suggest that molecular differences between striosome and matrix are more marked across 

direct pathway than indirect pathway MSNs. It is important to note though that other 

developmental strategies have produced more even labelling of indirect and direct pathway MSNs 

in striosomes, suggesting that the bias observed in hs599CreER mice results from regulation of 

CreER expression, rather than developmental timing (Kelly et al., 2018).  Thus, hs599CreER mice 

may be particularly useful when high specificity of striosome labeling is required, or for studying 

dorsal direct pathway striosome MSNs in particular. 

Using the hs599CreER mouse line, we found that at the functional level, PL inputs 

preferentially target striosome MSNs, whereas M1 inputs preferentially target matrix MSNs. These 

results are consistent with previous anterograde tracing studies using traditional neurochemically 

defined striosomes. However, it is important to integrate these local differences in innervation 

across striosome and matrix with the differences present across anatomical axes, such as 
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dorsoventral and mediolateral. Inputs to striosome and matrix are highly heterogeneous across 

these axes, meaning that inputs to MSNs in neighboring compartments may be more similar than 

when compared to distant MSNs in the corresponding compartment. It is likely then that, like 

matrix MSNs, striosome MSNs in different striatal regions serve distinct functions. Recent work 

has highlighted the molecular heterogeneity of striosomes throughout the striatum (Miyamoto et 

al., 2018); future studies should aim to extend such analysis to the level of in vivo activity and 

behavior. 

We also found higher intrinsic excitability in direct pathway striosome MSNs compared to 

those in the matrix, which may amplify differences in excitatory inputs. In fact, the nearly non-

overlapping rheobases of striosome and matrix MSNs may provide a new means of studying 

striosome MSNs in slice preparations, without transgenic labeling. However, additional validation 

across genetic backgrounds and ages will be necessary. Critically important is how these 

differences in both excitatory inputs and intrinsic properties affect activity patterns in vivo. Calcium 

imaging in awake mice indicates that reward-predictive stimuli elicit stronger responses in 

striosomes than matrix (Bloem et al., 2017; Yoshizawa et al., 2018). This difference might be 

explained by differences in intrinsic excitability, though contributions from glutamatergic and 

dopaminergic input remain to be examined. 

 Lastly, we provide evidence that striosome MSNs account for the majority of striatal inhibitory 

input onto SNc dopamine neurons. With the differences in cortical inputs described here, and the 

segregation of lateral connectivity between striosome and matrix populations shown previously 

(Kawaguchi et al., 1989; Banghart et al., 2015), these data support the longstanding hypothesis 

that striosome and matrix neurons constitute functionally distinct striatal pathways. However, how 

the activity of striosome neurons, or their inhibition of dopamine neurons, shapes behavior 

remains an open question. Recent calcium-imaging studies indicate that genetically-defined 

striosome and matrix MSNs are activated by reward (Bloem et al., 2017; Yoshizawa et al., 2018), 

but striosome output to SNc dopamine neurons suggests that the response of striosome neurons 
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may have distinct effects compared to matrix MSNs. This hypothesis is supported by recent 

studies showing that manipulations targeting striosome or matrix-biased cortical inputs bias 

decision-making in different ways (Friedman et al., 2015, 2017). Based on basal ganglia actor-

critic models, striosome input may suppress reward-driven responses when rewards are expected 

(Brown et al., 1999).  

Our finding that striosome activation is sufficient to alter spontaneous firing of SNc 

dopamine neurons suggests that striosome MSNs could fill such a role. Understanding how 

striosome inputs shape dopamine neuron activity in vivo may clarify the true functional role of 

striosome MSNs. Together, our results re-establish striosome and matrix as functionally distinct 

striatal pathways and provide a new tool for investigating the role of striosomes in behavior. 
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3.5 Experimental Procedures 

Animals 

Prenatal and adult mice of either sex (age >6 weeks) from six different transgenic lines were used 

in this study. For histological experiments and identification of striosomes in slice, hemizygous 

hs599CreER females (CD-1 IGS, Silberberg et al., 2016) were crossed to homozygous Ai14 

(C57BL/6, Madisen et al., 2010) male breeders, to yield experimental animals hemizygous for 

both Ai14 and hs599CreER . To identify indirect and direct pathway neurons within striosome and 

matrix compartments, homozygous Ai14 (C57Bl/6) and hemizygous D2-GFP mice (C57Bl/6; 

Gong et al., 2003) were crossed, with male hemizygous offspring subsequently bred to hs599CreER 

(CD1) females. Experimental animals from this cross were hemizygous for D2-GFP, Ai14, and 

hs599CreER. Finally, expression of ChR2-eYFP in striosome or direct pathway neurons was 

produced by crossing homozygous Ai32 (C57/BL6, Madisen et al., 2012) males to either 

hemizygous hs599CreER or D1-Cre (C57BL/6, Gerfen et al., 2013) females, respectively, yielding 

mice hemizygous for Ai32 and D1-Cre or hs599CreER. All animals were housed 1-5 per cage and 

maintained on 12 hr light/dark cycle with food and water provided ad libitum. Experimental 

procedures were carried out with approval of the Institutional Animal Care and Use Committee at 

University of California, San Francisco and complied with local and national ethical and legal 

regulations regarding research using mice. 

 

Genotyping of hs599CreER mice 

For hs599CreER mice, tail biopsies were digested overnight at 55°C in 200 µL of buffer containing 

50 mM KCl, 10 mM Tris-HCl (pH 8.3), 2.5 mM MgCl2-6H2O, 0.1 mg/mL gelatin, 0.45% IGEPAL 

CA-630 (by volume), 0.45% Tween 20 (by volume), and 0.25 mg/mL proteinase K. Tails were 

then boiled for 10 min and spun down for 5 min at 2400 rpms. Next, supernatant (1 μL) was added 

to a mixture of dNTPs (2.5 μL), 10X LA PCR Buffer II (Mg2+ plus) (2.5 μL), dH20 (17.75 μL), 

forward primer (1 μL, CACTACTGTTTCTAAGTGTTTCC), and reverse primer (1 μL, 
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CAGCACAGGCTCAAAGTTGCC). PCR conditions were as follows: 93°C for 3 min, then hold at 

82°C and 0.25 μL TaKaRa LA Taq added. Then, 35 cycles of 93°C for 30s, 58°C for 30s, 65°C 

for 30s. Products were held at 4°C, then run on a 1% agarose gel with SYBR Safe for 40 min at 

110 V. Gels were imaged with UV light and presence of the transgene was indicated by a 398bp 

band.  

 

Tamoxifen Administration 

Activation of transgene expression in striosome neurons was achieved by orally gavaging female 

hs599CreER breeders with tamoxifen (125 mg/kg) dissolved in corn oil (20 mg/mL) on 

developmental day E10.5. Developmental time points were determined by checking mice each 

morning for vaginal plugs, with 12:00 pm set as E0.5 following plug detection. 

 

Virus Injections 

Anesthesia was induced with intraperitoneal injection of ketamine-xylazine (15-30 mg), after 

which mice were placed in a stereotaxic frame (Kopf Instruments). Anesthesia was maintained 

with 1% isoflurane (inhaled) for the duration of the procedure. After opening the scalp, a mounted 

drill was used to make bilateral burr holes above either prelimbic (PL) or primary motor (M1) 

cortex. Next, 250 µL of AAV5-hSyn-hChR2(H134R)-eYFP (UNC Vector Core) was delivered 

using a 33 gauge blunt needle and Micro4 pump (WPI) at 50 nL/min at the following coordinates 

relative to bregma and surface of the dura (in mm): PL, AP: +2.5 ML: ±0.3 DV -1.0; M1, AP: +1.2 

ML: ±1.6 DV: -0.8. Ten minutes after completion of the injection, the needle was removed, the 

scalp sutured, and animals kept on a heating pad until awakening. Virus was allowed to express 

for a minimum of 6 weeks prior to experimentation. Injection sites were confirmed following 

recordings using a Nikon 6D conventional wide-field microscope. Notably, in one animal injected 

with virus in M1, we observed a small amount of ChR2 expression in the most dorsal portion of 

striatum. Data from this animal was included, as all recorded cells were distant from the area of 
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labeling, no intrinsic light responses were observed using 500 ms light pulses, and all GABAergic 

transmission was blocked using picrotoxin. 

 

Histology 

For histological characterization of striosome labeling in hs599CreER mice, animals were deeply 

anesthetized with ketamine-xylazine (100-200 mg, IP) and transcardially perfused with 4% 

paraformaldehyde in PBS. Following perfusion, brains were dissected, post-fixed for 3-12 hr, and 

stored in 30% sucrose at 4°C. Embryonic brains were embedded in OCT (Tissue TEK) and 

sectioned onto slides using a cryostat at 20uM thickness. For immunostaining, embryonic tissue 

was washed 3 times in PBS with 0.2% TritonX-100 and blocked with with 10% normal goat serum, 

0.2% gelatin and 2% non-fat milk in PBS with 0.2% TritonX-100. Postnatal brains were sliced into 

35 µm coronal sections using a freezing microtome and kept in PBS. For staining of calbindin, 

NPY, and PV, sections were blocked in 3% normal donkey serum (NDS) and permeabilized using 

0.1% Triton X-100 for 2 hr on a shaker at 4°C. Primary antibody in 3% NDS was then added and 

sections incubated overnight at 4°C. Following 5 washes (10 min) with PBS, sections were 

incubated in 3% NDS with appropriate secondary antibody. Lastly, sections were washed 5 times 

with PBS and mounted in Vectashield Mounting Medium on glass slides for imaging. 

Immunohistochemistry for ChAT and MOR was performed with minor variations. Blocking serum 

for ChAT and MOR stains contained 5% NDS with 1.0% or 0.3% Triton-X, respectively. 

Additionally, primary antibody for MOR was incubated for 48 hr and washes were done using PBS 

with 0.3% Triton-X.  

Primary and secondary antibodies used included: Rabbit anti-Calbindin (Swant, 1:2000), 

Rabbit anti-PV (Swant, 1:2000), Rabbit anti-NPY (Cell Signaling Technologies, 1:1000), Goat-anti 

ChAT (Millipore, 1:500), Mouse anti-NeuN (Millipore, 1:1000), Chicken anti-GFP (Aves, 1:500), 

Chicken anti-GFP (Abcam 1:500), Rabbit anti-RFP (Living Colors 1:1000), Rabbit anti-Ki67 

(Abcam 1:300), Rabbit anti-PH3 (Millipore 1:300), Rabbit anti-Nkx2.1 (Santa Cruz Biotechnology 



133 
 

1:500), Rabbit anti-MOR (Immunostar, 1:2000), Rabbit anti-TH (Pel-Freez, 1:1000), Alexa Fluor 

568 donkey anti-rabbit (Life Technologies, 1:500), Alexa Fluor 647 donkey anti-mouse (Jackson 

ImmunoResearch, 1:500), Alexa Fluor 488 donkey-anti rabbit (Jackson ImmunoResearch, 

1:500), Alexa Fluor 647 donkey anti-rabbit (Jackson ImmunoResearch, 1:300), Alexa Fluor 488 

goat anti-chicken (Molecular Probes 1:300) and Alexa Fluor goat anti-rabbit Cy3 (Molecular 

Probes 1:300).  

A Nikon 6D conventional wide-field microscope was used to take stitched multi-channel 

fluorescence images at 4-10x when imaging whole brain sections. To colocalize tdTomato 

expression with other neuronal markers, multi-channel Z-stacks were taken at 40x using a Nikon 

Spinning Disk confocal microscope. Exposure times and laser intensity were matched between 

all images of the same type. 

 

Slice Electrophysiology 

Mice were deeply anesthetized with ketamine-xylazine (100-200 mg, IP) and perfused with a 

carbogenated, ice-cold glycerol-based artificial cereberospinal fluid (ACSF) solution containing 

(in mM): 250 glycerol, 2.5 KCl, 1.2 NaH2PO4, 10 HEPES, 21 NaHCO3, 5 D-glucose, 2 MgCl2, 2 

CaCl2. Following decapitation, brains were dissected, mounted on a chuck, and submerged in 

ice-cold glycerol solution. A vibrating microtome (Leica) was used to cut sequential 275 µm 

coronal slices containing either the striatum or the midbrain, which were immediately transferred 

to warm (34°C), carbogenated ACSF containing (in mM): 125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 

NaH2PO4, 12.5 D-glucose, 1 MgCl2, 2 CaCl2. Slices were incubated for 30-60 min, then kept at 

room temperature (~23°C) until use.  

During all recordings, slices were superfused with carbogenated ACSF at 31-33°C. 

Differential interference contrast (DIC) optics on an Olympus BX 51 WIF microscope were used 

to target MSNs and midbrain neurons, which were patched in a whole-cell configuration using 

borosilicate glass electrodes (2-5 MΩ). To record excitatory synaptic currents from PL and M1 
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onto MSNs, we used a cesium methanesulfonate-based internal containing (in mM): 120 

CsMeSO3, 15 CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES, pH=7.3. Striosome and matrix MSNs within 

neighboring fields of view (~200 µm) were patched serially in a randomized order. Excitatory 

currents were optically evoked using 2 ms pulses of 473 nm light ranging in power from 0.5-10 

mW and delivered by a TTL-controlled LED (Olympus) passed through a GFP filter (Chroma). 

Differences in intrinsic excitability between MSNs were measured using a potassium 

methanesulfonate-based internal containing (in mM): 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 

CaCl2, 0.5 EGTA, 10 HEPES, pH=7.3. To control for age-related changes in intrinsic excitability 

(Lieberman et al., 2018), animals used for these experiments were all between 90-160 days old. 

Picrotoxin (50 µM, Sigma Aldrich) was included in the ACSF for all intrastriatal experiments to 

block GABAA-mediated inhibition. 

To record inhibitory synaptic currents in midbrain neurons, we used a cesium 

methanesulfonate-based internal with high chloride, which contained (in mM): 120 CsCl, 15 

CsMESO3, 8 NaCl, 0.5 EGTA, 10 HEPES, pH=7.3. Inhibitory synaptic currents were evoked as 

described above. During a subset of whole-cell current clamp recordings, we examined if 

activation of striosome terminals was sufficient to inhibit spontaneous firing during cell-attached 

recordings. For these experiments, a potassium-based internal (described above) was used and 

473 nm light delivered in 2 ms pulses at 20 Hz. Input resistance and holding current were 

measured continuously as proxies of recording stability. 

All whole-cell recordings were conducted using a MultiClamp 700B amplifier (Molecular 

Devices) and digitized using an ITC-18 A/D board (HEKA). Igor Pro 6.0 software (Wavemetrics) 

and custom acquisition routines (mafPC, courtesy of M.A. Xu-Friedman). Both voltage clamp and 

current-clamp recordings were filtered at 5 kHz and digitized at 10 kHz.  

 

Post-hoc Identification of Recorded Neurons 

Biocytin (Sigma Aldrich) was included in internal recording solutions (5 mg/mL) for experiments 
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comparing intrinsic excitability of MSNs and synaptic input onto SNc dopamine neurons. In the 

first experiment, tdTomato fluorescence in the emission range of GFP confounded online 

identification of direct and indirect pathway neurons within striosomes in some cases, 

necessitating post-hoc confirmation. Three steps were taken to address this issue. First, we 

showed that 90.2% of tdTomato+ MSNs belonged to the direct pathway, as described above 

(Figure 3.2K). Second, we used biocytin-fill, far-red staining for GFP, and confocal microscopy to 

identify recorded MSNs as direct or indirect pathway post-hoc. Of all the striosome MSNs 

recovered, 100% (9/9) were identified as direct pathway, supporting the hypothesis recorded 

striosome MSNs were predominantly from the direct pathway. Finally, we compared the intrinsic 

excitability of identified direct pathway striosome MSNs to that of all recorded striosome MSNs 

and found no difference (Figure 3S3G). Therefore, data for striosome MSNs appeared 

representative of direct pathway MSNs. 

For recording synaptic input to SNc dopamine neurons, biocytin was used to confirm 

midbrain neurons with compatible physiology as being Tyrosine-hydroxylase (TH)-expressing 

SNc dopamine neurons. Recorded neurons were filled for a minimum of 15 minutes before 

carefully detaching the recording pipette. Slices were then fixed with 4% PFA for 3-12 hr at 4°C 

and transferred to 30% sucrose in PBS. A sliding microtome was used to cut 55 µm subsections, 

which were stored in PBS until use. To identify D2-GFP in tdTomato+ cells, sections were stained 

with chicken anti-GFP (Aves, 1:500) and Alexa Fluor 647 Donkey anti-chicken secondary 

antibody (1:500), as described for NPY, PV, and calbindin stains, with TritonX-100 replaced by 

0.3% Tween20 (Chem-impex Inernational Inc.). Rabbit anti-TH (1:1000, Pel Freez) and Alexa 

Fluor 568 Donkey anti-rabbit secondary antibody (1:500) were used to identify dopamine neurons.  

Alexa Fluor 350 streptavidin (3:500) was included with the secondary antibody to visualize 

biocytin-filled neurons. Biocytin-filled cells were located using a Nikon 6D conventional wide-field 

microscope at 4-10x and colocalization of fluorophores imaged using a Nikon Spinning Disk 

confocal microscope at 40x. 
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In addition to identifying dopamine neurons by post-hoc staining for TH, a subset of SNc 

dopamine neurons were identified based on cell-attached waveforms, using criteria similar to that 

previously described (Chieng et al., 2011). Custom code in Matlab was used to extract on-cell 

spikes based on current thresholds, which were manually determined for individual neurons. All 

waveforms were then manually confirmed to prevent contamination from potential artifacts. 

Following normalization of the peak-to-trough amplitude, normalized waveforms were averaged 

across each recorded neuron and the time from the peak to trough calculated. A threshold of 1 

ms for peak-trough duration was selected for positive identification of dopamine neurons, as this 

effectively segregated biocytin-confirmed SNc dopamine neurons from neighboring GABAergic 

neurons in the SNr. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistics 

All data are presented as the mean ± SEM, with N referring to the number of animals and n to 

the number of cells. 

 

Histology and Cell Counting 

Specificity and penetrance of striosome labeling in hs599CreER;Ai14 mice was determined using 

coronal sections from three points along the AP-axis (+0.5, +1.0, and +1.5 mm relative to Bregma) 

from each animal. Striosomes and neighboring matrix regions in the dorsal half of the striatum 

were identified by MOR expression using a spinning disk confocal microscope, with the 

experimenter imaging blinded to tdTomato+ labelling pattern. After imaging tdTomato expression, 

the number of tdTomato+ cells were quantified manually with FIJI/ImageJ software by a rater 

blinded to compartmental origin. Density (Ai14+ cells/mm) in striosome and matrix were used as 

a measure of penetrance and specificity, respectively. For both measures, cell bodies within the 
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subcallosal strip were excluded for analysis, though notably this region showed consistent MOR 

and tdTomato labeling across animals.  

To quantify colocalization of tdTomato expression with interneuron markers (ChAT, PV, 

or NPY) or a marker of indirect pathway MSNs (D2-GFP), striosomes from three striatal sections 

along the AP-axis (+0.5, +1.0, and +1.5 relative to Bregma) were imaged in their entirety, and the 

number of GFP+ and tdTomato+ nuclei counted manually. The proportion of indirect pathway 

MSNs in histologically defined striosomes and matrix was quantified in D2-GFP mice using 

coronal striatal sections from five APs (+1.0, +0.5, 0, -0.5, and -1.0 relative to Bregma). Striosome 

and matrix were identified by MOR expression, and the proportion of NeuN+ cells positive for GFP 

quantified manually. The Mouse Brain Atlas in Stereotaxic Coordinates (hard copy, 4th edition, by 

George Paxinos and Keither B.J Franklin) was consulted for anatomical reference. 

 

Slice Electrophysiology 

To characterize intrinsic excitability, custom code in Igor Pro (Wavemetrics) was used to extract 

the instantaneous firing rate for each current step, rheobase, maximum firing rate, and resting 

membrane potential. Input resistance was manually calculated using Ohm’s law (V=I*R) and the 

current transient induced by a -5 mV step from -70 mV holding in voltage clamp. For all measures, 

significance was determined using a Kruskal-Wallis test with a Bonferroni correction applied to 

control for multiple comparisons. A Dunn’s post-hoc test was applied to test for significance 

between individual groups. The positive and negative predictive values of various rheobase 

thresholds to identify striosome from matrix MSNs were calculated using the following equations: 

[positive predictive value = true positives / (true positives + false positives)], [negative predictive 

value = true negatives / (true negatives + false negatives)]. 

Average amplitudes of oEPSCs and oIPSCs were quantified manually in Igor. A Wilcoxon 

sign-rank test was used to compare oEPSC amplitude from M1 or PL onto striosome and matrix 

MSNs. For comparison of oIPSC amplitude onto midbrain neurons, we used a Wilcoxon rank-
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sum test. In all experiments involving optical stimulation, data was drawn from stimulations at ~3.5 

mW light power. 

To determine if the observed output of striosome and direct pathway matrix MSNs to SNr 

and SNc neurons differed statistically, 50% of oIPSC amplitudes from SNr and SNc neurons were 

randomly sampled with replacement 10,000 times for each genotype using custom Matlab code 

(Mathworks). For each trial, the ratio of output (SNr:SNc) was calculated using the average oIPSC 

amplitude sampled from each cell type. Ratios were binned in units of 1 and the probability density 

distributions obtained by dividing the total number of counts in each bin by the total number of 

trials. A Kolmogorov–Smirnov test was used to test for differences between the probability 

distribution obtained from hs599CreER;Ai32 and D1-Cre;Ai32 mice. 

 

DATA AND CODE AVAILABILITY 

Any data or code supporting the current study are available from the corresponding author upon 
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3.7 Figures 
 

 
Figure 3.1: Targeting of early-born striatal neurons using hs599CreER mice. (A) Schematic of 
striosome (purple) and matrix (orange) development and strategy for using tamoxifen to capture 
early born striatal neurons (CPu, caudoputamen (striatum); Ctx, cortex; LGE, lateral ganglionic 
eminence; LV, lateral ventrical; MGE, medial ganglionic eminence). (B) tdTomato+ (magenta) and 
CreER-eGFP+ (green) cells at E12.5 (left), E15.5 (middle), and E18.5 (right) following E10.5 
tamoxifen administration. Arrows indicate potential striosomes. (C-D) Overlap of tdTomato+ and 
CreER-eGFP+ cells with progenitor cells marked by (C) Ki67 (blue) or (D) phospho-histone H3 
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(pH3, blue). (E) Sample coronal sections illustrating tdTomato-labeled structures in the adult brain 
(P30) following tamoxifen administration at E10.5. Abbreviations: MOB, main olfactory bulb; M1, 
primary motor cortex; Pr, piriform cortex; CC, corpus callosum; acb, nucleus accumbens; str, 
striatum BNST, bed nucleus of the stria terminalis; Rt, reticular thalamus, CeM, central amygdala; 
ZI, zona incerta; SNr, substantia nigra pars reticulata; SNc, substantia nigra pars compacta. Scale 
bars represents 0.5 mm (B, E) and 50 µm (C-D). See also Figure S1 and S2. 
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Figure 3.2: hs599CreER mice enable targeting of striosome MSNs. (A-B) Overlap of tdTomato+ 
cells (magenta) in striosomes (arrows) identified by (A) increased µ-opioid receptor (MOR, green) 
or (B) decreased calbindin (blue) staining. (C-D) Example of high-magnification image used to 
quantify the density tdTomato+ cells in (C) striosome and (D) matrix compartments as identified 
by MOR staining. (E-G) Overlap of tdTomato+ cells with interneurons (green), marked by staining 
for (E) choline acetyltransferase (ChAT), (F) parvalbumin (PV), and (G) neuropeptide Y (NPY) (H) 
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Example of overlap between tdTomato+ and D2-GFP+ cells. (I) Quantification of tdTomato+ cell 
density in striosome and matrix. (J) Cell counts of tdTomato+ cells, interneurons, and double-
labeled cells for ChAT, PV, and NPY. (K) Percentage of matrix, striosome, and tdTomato+ cells 
that are D2-GFP+. Scale bars represents 1.0 mm (A-B) and 20 µm (C-H). Data are displayed as 
mean ± SEM. 
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Figure 3.3: Cortical innervation and intrinsic excitability differs between striosome and 
matrix MSNs. (A) Schematic of recording configuration (left) and examples of optically-evoked 
excitatory post-synaptic currents (oEPSCs) from prelimbic (PL, top right) and primary motor (M1, 
bottom right) cortex in striosome (purple) and matrix neurons (orange). (B) Left: Amplitudes of 
oEPSCs from PL cortex in sequential pairs of striosome and matrix neurons. Right: Bias of PL for 
striosome based on oEPSC amplitudes. Bar represents the average for all recorded pairs, while 
individual points represent the average calculated for individual animals. A value of 1 represents 
input exclusively to striosome neurons, while a value of 0 represents input exclusively to matrix 
neurons. (C) Left: Amplitudes of oEPSCs from M1 cortex in sequential pairs of striosome and 
matrix neurons. Right: Bias of M1 input for matrix calculated as in B. (D) Schematic of excitability 
recording configuration. (E) Responses of a direct pathway striosome (purple), direct pathway 
matrix (green), and indirect pathway matrix (red) to three example current injections. (F-H) 
Current-frequency plot for (F) all striosome and matrix MSNs, (G) direct pathway striosome and 
matrix MSNs, and (H) direct pathway striosome and indirect pathway matrix MSNs. Data are 
displayed as mean ± SEM. See also Figure S3. 
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Figure 3.4: Striosome output to midbrain neurons is distinct from direct pathway MSNs. 
(A) Schematic of recording configuration. (B) Example optically-evoked inhibitory currents 
(oIPSCs) in SNc dopamine (blue) and SNr (black) neurons from hs599CreER;Ai32 (left) and D1-
Cre;Ai32 (right) mice. (C) Effect of NBQX and APV or picrotoxin on oIPSCs in a SNc dopamine 
neuron from a hs599CreER;Ai32 mouse. (D) oIPSC amplitudes in SNr dopamine neurons for 
striosome and direct pathway terminal stimulation. (E) oIPSC amplitudes in SNc neurons for 
striosome and direct pathway terminal stimulation. (F)  Probability density plot of oIPSC amplitude 
ratios (SNc:SNr) obtained by bootstrapping data from hs599CreER (green) and D1-Cre (purple) 
mice. (G) Configuration for cell-attached recording of SNc dopamine neurons with example trace. 
(H) Top: raster of spontaneous SNc DA neuron firing (31 trials across 7 cells) with suppression 
by striosome terminal stimulation (blue bars). Bottom: Firing rates over time (500 ms bins) for all 
dopamine neurons. Data are displayed as the mean. See also Figure S4. 
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3.8 Supplemental Figures 

 
Figure 3S1. CreER expression and recombination throughout the brain of prenatal 
hs599CreER;Ai14 mice. Related to Figure 1. (A-C) CreER-eGFP (green) and tdTomato 
(magenta) expression in coronal sections across the anterior-posterior axis from (A) E12.5, (B) 
E15.5, or (C) E18.5 brains taken from a hs599CreER;Ai14 mice administered tamoxifen at E10.5. 
Arrows indicate potential striosomes. Asterisk indicates pallial/subpallial boundary recombination. 
Abbreviations: CPu, caudoputamen; cCPu, caudual caudoputamen; LGE, lateral ganglionic 
eminence; Hyp, hypothalamus; SE, septum; VT, ventral thalamus. Scale bars represent 500 µm. 
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Figure 3S2. E10.5 tamoxifen administration does not lead to labeling of Nkx2.1+ external 
globus pallidus neurons or substantia nigra neurons in hs599CreER;Ai14 mice. Related to 
Figure 1. (A) Left, E15.5 coronal hemisection of a hs599CreER;Ai14 mouse administered tamoxifen 
at E10.5. Middle, magnification of TdTomato expression (magenta) and Nkx2.1 staining (green) 
in the developing external globus pallidus. Right, overlay of magnified images. Scale bars 
represent 500 µm in left and 100 µm in magnified images. (B) Left: Midbrain section from an 
hs599CreER;Ai14 mouse containing the SNc and SNr. Middle and Right: Sequential enlargements 
of SNc and SNr showing tdTomato+ terminals, but not cell bodies. Scale bars from left to right 
represent 1 mm, 100 µm, and 50 µm. 
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Figure 3S3. Differences in inputs and intrinsic excitability between striosome and matrix 
MSNs. Related to Figure 3. (A, D) Schematic of ChR2-eYFP in either (A) the prelimbic (PL) or 
(D) primary motor cortex (M1) of hs599CreER;Ai14 mice. (B,E) Example of ChR2-eYFP (green) 
expression at the injection site for either (B) PL (E) or M1 (MO, medial orbitofrontal; M2, secondary 
motor cortex; str, striatum). Scale bars represent 1 µm. (C,F) Examples of the overlap between 
ChR2-eYFP+ corticostriatal terminals (green) and striosomes labeled by tdTomato (magenta) for 
mice injected in either (C) Pl or (F) M1. Scale bars represent 500 µm. (G) Current-frequency plot 
of instantaneous firing in response to various current injections for all recorded striosome MSNs 
and striosome MSNs confirmed to be direct pathway by biocytin-fill and post-hoc verification. (H-
J) Comparison of (H) maximum firing rate (I) resting membrane potential, (J) input resistance, 
and (K) rheobase for direct pathway striosome, direct pathway matrix, and indirect pathway matrix 
MSNs. (L) Distribution of rheobases from striosome (purple) and direct pathway matrix MSNs 
(green) with an example discrimination cutoff at 200 pA. (M-N) Positive and negative predictive 
value for various cutoffs of rheobase for identifying direct pathway striosome MSNs from (M) direct 
pathway matrix MSNs or (N) all matrix MSNs. 
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Figure 3S4. Identification of dopamine neurons in slice. Related to Figure 4. (A) Example of 
ChR2-eYFP+ terminals (green) from a (A) D1-Cre;Ai32 or (B) hs599CreER;Ai32 mouse in the SNr 
and SNc (as identified by staining for tyrosine hydroxylase (TH), red). Scales bars represent 1 
mm. (C) Example of an SNc dopamine neuron recorded from a hs599CreER;Ai32 mouse. ChR2-
eYFP+ terminals (green) are overlayed with TH (red) and biocytin staining (blue). Scale bar 
represents 10 µm. (D) Examples traces of cell-attached spiking from confirmed dopamine (dark 
blue), SNr (yellow), presumed dopamine (light blue), and unclassified (green) neurons. (E) Peak 
to trough amplitude for confirmed dopamine neurons (DA con.), SNr neurons, and unconfirmed 
neurons (Uncon.). The dotted line represents the threshold value for positive identification as a 
putative dopamine neuron.  
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CHAPTER 4 

Striatal Dopamine, But Not D2R Sensitivity, Predicts the Development of Tardive 

Dyskinesia 
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4.1 Abstract 

Use of antipsychotic medications to treat psychiatric disorders is limited by their tendency to 

induce motor side effects such as tardive dyskinesia (TD). Characterized by involuntary orofacial 

movements that emerge over chronic treatment with antipsychotic medications, TD is 

hypothesized to result from aberrant striatal activity driven by increased sensitivity of D2-type 

dopamine receptor (D2R) signaling. However, how dopamine signaling and striatal activity 

change during the development of TD is unknown. Here, we use a mouse model of TD in 

combination with ex vivo electrophysiology and in vivo imaging to determine the cell types and 

activity patterns that mediate TD. Counter to traditional models, we find that development of 

involuntary movements does not depend on sensitization of D2Rs, but tightly correlates with 

increases in striatal dopamine and activity of neurons in the ventrolateral portion of the striatum. 

These results point to unexpected mechanisms underlying TD and specific striatal subpopulations 

for targeting therapeutic relief. 
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4.2 Introduction 

Antipsychotic medications are the mainstay treatment for numerous psychiatric diseases, 

such as schizophrenia and bipolar disorder, yet chronic use can often induce a condition called 

tardive dyskinesia (TD). Characterized by involuntary movements of the mouth, face, and tongue, 

TD can impair basic motor functions such as speech, and lead to feelings of stigmatization, 

embarrassment, and social isolation (Factor et al., 2019). Furthermore, although TD typically 

develops after months to years of antipsychotic treatment, it can irreversible (Caroff et al., 2018). 

Though newer antipsychotic medications have a somewhat lower risk of TD, it is still common in 

long-term treatment (Carbon et al., 2017; Caroff, 2019), and without a cure, TD represents a 

persistent clinical issue in the treatment of psychiatric disorders. Despite these issues, little is 

known about the cell types and underlying patterns of neural activity that drive the disorder. 

Several converging lines of clinical evidence suggest that TD results from the chronic 

disruption of dopaminergic signaling. First, almost all antipsychotic medications associated with 

TD are D2-type dopamine receptor (D2R) antagonists (Divac et al., 2014), and other D2R 

antagonists used for chronic gastrointestinal disorders also cause TD (Rao and Camilleri, 2010). 

Secondly, polymorphisms in the vesicular monoamine transporter (VMAT2), the protein 

responsible for packaging dopamine into vesicles, as well as the DRD2 and DRD3 genes that 

encode D2Rs and D3Rs, have been associated with modified risks of TD (Zai et al., 2018). Third, 

the only medications currently approved for the treatment of TD are VMAT2 inhibitors (Koch et 

al., 2020).  

While data indicating which brain structures causally contribute to TD are limited, indirect 

evidence points to the striatum, the primary input nucleus of the basal ganglia. Critical for control 

of voluntary movement (Nelson and Kreitzer, 2014), the striatum receives dense dopaminergic 

projections from the midbrain and is highly enriched for dopamine receptors. These receptors are 

present on several circuit elements, including striatal output neurons. Direct pathway medium 

spiny neurons (dMSNs) express excitatory D1-type dopamine receptors (D1Rs) and are known 
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to facilitate movement, while indirect pathway medium spiny neurons (iMSNs) express inhibitory 

D2Rs and are sufficient to suppress movement (Gerfen et al., 1990; Kravitz et al., 2010). Based 

on hints from clinical phenomenology (Crane, 1973; Marsden and Jenner, 1980; Peralta and 

Cuesta, 2010), human imaging (Kapur, 1998), and biochemical findings in rodent models of TD 

(Burt et al., 1977; Rogue et al., 1991; Savasta et al., 1988), chronic antipsychotic treatment is 

hypothesized to lead to a homeostatic hypersensitization of D2R signaling on iMSNs, which may 

in turn result in an imbalance in dMSN/iMSN activity. However, studies in preclinical models of 

TD provide conflicting evidence (Jiang et al., 1990; Shirakawa and Tamminga, 1994; Bachus et 

al., 2012; Yael et al., 2013; Sebel et al., 2017). Furthermore, it is currently unknown how dopamine 

signaling and activity of striatal neurons change over the course of chronic antipsychotic treatment 

and development of TD. 

Here, we test how changes in dopamine signaling and activity within dMSNs and iMSNs 

contribute to involuntary movements caused by chronic antipsychotic treatment in a mouse model 

of TD. Using a combination of slice electrophysiology, optogenetics, and fiber photometry, we 

demonstrate that development of TD is not associated with sensitization of D2R signaling within 

the striatum. Rather, we provide data showing that increases in striatal dopamine predict the 

development of TD, and orofacial dyskinesia is driven by excessive activation of dMSNs within 

the ventrolateral portion of the striatum. Together, these results provide a new mechanism for the 

development of TD and identify a specific populations of cells for therapeutic targeting. 
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4.3 Results 

4.3.1 A Mouse Model of TD Recreates Key Disease Features. 

We first validated a mouse model of tardive dyskinesia (TD) that recapitulates core 

features of the disease. We sought a model that develops orofacial dyskinesia (1) similar to that 

observed in patients, (2) in response to chronic, but not acute administration of antipsychotic 

medication, and (3) which persists even after antipsychotic medication is stopped. To achieve 

these criteria, we adapted a protocol (Crowley et al., 2012) in which mice were implanted with 

slow-release haloperidol pellets (sq., 5 mg over 60 days) and scored them for vacuous chewing 

movements (VCMs), spontaneous separations of the upper and lower jaws used as a proxy for 

the orofacial dyskinesia observed in patients (Figure 4.1A-C). Healthy mice showed low VCM 

rates (Figure 4.1D, 2.27±0.43 per 5 minutes) that were decreased by acute haloperidol (1 mg/kg) 

administration (Figure 4.1D, 0.47±0.18 per 5 minutes), likely due to the overall reduction and 

slowing of movement seen caused by the drug (Kharkwal et al., 2016). However, from 21-60 days 

of chronic haloperidol treatment, VCM rates increased compared to control and baseline levels 

(Figure 4.1E, F, ctrl=1.78±0.32 hal=4.8±0.56), and persisted weeks after treatment cessation 

(Figure 4.1E, F, ctrl=1.73±0.25 hal=5.96±0.70). Together, these results demonstrate that the 

chronic haloperidol mouse model recapitulates key clinical features of TD. 

 

4.3.2 D2R Hypersensitivity on iMSNs is Not Required for Development of TD 

We next investigated the cellular mechanisms that might underlie the development and 

expression of orofacial movements in the mouse model of TD. Prevailing hypotheses posit that 

TD results from hypersensitivity of D2 dopamine receptors (D2Rs) on striatal iMSNs, leading to 

reduced iMSN output that causes disinhibited movements. To test this hypothesis, we assessed 

the sensitivity of iMSNs to dopamine signaling at D2R by measuring potassium currents through 

G-protein-linked inwardly rectifying potassium channels (GIRKs). GIRKs are downstream of 
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D2R/Gi signaling in many cell types (Marcott et al., 2014). We overexpressed GIRKs (AAV1-Syn-

GIRK-A2-mCherry) in control and haloperidol-treated D2RGFP mice (Figure 4.2A, B), and targeted 

iMSNs for whole-cell recordings in ex vivo brain slices of the ventrolateral striatum a region known 

to receive orofacial motor input (Chen et al., 2021). This approach allowed us to measure relative 

D2R sensitivity on iMSNs by comparing inhibitory postsynaptic currents (IPSCs) induced by 

varying concentrations of dopamine (0, 3, 10, 100 µM) to responses at a maximal dose (200 uM, 

Figure 4.2C,D). The prevailing hypothesis would predict a higher sensitivity to dopamine in iMSNs 

from haloperidol-treated mice, but we did not observe a difference in the normalized response 

between control and haloperidol-treated animals to either 3 µM (ctrl=24.7±14.7% 

hal=51.8±17.7%) and 10 µM dopamine (Figure 4.2C-E, ctrl=45.1±7.0% pA hal=36.6±7.0%). We 

next tested whether bath application of dopamine could occlude the response to electrically-

evoked dopamine release, and whether this differed between control and haloperidol-treated 

mice. Once again, we found no evidence of sensitization, with reduce effects of dopamine on 

IPSC amplitudes in haloperidol-treated mice (3 µM=100.5±6.0%, 10uM=52.7±13.8%) than control 

animals (Figure 4.2H, 3 µM=50.2±9.8%, 10uM=24.1±10.9%). Combined, these suggest that 

chronic haloperidol does not induce functional sensitization of D2Rs in either striatal iMSNs. 

Although we could not detect functional sensitization of D2R signaling in ex vivo brain 

slices, sensitization could still take place in vivo and contribute to the development of TD.  To 

address this possibility, we conditionally deleted D2Rs from iMSNs by breeding D2Rf/f x A2aCre/- 

mice (iMSN-D2R-KO) and monitored the development of VCMs over the course of chronic 

haloperidol treatment (Figure 4.3A). As expected, wild-type littermates developed increased 

VCMs (6.1±1.0) compared to their own pretreatment levels (1.7±0.5) and sham-treated animals 

(1.8±6.1), which persisted after drug discontinuation (Figure 4.3B-C). Surprisingly, chronic 

haloperidol treatment also increased VCMs in iMSN-D2R-KO mice (9.1±1.4) compared to their 

own baseline (2.1±0.5) levels and those seen in sham-treated animals (1.4±0.3) (Figure 4.3D-E). 

To confirm that D2R signaling was eliminated from iMSNs in these animals, we measured 
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electrically evoked dopamine-IPSCs in iMSN-D2R-KO mice and wild type littermates, using the 

GIRK approach described above. While electrically-evoked D2R IPSCs were detectable in the 

majority of iMSNs from WT mice (n=16/20, N=4), they were almost entirely absent in iMSN-D2R-

KO animals (n=1/20, N=4, Figure 4.3F-G). Furthermore, whereas haloperidol acutely lowered 

reduced average velocity in the open field in wild type mice, iMSN-D2R-KO showed reduced 

locomotion at baseline and occlusion of haloperidol’s acute effect on locomotion (Figure 4.3H). 

Taken together, these data indicate that D2R sensitization of iMSNs is not present, nor are iMSN 

D2R required for development of orofacial movements in the mouse model of TD. 

 

4.3.3 D2R Sensitization on Other Striatal Cells is Not Required for Development of TD 

 Though our evidence suggested that D2R on iMSNs do not play a key role in the 

development of TD in the mouse model, D2R are expressed on other striatal circuit elements, 

including cholinergic interneurons and dopamine terminals (Soares-Cunha et al., 2016). Indeed, 

the D2R hypersensitivity hypothesis is largely based on biochemical and imaging studies 

reflecting overall striatal D2R receptor expression levels (Burt et al., 1977; Savasta et al., 1988; 

Rogue et al., 1991; Lévesque et al., 1995; D’Souza et al., 1997; Florijn et al., 1997; Remington 

and Kapur, 1999; Kapur et al., 2000), which are likely to include D2R expressed on these other 

cell types. We thus tested whether D2R receptors on these cell types are necessary for the 

development of VCMs by treating ChATCrexD2Rf/f (ChAT-D2R-KO) and DATCrexD2Rf/f (DAT-D2R-

KO) animals with chronic haloperidol (Figure 4S1A). We observed no difference in the 

development of VCMs in either ChAT-D2R-KO (Sham=2.0±0.1, Hal =5.6±1.3) or DAT-D2R-KO 

(Sham=1.0±0.5, Hal=5.0±0.6) compared to wild type animals treated with haloperidol (Sham 

=1.2±0.2 and 1.7±0.2 , Hal=5.5±1.0 and 4.2±0.3, respectively, Figure 4S1A,C,E,G), nor in their 

persistence following drug washout (Figure 4S1B,D,F,H). These results indicate that D2R in three 

key striatal cell types (iMSNs, dopamine neurons, and cholinergic interneurons) are not necessary 

for the development of TD. 
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4.3.4 Excitability of iMSNs and dMSNs Is Reduced by Chronic Haloperidol Treatment 

 While we did not detect sensitization of D2Rs on iMSNs in response to chronic haloperidol 

treatment, it remained possible that the excitability of striatal iMSNs and dMSNs were altered to 

bias striatal output, resulting in excessive and/or involuntary movement. To address this 

possibility, we used whole-cell ex vivo slice recordings to assess the intrinsic excitability of dMSNs 

and iMSNs from sham- and haloperidol-treated mice (Figure 4.4A). We used D2-GFP mice (Gong 

et al., 2003) in order to target dMSNs (GFP negative) or iMSNs (GFP positive) from the same 

region of the VLS. To isolate the physiological correlates of VCMs from the acute effects of 

haloperidol on cellular properties, we performed these recordings x-y weeks after treatment 

ended, when haloperidol has washed out of the system, but VCMs persist. We found that that 

chronic haloperidol treatment led to a reduction in intrinsic excitability of dMSNs (Figure 4.4B, D). 

While no difference was observed in the input resistance (Sham=71.4±10.6, Hal=62.9±12.0 MΩ) 

or resting membrane potential (Sham=-90.8±1.3, Hal=-89.6±1.5 mV, Figure 4.4E-F), we observed 

a trending increase in the rheobase (Sham=630±49.0, Hal=813±101 pA, Figure 4.4G). A similar 

reduction in intrinsic excitability was observed in iMSNs from haloperidol-treated mice compared 

to sham controls (Figure 4.4C, H). Again, we found no difference in input resistance 

Sham=119.4±13.3, Hal=94.9±18.0 MΩ) or resting membrane potential (Sham=-88.0±1.4, Hal=-

88.2±1.3 mV, Figure 4.4I-J), but again a trending increase in rheobase (Sham=330±20.0, 

Hal=386±37 pA, Figure 4.4K). The comparable decrease in intrinsic excitability across both 

pathways suggests TD does not result from an overall imbalance of dMSN and iMSN excitability. 

 

4.3.5 Increases in Striatal Dopamine Predict Dyskinesia Severity 

 Given the lack of evidence for involvement of D2R sensitization in the development of TD, 

we next explored alternative mechanisms that may drive dyskinesia. Other forms of striatal-

dependent dyskinesias have been linked to dopamine (Bastide et al., 2015; Hallett, 2015; Ribot 

et al., 2019). Moreover, ex vivo and anesthetized recordings suggest that while acute haloperidol 
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administration increases striatal dopamine, chronic treatment leads to an overall reduction (Lane 

and Blaha, 1987). It is currently unknown how chronic antipsychotic treatment changes dopamine 

release in awake, behaving animals and whether such changes might relate to TD development. 

To address this gap, we expressed the fluorescent dopamine sensor dLight1.1 in the lateral 

striatum of control animals and those treated chronically with haloperidol. We assessed 

fluorescent signals as well as behavioral outcomes, including VCMs (Figure 4.5A and Figure 

4S2A-B). We first validated that dLight fluorescence scales with dopamine release in ex vivo 

striatal slices (Figure 4S2C). Consistent with published work using fast-scan cyclic voltammetry 

to measure dopamine release (Bergstrom, 2012), we observed that acute haloperidol increased 

dLight signal across several measures (Figure 4S2E-I), including transient frequency (Mean 

∆=0.21±0.02, Figure 4S2G), transient amplitude (Mean ∆=0.29±0.04% ∆F/F, Figure 4S2H), and 

overall fluorescence (Mean ∆=4.42±0.49% ∆F/F, Figure 4S2F, I). Despite this dramatic increase 

in striatal dopamine, acute haloperidol did not increase VCMs (Pre= 2.8±0.8, Post=2.9±0.9, 

Figure 4S2J). In response to chronic treatment, as in previous cohorts, mice developed a 

persistent increase in VCMs (13.3±1.6) compared to sham-treated animals (6.2±1.8, Figure 

4.5B,C). In parallel, the frequency of dopamine transients was increased in haloperidol-treated 

(0.65±0.05 Hz) as compared to sham-treated mice (0.38±0.05 Hz, Figure 4.5D-E). No difference 

in dopamine transient amplitude was detected between sham (2.6±0.1% ΔF/F) and haloperidol-

treated animals (2.8±0.001% ΔF/F, Figure 4.5F-G). 

 Both acute and chronic haloperidol increased a measure of striatal dopamine in vivo, but 

did only chronic haloperidol led to increased VCMs. This observation suggests that transiently 

increased striatal dopamine alone is not sufficient to drive orofacial movements. However, chronic 

elevations in striatal dopamine may promote development of TD, and acute elevations may relate 

to this vulnerability. We tested whether haloperidol-induced changes in striatal dopamine, on both 

chronic and acute timescales, might predict the development of VCMs over time. Indeed, we 

found that average dopamine transient frequency in individual animals predicted average VCM 
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rates across weeks (Figure 4.5H). Furthermore, we found that increases in dopamine in response 

to acute administration of haloperidol (prior to chronic treatment) also predicted VCM rates 

months later (Figure 4.5I). Thus, while transient increases in striatal dopamine may not be 

sufficient to drive orofacial dyskinesia, they are a strong correlate of the development of TD during 

chronic haloperidol treatment. 

 

4.3.6 Reductions in Dopamine Reduce Dyskinesia Severity 

 Given the correlation between striatal dopamine and development of VCMs, we next 

asked whether reducing dopamine levels would alleviate VCM severity. Mice expressing 

dLight1.1 in the ventrolateral striatum were acutely administered tetrabenazine (10 mg/kg), a 

VMAT2 inhibitor known to deplete synaptic dopamine (Roberts et al., 1986; Grigoriadis et al., 

2017). Previous ex vivo studies using fast-scan cyclic voltammetry have shown that tetrabenazine 

reduces striatal dopamine release (Reches et al., 1983), but this drug has not been administered 

while measuring striatal dopamine in freely-moving animals. We observed a reduction in average 

dopamine levels (Figure 4.6A-B, Mean=-2.7±0.1% ∆F/F) transient frequency (Figure 4.6C, Mean= 

Mean=-.15±0.02 Hz), and transient amplitude (Figure 4.6D, Mean=0.19±0.01% ∆F/F) in response 

to tetrabenazine treatment. Furthermore, we found that tetrabenazine reduced VCM frequency 

(Figure 4.6E, Pre=7.4±1.9 Post=3.0±1.1), indicating that reductions in dopamine are sufficient to 

ameliorate VCM severity. These data suggest that elevated striatal dopamine may in part drive 

expression of VCMs.  

 

4.3.7 Activation of dMSNs in the Ventrolateral Striatum Drives Orofacial Dyskinesia 

 The involuntary movements of TD are often restricted to the face and upper extremities. 

One explanation for this phenomenon, given the somatotopic mapping of sensorimotor 

information within the striatum (Hintiryan et al., 2016), is that the orofacial movements of TD 

involve striatal neurons within an anatomically defined subregion. Based on recent work studying 
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licking movements, we suspected the ventrolateral striatum (VLS) might contain MSNs involved 

in driving orofacial movements similar to those seen in TD (Chen et al., 2021; Hintiryan et al., 

2016). To test this possibility, we injected Cre-dependent channelrhodopsin (AAV-DIO-ChR2-

eYFP) in the VLS (Figure 4.7A-B) or dorsomedial striatum (DMS, Figure 4.7E-F) of D1Cre mice, 

then scored them in the open field for changes in VCMs and general location. We found that 

bilateral, continuous stimulation of VLS dMSNs (30 sec, 1 mW) induced immediate and robust 

VCMs (OFF=1.0±0.2, ON=56±0.5, Figure 4.7C), but no change in overall movement velocity 

(OFF=2.8±1.1 cm/s, ON=1.3±0.01 cm/s, Figure 4.7D). Conversely, stimulation of DMS dMSNs 

did not increase VCMs (OFF=0.8±0.1, ON=1.0±0.3, Figure 4.7G), but did increase movement 

velocity (OFF=2.0±0.6, ON=3.5±0.6 cm/s, Figure 4.76H). These data indicate that activation of 

dMSNs in the ventrolateral striatum is sufficient to induce VCMs and points to a striatal 

subpopulation that could drive the orofacial movements of tardive dyskinesia. 
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4.4 Discussion 

 Here, we attempt to identify the structures, cell types, and patterns of activity involved in 

the development of TD. Contrary to prevailing hypotheses, we find that TD does not result from 

increased dopaminergic signalling at D2Rs on iMSNs. Instead, we find that chronic haloperidol 

treatment increases striatal dopamine in a manner that is predictive of TD severity. Furthermore, 

we demonstrate that activating dMSNs in the ventrolateral striatum is sufficient to drive orofacial 

movements qualitatively similar to those observed with chronic haloperidol treatment. Together, 

these findings point towards hyperdopaminergic signaling onto ventrolateral dMSNs as a potential 

underlying cause of TD. 

 The hypothesis that TD results from sensitization of striatal D2Rs initially arose from 

clinical observations. Discontinuation of antipsychotic treatment was observed to acutely 

exacerbate involuntary movements in some patients, while increasing the dose or switching to a 

more potent D2R antagonist provided temporary relief (Marsden and Jenner, 1980; Peralta and 

Cuesta, 2010; Peralta et al., 2010). Consistent with clinical observation, antipsychotic treatment 

in rodents was shown to upregulate D2R express within the striatum (Burt et al., 1977; Savasta 

et al., 1988; Rogue et al., 1991; Lévesque et al., 1995; D’Souza et al., 1997; Florijn et al., 1997). 

However, studies in post-mortem tissue from rodents and patients also demonstrated that D2R 

levels return to baseline once treatment is discontinued (Blin et al., 1989; Reynolds et al., 1992), 

despite persistent orofacial dyskinesia. Our finding that deletion of D2Rs from iMSNs, 

dopaminergic terminals, and cholinergic interneurons fails to prevent the development of VCMs 

indicates that upregulation of D2Rs within the striatum is not required for development or 

expression of TD. However, blockade of D2Rs may still play a role in TD. Previous work revealed 

that chronic haloperidol or deletion of D2Rs from iMSNs induces aberrant striatal plasticity in 

which LTD is converted to LTP (Centonze et al., 2004). Additionally, one outstanding question 

not addressed here is whether TD results from disruption of D2R signaling in a single population 

or whether multiple populations play a role. Our observation that deletion of D2Rs from any one 
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population failed to increase VCMs on its own suggests that blockade on multiple subpopulations 

may be required for development of TD. 

 The hyper-dopaminergic hypothesis of schizophrenia posits that the disease results from 

excessive dopamine signaling and that antipsychotic medications alleviate positive symptoms 

through blockade of dopamine signaling. The reality is likely far more complex, as studies of how 

antipsychotics affect dopamine transmission have been variable. Studies in anesthetized rodents 

suggest that while acute haloperidol administration increases striatal dopamine, chronic treatment 

leads to an overall reduction (Lane and Blaha, 1987; See, 1991; Moore et al., 1998). In awake 

and freely behaving mice, we find that acute and chronic haloperidol treatment increase 

dopamine, with the latter being persistent after drug withdrawal. In addition to the added 

component of behavior, one explanation for the difference in our observation from previous ones 

may be that our approach integrates not just the release probability of dopamine, but also the 

pattern of dopamine signaling over time. Higher rates of dopamine transients could raise overall 

dopamine levels while leaving terminals partially depleted, resulting in reduced evoked dopamine. 

Further mechanistic study is needed in combination with in vivo measurements to test this 

hypothesis. 

We also find that changes in dopamine in response to acute or chronic haloperidol are 

highly predictive of the development of VCMs. In combination with our finding that activation of 

ventrolateral dMSNs is sufficient to drive orofacial movements, this result suggests that such 

movements may arise as a result of excessive dopaminergic signaling onto dMSNs. Our 

preliminary results suggest that excitability of dMSNs is reduced with chronic haloperidol 

treatment, which is inconsistent with this hypothesis. However, these ex vivo experiments do not 

integrate the instantaneous effect of dopamine, which has been shown to rapidly modulate dMSN 

excitability (Lahiri and Bevan, 2020). Likewise, changes in excitability do not integrate how 

alterations in glutamatergic signaling (a key driver of MSN firing) might affect firing rates in vivo. 

Studies currently in progress aim at identifying how the activity of dMSNs and iMNs changes in 
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response to haloperidol treatment and the development of TD. Indeed, understanding the cellular 

and circuit mechanisms of TD will require additional studies that directly link behavior with 

alterations in neural signaling and activity. 
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4.5 Experimental Procedures 

Animals: Adult mice of either sex (age >6 weeks) from six transgenic lines were used in this 

study. For conditional knockout of D2R receptor expression from specific cell types, Drd2loxP/loxP 

mice were crossed initially to either A2ACre/-, ChATCre/-, or DATCre/- mice to create F1 breeders that 

were heterozygous for each transgene (e.g. A2ACre/-: Drd2loxP/-). F1 breeders were then crossed 

to unrelated Drd2loxP/loxP mice to generate F2 conditional knockout animals or littermate controls 

for experimentation (e.g. A2ACre/-: Drd2loxP/loxP or Drd2loxP/loxP). Mice were considered wildtype if 

they lacked Cre expression. A2ACre/- mice were used alongside D1Cre/- mice for calcium imaging 

in indirect and direct pathway MSNs, respectively. Drd2eGFP/- mice were used for identification of 

direct and indirect pathway neurons in slice. All animals were housed 1-5 per cage and maintained 

on a 12 hr light/dark cycle with food and water provided ad libitum. All experimental procedures 

were carried out with the approval of the Institutional Animal Care and Use Committee at the 

University of California, San Francisco and complied with the local and national ethical and legal 

regulations regarding research using mice. 

Surgical Procedures: In all procedures, mice were anesthetized with an intraperitoneal injection 

of ketamine-xylazine (15-30 mg total dose) and placed in a stereotaxic frame (Kopf Instruments). 

Anesthesia was then maintained using isoflurane (1 %, inhaled). For measurement of GIRK-

mediated IPSCs, a stereotax-mounted drill was used to create bilateral burr holes above the 

striatum. A 33 gauge blunt needle was then slowly inserted at each site and 500 nL of AAV9-

hSyn-TdTomato-T2A-mGIRK2-1-A22A-WPRE-bGH(Marcott et al., 2014; Silm et al., 2019) 

(diluted 1:3 with sterile saline, courtesy of Chris Ford and Robert Edwards) injected at 50 nL/min 

using a Hamilton Microinjector at the following coordinates (from Bregma in mm): (AP: +0.25 ML: 

±2.7 DV: -3.3). Needles were left in place for 5 min post injection and slowly removed before the 

scalp was sutured. 
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For photometry recordings of striatal dopamine, 500 nL of AAV5-CAG-dLight1.1 (diluted 

1:3, Addgene) was injected at 50 nL/min using a Micro4 injector (World Precision Instruments) 

and 33 gauge blunt needle at the following coordinates (from Bregma in mm): (DLS: AP: +0.8 ML: 

-2.1  DV: -2.4, VLS: AP: +0.25 ML: -2.5 DV: -3.5). The needle was left in place for 10 min, then 

slowly withdrawn. Afterwards, the surface of the skull was scored with a scalpel and covered with 

dental cement (Metabond). A 400 μm silica/polymer fiber-optic cannula (3-5mm in length, Doric 

Lenses) was then was lowered 0.2 mm above the viral injection site at a rate of 0.1 mm/min. A 4 

pin (2x2) female Mill-Max connector coated in dental cement was placed over the contralateral 

hemisphere for selfie-cam attachment. Both the connector and optical fiber were then secured to 

the skull using dental acrylic (Ortho-Jet). The scalp was then sutured around the implant and the 

animal allowed to recover from anesthesia. 

Implants for photometry recordings of calcium activity in dMSNs and iMSNs were 

performed as described above. 300 nL of AAV1-Syn-Flex-GCAMP6s-WPRE-SV40 (diluted 1:8 in 

sterile saline, Addgene) was injected at 50 nL/min into the striatum of A2aCre or D1Cre at the 

following coordinates (mm from Bregma): (AP: +0.25 ML: -2.8 DV: -3.5). 

For optogenetic activation of MSNs, 500 nL of AAV5-EF1a-DIO-hChR2(H134R)-eYFP-

WPRE-hGH (Addgene) was injected bilaterally as described above at the following coordinates 

(mm from Bregma): (DMS: AP: +0.25 ML: ±1.5 DV: -2.3, VLS: AP: +0.25 ML: ±2.7 DV: -3.3). 

Hand-made 200 μm optical fiber-ceramic ferrule assemblies (components, Thor Labs) were then 

implanted 0.1mm above the injection site and secured using dental cement and dental acrylic. 

 For chronic haloperidol treatment, slow-release haloperidol pellets (5 mg, 60 day, 

Innovative Research of America) were implanted subcutaneously between the shoulder blades. 

After anesthesia was induced, a small incision (~7 mm) was made posterior to the shoulders. A 

small subcutaneous pocket was created by gently inserting and opening scissors through the 

incision. Forceps were used to insert a pellet ~10 mm above the incision, which was then sutured 

and covered with surgical glue. For sham implants, forceps were inserted, but no pellet was 
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implanted. Mice were then singly housed and kept on a heating pad daily for 7-10 days until the 

incision site was fully healed.  

 

Slice Electrophysiology: Mice were deeply anesthetized with ketamine-xylazine (100-200 mg 

total dose, IP) and perfused with a carbogenated slicing solution containing (in mM): 250 glycerol, 

2.5 KCl, 1.2 NaH2PO4, 10 HEPES, 21 NaHCO3, 5 D-glucose, 2 MgCl2, 2 CaCl2. Next, animals 

were decapitated and the brain dissected, mounted on a chuck, and sliced in ice-cold slicing 

solution. Serial 275 µm coronal slices of striatum were then cut using a vibrating microtome 

(Leica) and transferred to warm (34°C) artificial cerebrospinal fluid (ACSF) containing (in mM): 

125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 12.5 D-glucose, 1 MgCl2, 2 CaCl2. Slices were 

incubated for 30-50 min and subsequently kept at room temperature (~23°C) for 2-8 hours. 

 During recordings, slices were continually superfused with carbogenated ACSF at 30-

33°C. Differential interference contrast optics on an Olympus BX51WI microscope with a 40x 

immersion objective lens were used to target neurons for whole-cell patch recordings using 

borosilicate glass electrodes (2-5MΩ). Pipette internal solution contained the following (in mM): 

115 K-methylsulfonate, 20 NaCl, 1.5 MgCl2, 10 HEPES(K), 10 BAPTA-tetrapotassium, ATP, 

GTP, and phosphocreatine (pH 7.4, ~275 mOsm). For cell-filling and morphological 

reconstruction of recorded cells, 1 mg/mL biocytin (Sigma) was also added to the internal solution. 

 For experiments measuring GIRK-mediated IPSCs, D2R-mediated signaling was isolated 

by including the following antagonists to the ACSF (in µM): 0.3 CPG 35348, DhβE, 5 NBQX, 10 

nomifensine, 50 picrotoxin, 1 SCH 23390, and 0.2 scopolamine. GIRK+ iMSNs were identified 

using GFP (473) and TxRed (562 nm) filters (Chroma) and held at -70 mV. GIRK-mediated IPSCs 

were evoked using an A365 stimulus isolator (World Precision Instruments), and a monopolar 

glass stimulating electrode placed within the field of view to deliver a single 60-70 µA pulse of 300 

µsec duration.  
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 For measurement of intrinsic excitability, GIRK- iMSNs and dMSNs were patched and held 

at -70mV for 5 minutes. Recordings were then switched to current clamp, and 550 msec square-

wave current injections (-200pA to 2000 pA) were injected in 100 pA steps. Firing rate was 

calculated as the number of spikes over the duration of the current injection. 

 All recordings were conducted using a MultiClamp 700B amplifier (Molecular Devices) and 

digitized using an ITC-18 A/D board (HEKA). Igor Pro 6.0 software (Wavemetrics) and custom 

acquisition routines (mafPC, courtesy of M.A. Xu-Friedman) were used for acquisition. Both 

voltage clamp and current-clamp recordings were filtered at 5 kHz and digitized at 10 kHz. 

Open field Behavior: To quantify the effect of manipulations on gross locomotion, mice were 

placed in a Plexiglas cylinder 25 cm in diameter and allowed to freely explore for 30 minutes. An 

overhead camera and Ethovision 10.0 software (Noldus) or DeepLabCut (Mathis et al., 2018) 

were used to track the animal’s position and velocity. For acute pharmacological manipulations, 

an intraperitoneal injection was preceded by a 30 minute baseline and followed by 90 minutes of 

post-injection recording. Average baseline velocity was calculated from 0-25 minutes. Average 

post-injection velocity was calculated from 45-105 minutes. 

 

Selfie-cam Recordings: High-resolution video of orofacial movements in freely behaving mice 

was achieved using methods adapted from (Meyer et al., 2018). In summary, a small head mount 

was implanted on the skull (see Surgical Procedures) on which a small arm made from 3D-printed 

parts could be connected for each behavioral session. The arm held a CMOS camera connected 

to a video cable, and was adjusted to point at the mouse’s face. Briefly, a Raspberry Pi 4 Model 

B (4 Gb) and custom Python code were used to record video from a Raspberry Pi Spy Camera 

(Part: 1937, Raspberry Pi Foundation) and relay TTL pulses to data acquisition devices with the 

capture of each frame. The focal length of the CMOS camera was adjusted by unscrewing the 

outer lens. The camera was head-mounted using custom, 3D-printed plastic holder glued to a 

female 6 pin (3x2) Mill-Max connector. A male-male 4 pin (2x2) Mill-Max connector was used to 
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bridge the selfie-cam holder with skull-attached head mount. Mice were habituated to both the 

selfie-cam and optical cables for at least two 30 minute sessions prior to data acquisition. 

 

Live Dyskinesia Scoring: Vacuous chewing movements (VCMs) were scored online using 

conventional methods or offline review of selfie-cam video (see below). For conventional scoring, 

5 mice were placed in a 5 separate one liter glass beakers and allowed to habituate for 5-10 min. 

A rater blinded to genotype and drug treatment then scored VCMs in each mouse for 1 minute, 

and repeated this process 5 times, rating a total of 5 minutes per animal. An orofacial movement 

was counted as a single VCM if 1) the lower and upper jaws visibly separated, 2) nothing was 

visible in the mouth, 3) the event did not take place within 3 sec of grooming, 4) the event did not 

take place within 3 sec of licking the wall or floor of the beaker. Prior to data collection, all animals 

were habituated to glass beakers 2-3 times for 10-15 minutes each. 

 

Offline Dyskinesia Scoring: For offline quantification of VCMs from selfie-cam recordings, 

videos were scored by a rater blinded to drug treatment. Raters used Behavioral Observation 

Research Interactive Software (BORIS) to mark individual VCM events and grooming bouts from 

15 minutes of continuous video. An individual orofacial movement was considered a VCM using 

the same requirements as described for live scoring. To obtain precise timestamps of VCMs for 

alignment, Avidemux software was used to identify frames of peak jaw separation. Timestamps 

were then aligned to photometry signals using custom MatLab code.  

 

Optogenetics: Mice were tethered bilaterally with optical patch cables (200 µm) and a selfie 

cam/video cable, then placed in the open field arena for 8 minute sessions. After a two-minute 

baseline period, mice received 30 seconds of continuous stimulation with 473 nm blue light (1 

mW), followed by 30 seconds of no stimulation. After 3 more repetitions of stimulation, mice were 

left in the open field for an additional two minutes. Each animal underwent three sessions, during 
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which light stimulation was provided to the left, right, or bilateral striatum. Movement velocity was 

calculated using Ethovision 10.0 (Noldus) during stimulation on and off periods, while VCMs were 

scored by review of selfie-cam video. Changes in velocity were calculated from bilateral 

stimulation sessions. 

 

Pharmacology: For acute administration, haloperidol (Sigma) was dissolved in glacial acetic acid 

and then added to 0.1 M sodium bicarbonate solution at concentration of 0.1mg/mL. Mice were 

administered 1.0 mg/kg IP injections, with 0.1 M sodium bicarbonate solution used as vehicle. 

Tetrabenazine (Tocris) was dissolved in a 20% DMSO, 10% Tween20, 70% normal saline 

solution at a concentration of 0.1mg/mL. Tetrabenazine was administered IP at 1 or 10 mg/kg. 

The same solution without tetrabenazine was used as vehicle. 

 

Fiber Photometry: In vivo optical imaging of striatal dopamine and intracellular calcium was 

performed as described previously (Gunaydin et al., 2014) using an RZ5P fiber photometry 

processor (TDT) and Synapse software (TDT) that controlled a two-channel LED driver (Doric 

Lenses). The LED driver controlled 465 and 405 nm LEDs (DORIC) that were sinusoidally 

modulated at 210 and 330 Hz, respectively. Excitation and emission light were passed through a 

Fluorescence Mini Cube (Doric Lenses) and 400 µm fiber-optic cable with motorized commutation 

to the fiber optic cannula. Emitted µfluorescence was collected onto a Visible Femtowatt 

Photoreceiver Module (DC, low) at a sampling rate of ~1017 Hz.  

 All recordings took place in the open field (Plexiglas cylinder, 25 cm diameter). Prior to 

recording, mice were habituated with light pulses for 10 minutes to reduce further fiber bleaching. 

During recordings, video was recorded from three cameras: one above the arena (for gross 

locomotion and position, 20 Hz), one in front of the arena (for posture and rearing, 20 Hz), and a 

selfie-cam (for high resolution detection of orofacial movements, 90 Hz). Videos were 
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synchronized to photometry data using TTL-pulses delivered with each frame to the RZ5P fiber 

photometry processor and collected using Synapse software. 

 

Histology: For validation of viral expression and fiber placement, animals were deeply 

anesthetized with ketamine-xylazine (100-200 mg, IP) and transcardially perfused with 4% 

paraformaldehyde (PFA) in PBS. Brains were then dissected and placed in 4% PFA at 4°C for 24 

hours before transfer to a 30% sucrose solution. Coronal sections (35 μm) were prepared on a 

freezing microtome (Leica). Sections were washed 2-3 times and stored in PBS at 4°C before 

being mounted onto glass slides using a DAPI mounting medium (Vectashield). A Nikon 6D 

conventional wide-field microscope was used to take stitched multi-channel fluorescence images 

of whole brain sections at 4-10x.  

 

Quantification and Statistical Analysis 

Statistics: All data are presented as the mean ± SEM, with N referring to the number of animals 

and n to the number of cells. Statistical tests have not yet been applied as the predetermined n/N 

has not been reached in the majority of experiments. 

 

Inclusion/exclusion Criteria: Fiber photometry experiments were included/excluded from 

analysis based on a fiber location and fluorescence signal. We set the minimum threshold for 

fluorescence signal detection based on photometry recordings from mice with no fluorophore 

expression. Mice were also excluded based on post-mortem histology if the fiber track or 

fluorophore expression were detected outside of the striatum.  

 For all experiments involving chronic haloperidol treatment, mice were excluded if the 

empty pellet could not be recovered at the time of sacrifice. A total of 2 animals were excluded 

for this reason. 
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Photometry Analysis: Photometry data was analyzed in Matlab using code provided by TDT 

and custom code. First, 465 nm and 405 nm signals were smoothed with a 200 msec window. 

Next, the 405 nm channel was fit linearly to the 465 nm using the first 30 minutes of the recordings 

session (full recording period for weekly sessions and baseline period for acute pharmacological 

experiments). The fitted 405 nm signal was then subtracted from 465 nm signal and the remainder 

divided by the average of the fitted 405 nm signal to obtain ∆F/F. All subsequent analyses were 

performed using the ∆F/F trace. 

 For detection of dLight1.1 and GCAMP6s transients, we used an amplitude threshold 

based on substituting the fitted 405 nm channel for the 465 nm channel to calculate ∆F/F. For 

each recording session from every animal, local minima and maxima were identified and the 

amplitude of all transient increases extracted. The 95% confidence interval of transient increases 

was used as a threshold for identifying transients in the ∆F/F trace. To validate this approach in 

dLight recordings, we compared the cumulative distribution functions of transient amplitudes for 

the 465 and 405 nm channels before and after acute administration of haloperidol. While no 

change was detected in the 405 nm channel, haloperidol caused a rightward shift in transient 

amplitude which was apparent even within the 95% confidence interval. 

For individual sessions, the average transient amplitude was calculated as the mean of all 

transients detected above threshold. Transient frequency was calculated as the total number of 

identified transients over the analyzed time period.  

 

Slice Analysis: Amplitude of GIRK-mediated currents were analyzed manually in Igor 

(Mathworks). For exogenous application of dopamine, holding potential was measured 

continuously every 10 seconds, and IPSC amplitude was calculated by subtracting the average 

holding in the 30 seconds prior to wash on from the peak holding current reached 2-5 minutes 

after wash on initiation. For intermediate doses, this value was then normalized to that of the 

subsequent IPSC in response to a maximal dopamine dose. Electrically evoked IPSCs were also 
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quantified manually by measuring the change from ~10 milliseconds prior to stimulation to the 

peak of the IPSC. Amplitudes were normalized to the average IPSC amplitude prior to application 

of exogenous dopamine. 

 Intrinsic excitability was measured as the average instantaneous firing rate across spiking. 

Firing rates, resting membrane potential, and rheobase were all calculated using custom code in 

Igor. Input resistance was calculated manually using a -5 mV voltage step in current clamp and 

Ohm’s Law. 
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4.7 Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Chronic haloperidol treatment recapitulates key features of tardive dyskinesia in mice. 
(A) Experimental timeline of chronic haloperidol treatment and behavioral quantification for a mouse model 
of tardive dyskinesia. (B) Example of mouse at with jaw at rest. (C) Example of mouse making a vacuous 
chewing movement (VCM). (D) Quantification of VCMs in wild type mice prior (Pre, grey circle, N=30) and 
after acute haloperidol (Acute Hal., purple circle, N=30). (E) Quantification of VCMs before (Pre), during, 
and after treatment with chronic haloperidol (purple circles, N=32-35) or sham surgery (black circles, N=29-
34). (F) Summary of average VCMs in and sham-treated (black circles, N=39) and haloperidol treated 
(purple circles, N= 34) mice while on drug (weeks 3-7) and during washout (weeks 13-15). Data are 
presented as mean with individual data points or mean ± S.E.M. 
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Figure 4.2: Chronic haloperidol treatment does not sensitize D2R signaling on striatal iMSNs or 
dopaminergic terminals. (A) Experimental timeline for determining how chronic haloperidol treatment 
effects D2R sensitivity in iMSNs and dopaminergic terminals. (B) Schematic and example image of slice 
recording from GIRK+ (red) and GFP+ (green) iMSNs during dopamine application and electrical stimulation. 
Double-positive cells show in yellow. (C) Example of GIRK-mediated IPSC from a sham-treated animal in 
response to 5 minute application of 3 µM (teal) and 200 µM (blue) dopamine. (D) Same as (C), but from an 
animal chronically treated with haloperidol. (E) Quantification of normalized peak IPSC amplitude in 
response to either 3 µM (left, n=3) or 10 µM (right, n=3) dopamine in either sham-treated (black, N=3) or 
haloperidol treated (purple, N=3) mice. Values were normalized to peak response at 200 µM dopamine. (F) 
Example of GIRK IPSC in response to electrically evoked dopamine at baseline (Pre, grey) and in the 
presence of 3 µM (teal) and 200 µM (blue) dopamine. (G) Same as (F), but from an animal chronically 
treated with haloperidol. (H) Quantification of normalized GIRK-mediated IPSC amplitude in the presence 
of 3, 10, 100, and 200 µM dopamine (n=2-3) for sham (black N=3) and haloperidol-treated (purple, N=3) 
mice. Data are presented as mean ± S.E.M. 
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Figure 4.3: Knockout of D2Rs from striatal iMSNs does not prevent the development of VCMs in 
response to chronic haloperidol treatment. (A) Experimental timeline of haloperidol treatment and 
behavioral scoring in wild type and iMSN-D2R-KO mice. (B) Quantification of VCMs in sham (Ctrl, closed 
black N=16) or haloperidol-treated (Hal, closed purple N=15) wild type mice before (Pre), during haloperidol 
treatment (weeks 3-8), and after treatment (grey box, weeks 9-14). (C) Summary of average VCMs in sham 
and haloperidol-treated during washout (weeks 10-14). (D) Same as in (B), but for sham (Ctrl, open black, 
N=9) and haloperidol-treated (Hal, open purple, N=15) iMSN-D2R-KO mice. (E) Same as in (C) but for 
iMSN-D2R-KO mice. (F) Example traces of GIRK-mediated IPSC in response to electrically evoked 
dopamine in wild type (black) and iMSN-D2R-KO mice. (G) Quantification of IPSC amplitude in wild type 
(n=20, N=4) and iMSN-D2R-KO mice (n=20, N=4). (H) Average open field velocity in wild type (Ctrl N=13, 
WT Hal=15) and iMSN-D2R-KO (open bars, N=9 per group). 
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Figure 4.4: Chronic haloperidol treatment leads to persistent decreases in intrinsic excitability of 
direct and indirect pathway MSNs. (A) Schematic of slice configuration for recording intrinsic excitability 
of iMSNs and dMSNs from D2RGFP mice receiving sham or chronic haloperidol treatment. (B) Examples of 
voltage changes and spiking in response to -100, 100, 300, and 500 pA current steps. dMSNs from sham 
and haloperidol-treated mice are shown in green and blue respectively. (C) Same as (B), but iMSNs from 
sham and haloperidol-treated mice as shown in red and purple, respectively. (D) Instantaneous firing rates 
of dMSNs in response to current injections of various amplitudes for sham (n=10, N=4) and haloperidol 
treated animals (n=6, N=4). (E) Input resistance for dMSNs from sham (n=10) and haloperidol-treated mice 
(n=8). (F) Resting membrane potential for dMSNs from sham (n=10) and haloperidol-treated mice (n=8). 
(G) Rheobase for dMSNs from sham (n=10) and haloperidol-treated mice (n=8). (H) Instantaneous firing 
rates of iMSNs in response to current injections of various amplitudes for sham (n=10, N=4) and haloperidol 
treated animals (n=7, N=4). (I) Input resistance for iMSNs from sham (n=10) and haloperidol-treated mice 
(n=8). (J) Resting membrane potential for iMSNs from sham and haloperidol-treated mice. (K) Rheobase 
for iMSNs from sham and haloperidol-treated mice. 
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Figure 4.5: Striatal dopamine predicts the development of VCMs. (A) Experimental timeline for 
measuring dopamine changes in relation to TD. (B) Average VCM score across weeks for sham (black, 
N=6-7) and haloperidol-treated mice (blue, N=7-8). (C) Quantification of average VCMs during the washout 
period (weeks 10-12). (D) Average dopamine transient rate across weeks for sham and haloperidol-treated 
mice. (E) Quantification of average dopamine transients during the washout. (F) Average transient 
amplitude across weeks for sham and haloperidol-treated mice. (G) Quantification of average dopamine 
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transient amplitude during the washout period. (H) Correlation between average VCMs across weeks and 
average transient frequency for haloperidol treated mice. (I) Correlation between average VCMs across 
weeks and the change in transient rate in response to an initial acute dose of haloperidol. 
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Figure 4.6: Tetrabenazine reduces striatal dopamine and VCMs. (A) Average traces of dLight1.1signal 
aligned to injection of tetrabenazine (10 mg/kg) for sham (grey, N=3) and haloperidol treated (blue, N=3) 
mice. (B) Change in overall dLight1.1 signal intensity from baseline (Pre) to 30-90 after injection of 
tetrabenazine (Post, N=9). (C) Change in dopamine transient rate following tetrabenazine for the same 
periods as described in (B). (D) Change in dopamine transient amplitude following tetrabenazine for the 
same periods as described in (B). (E) Total VCMs in mice treated with haloperidol before and after 
administration of tetrabenazine (N=10). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



186 
 

 
Figure 4.7: Activation of dMSN in the VLS, but not DMS, is sufficient to induce vacuous chewing 
movements. (A) Schematic of optogenetic targeting of dMSN in the VLS. (B) Example histology of ChR2 
expression and fiber track in the VLS. (C) Total VCMs 30 seconds before (OFF) and during (ON) continuous 
dMSN stimulation in the VLS (N=3). (D) Average velocity during the same periods as described in (C). (E) 
Schematic of optogenetic targeting of dMSN in the DMS. (F) Example histology of ChR2 expression and 
fiber track in the DMS. (G) Total VCMs during the conditions as described in (C), but for continuous dMSN 
stimulation in the DMS (N=3). (H) Average velocity during the same periods as described in (C). All data 
are presented as the mean ± S.E.M. 
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4.8 Supplemental Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 4.1: Knockout of D2Rs from striatal iMSNs does not prevent the development 
of VCMs in response to chronic haloperidol treatment. (A) VCMs in sham (Sham, closed black N=9) 
and haloperidol-treated wild type mice (Hal, closed yellow N=7) before (week 0), during treatment (weeks 
3-8), and during washout (weeks 10-14). (B) Summary of average VCMs in sham and haloperidol during 
the washout period. (C) Same as described in (A), but for sham (open black, N=9) and haloperidol treated 
(open yellow, N=8) ChAT-D2R-KO mice. (D) Summary of average VCMs in sham and haloperidol during 
the washout period for ChAT-D2R-KO mice. (E)  Average VCMs in sham (Sham, closed black N=7) and 
haloperidol-treated wild type mice (Hal, closed blue N=4) across weeks.  (F) Same as described in (B), but 
for comparison to DAT-D2R-KO mice. (G) Average VCMs in sham (Sham, closed black N=7) and 
haloperidol-treated DAT-D2R-KO mice (Hal, closed blue N=8) across weeks. (H) Summary of average 
VCMs in sham and haloperidol during the washout period for DAT-D2R-KO mice. 
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Supplemental Figure 4.2: Acute haloperidol administration increases striatal dopamine, but does 
not induce VCMs. (A) Schematic of dLight1.1 and fiber placement with the striatum. (B) Example histology 
of dLight expression and fiber track. (C) Example of increases in dLight signal intensity recording in slice in 
response to increases stimulation intensities. (D) Example of dLight signal using fiber photometry in mice 
injected I.P. with saline or haloperidol. (E) Example response of dLight signal in response to saline (grey) 
or haloperidol (blue) injection. (F) Summary of dLight signal change in response to saline or haloperidol 
N=10). (G) Dopamine transient frequency before (Pre, black) and after (Post, blue) haloperidol injection. 
(H) Dopamine transient amplitude before and after haloperidol injection. (I) Average dopamine signal 
intensity and after haloperidol injection. (J) VCMs before and after haloperidol injection (N=10). Data are 
presented as points for individual animals or the mean ± S.E.M. 
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CHAPTER 5 

Conclusions 

 

5.1 Conclusions 

The work presented here provides new insights into basal ganglia circuitry and explores 

how dysfunction within these circuits contributes to loss of motor control. First, we explore the 

how several models of basal ganglia function contribute to our understanding Parkinson’s 

disease, then weigh the evidence underlying these different models (Chapter 2). Next, we 

demonstrate that striosome and matrix represent at least two functionally distinct circuits within 

the striatum. While matrix neurons receive greater sensorimotor input from the cortex and project 

to traditional basal ganglia output nuclei, striosome neurons receive greater limbic information 

and send substantial inhibition to SNc dopamine neurons (Chapter 3). Lastly, we investigate the 

cellular and circuit mechanisms of tardive dyskinesia, providing evidence that this disorder is 

mediated by hyperdopaminergic signaling onto direct pathways neurons in the ventrolateral 

striatum (Chapter 4). 

 This work highlights the utility of the classical model in understanding the basal ganglia, 

while underscoring the need to expand through additional models that integrate the circuit’s full 

complexity. Our finding that striosome neurons receive greater input from the prelimbic cortex and 

act as the predominant source of striatal inhibition to SNc dopamine neurons shines light on a 

striatal pathway whose function in vivo is largely under studied. As discussed in an earlier chapter, 

recent work suggests that striosomes play a role in cost-benefit decision making. Future work 

may attempt to isolate how striosome output to dopamine neurons is involved in this process. 

Additionally, it is possible that striosome and matrix will play a role in understanding diseases of 

the basal ganglia. Work in progress aims to examine how activity of dopamine neurons may relate 

to their pattern of degeneration in diseases such as Parkinson’s disease. Striosomes may 
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represent a powerful regulator of SNc activity, forming a negative feedback loop that could prevent 

excessive dopaminergic activity. If elevated activity of dopamine neurons contributes to their 

degeneration, breakdown of this potential negative feedback provided by striosomes could play 

an important role in such a process. 

 In recent years, advances in technology have been instrumental in developing our 

understanding of cell types and their functions. Single-cell sequencing has allowed identification 

of new cell types, whose connectivity can now be dissected using modern tracing tools, and 

whose function can be probed using a variety of optical and chemogenetic tools. This general 

approach has led to a surge of discovery within the basal ganglia. Our work on striosomes points 

toward an untapped potential in substituting developmental definitions of cell types into this 

pipeline. It may be possible that many other cell types differentiate their connectivity from the 

neighbors at particular points in time before adopting overlapping molecular identities that would 

make them indistinguishable in an adult animal. Developmental studies will likely shed light on 

how information is parallelized within the basal ganglia and may expedite discovery of additional 

cell types. 

 Lastly, this work reaffirms the need to connect patterns of neural activity to behavior in 

order to understand diseases such as tardive dyskinesia. Despite decades of research into the 

effects of antipsychotics on neural activity and the testing of numerous pharmacological 

interventions to ameliorate tardive dyskinesia, no clear model has emerged to explain the 

disorder. While our findings diverge from prevailing models of dysfunction in tardive dyskinesia, 

they are still largely in line with predictions from the parallel circuit and classical models. Given 

the multiple avenues in the classical model for modulating behavior, we propose that the linking 

neural activity directly to the involuntary movements is the missing glue required to bind the work 

from previous studies together into a coherent understanding. 

 In conclusion, this work demonstrates the utility of approaching the basal ganglia with both 

an evidence-based model of its function and an open mind towards its potential. Leaps and 
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bounds have been made over the past century in understanding the basal ganglia, but here at 

the end of a PhD, it has never been clearer that we are only at the beginning. 
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