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EPIGRAPH 
 
 
 
 
In my discussion here, I have deliberately turned to the opposite extreme from the neuron and 
have chosen as a topic, one aspect of the most complex type of behavior that I know; the logical 
and orderly arrangement of thought and action. 
 
Karl S. Lashley. The problem of serial order in behavior. 1951. 
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 Action sequences form the functional basis of animal and human behavior and are 

compromised in disorders of movement control such as Parkinson’s and Huntington’s disease. 

While ongoing research implicates basal ganglia circuitry as critical for action selection, little is 

known about how the modulation and refinement of cortico-basal ganglia circuits through 

synaptic plasticity contributes to sequence learning; furthermore, we still do not fully understand 

how the direct and indirect pathways of the basal ganglia function together to control the 

execution of well-learned sequences. Finally, the way in which actions are behaviorally 

organized into robust movement repertoires remains poorly understood. A debate regarding 

whether action sequences are arranged in a chain, activated in series by stimulus-response events 

or instead in a hierarchy containing different levels of control remains unresolved. In this 



xiii 

dissertation, I begin by reviewing the literature pertaining to molecular and circuit mechanisms 

underlying sequence learning and performance as well as the different theories pertaining to 

sequence organization. Using a combination of genetic, electrophysiological, and optogenetic 

tools in a novel heterogeneous action sequence task, I demonstrate that the basal ganglia direct 

and indirect pathways mediate the initiation of the sequence and the switch between distinct 

actions of the sequence, respectively. Rather than working in opposition as classically thought, 

these findings indicate that basal ganglia pathways work cooperatively to control the execution 

of a well-learned sequence. Furthermore, I use these manipulations to demonstrate support for a 

hierarchical, rather than serial, organization of action sequences. I then use the same action 

sequence paradigm to investigate the molecular mechanisms underlying sequence learning. 

Corticostriatal plasticity has been shown to rely on a whole host of striatal receptors; yet, the 

necessity of these different receptor types for sequence learning has not been causally tested. 

Taking advantage of mouse genetics, I developed many different mouse lines lacking particular 

receptors within well-defined basal ganglia populations and assessed these animals’ ability to 

learn our heterogeneous action sequence. I demonstrate that striatal output as well as the 

expression of dopamine D1 and D2 receptors on striatal neurons are the key mediators of 

sequence learning. Together, this work provides a comprehensive evaluation of how basal 

ganglia circuits contribute to the learning and execution of an complex action sequence and new 

insight into the behavioral organization of action repertoires. 
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Introduction 

Whether driving to work, playing an instrument, or typing at our desks, we rely heavily 

on our ability to learn and perform organized sequences of movements. This capacity also 

underlies the more impressive features of humanity—our propensity to build communities, work 

collaboratively and prepare for our distant futures. Yet, this extraordinary ability is often 

underappreciated due to its complete ubiquity in our daily lives and often only appreciated when 

it is compromised or lost, such as in Parkinson’s or Huntington’s disease. Despite the 

fundamental role action sequences play in our daily lives, we still understand very little about 

how action repertoires are behaviorally organized and then carried out by neural circuits in our 

brain. From a scientific standpoint, the ability to generate, shape, and execute a series of 

movements poses two immense research challenges. The first is to understand the neural 

mechanisms supporting the learning and the execution of action sequences. Current research is 

exploring the role of cortico-basal ganglia circuits, the same circuits impacted in many 

movement disorders such as Parkinson’s and Huntington’s disease, as fundamental for action 

sequence learning and performance. The second challenge is to understand how action sequences 

are behaviorally organized, providing important insight into how individual actions are chunked 

or linked together to support complex behavior. Here I describe my endeavors to address these 

research challenges, providing a new understanding of how sequences are organized and the 

neural circuits that support the learning and execution of this organization.    

 

Innate vs learned action sequences 
 

Many animals are born with the instinctual ability to forage or hunt for food, defend 

against predators, and reproduce. In an iconic experiment, the Nobel laureates Konrad Lorenz 
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and Niko Tinbergen observed that when the egg of the graylag goose is moved from the nest, the 

goose will roll the egg back to the nest; however, even if the egg is removed from the goose, the 

animal will continue with its behavior, rolling what appears to be an imaginary egg (Lorenz and 

Tinbergen, 1939).  These instinctive behaviors, coined ‘fixed action patterns’, are observed 

throughout the animal kingdom and are characterized by their stereotypy, complexity, specificity 

to a given species, and inflexibility to environmental influence (Lorenz, 1965). On a neural basis, 

fixed action patterns are thought to be a response to a particular external sensory stimulus. In the 

case of the graylag goose, for example, the visual stimulus of an egg-shaped object near the nest 

is sufficient to trigger the egg-retrieval behavior. This stimulus then sets off a cascade of actions 

that occur in sequence until the behavior is complete.  

 Yet, human behavior is not as clearly defined by these fixed action patterns. Instead, the 

movements of humans are better characterized as a constantly evolving repertoire of action 

sequences that can both be executed with amazing reliability and remain flexible enough for 

refinement and modification. These action sequences are clearly learned rather than instinctual—

a child cannot sit at a piano and instantly know how to play “Fur Elise” by Beethoven. However, 

with practice and training, a child may soon be able to play not only “Fur Elise” but a large 

repertoire of classic and self-composed pieces. Therefore, learned action sequences, in contrast 

to fixed action patterns, are likely built upon generating novel actions and varying the sequence 

of actions performed until a desired outcome is reached. These more sophisticated behaviors are 

the building blocks of human society. 

 

Sequence organization 

Our capacity to learn and perform a large repertoire of complex action sequences poses 

an interesting question to the scientific community—how are learned action sequences 
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organized? An early hypothesis generated by behaviorists in the early 20th century suggested that 

action sequences could be organized in a reflex chain, activated in series as a set of stimulus-

response events (Sherrington, 1906; Washburn, 1916). An apt comparison may be thinking of a 

series of movements like a line of dominoes—once the initial domino is tipped the remaining 

sequentially fall. This organization is also reminiscent of the fixed action pattern described above 

due to its stereotypy and inflexibility. As such, a serial chain organization, while computationally 

advantageous in its simplicity, may not accurately describe the more complex action sequences 

people normally perform.   

Indeed, by the 1950s, Karl Lashley (1951) famously challenged this view of sequence 

organization based on the following three observations: 1) movements can still happen even 

when sensory feedback is interrupted; 2) some movements occur too quickly for feedback to 

trigger subsequent actions; and 3) errors performed during sequence execution suggest there is 

some kind of internal plan for what to do next (Lashley, 1951; Rosenbaum et al., 2007).  Others 

have continued to demonstrate additional evidence against a serial chain organization: 1) the 

time to initiate an action sequence can increase based on the length or complexity of the 

sequence (Henry and Rogers, 1960; Rosenbaum, 1988; Sternberg et al., 1978); 2) features of 

earlier movements in the sequence can be predictive of later features (Cohen and Rosenbaum, 

2004; Kent, 1983; van der Wel and Rosenbaum, 2007); and 3) many areas of the brain show 

preparatory activity that is indicative of longer-term future actions (Aldridge et al., 1993; Ashe et 

al., 2006; Averbeck et al., 2006; Kennerley et al., 2004).   

What then is a more likely organization scheme that can reconcile these observations? 

Lashley instead proposed a hierarchical framework (1951), which can be defined most simply as 

a plan for behavior. This argument was supported by the observation that the same behavior 
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could have different interpretations based on the context, given in his example regarding the 

sound /rajt/ used in the following sentence: “The mill-wright on my right thinks it right that some 

conventional rite should symbolize the right of every man to write as he pleases (Lashley, 1951; 

Rosenbaum et al., 2007).  If we think of this sentence as organized in a reflex chain, the first 

/rajt/ sound would be considered the stimulus for the subsequent word ‘on’. Therefore, each 

following use of the /rajt/ sound should similarly trigger the response ‘on’.  However, as seen in 

the example, the /rajt/ sound can precede a variety of different words and convey a unique 

meaning with each of its uses. Clearly, the only way to generate each /rajt/ sound with a unique 

meaning and context requires an action plan. Additional support for a hierarchical framework 

comes from the observation that it is easier to learn sequences with some sort of structure (e.g. 

123 or 456) compared to random sequences (e.g. 251 or 423) (Restle, 1970). A hierarchical 

organization further suggests that sequences can be broken down into subunits or “chunks”, 

which are combined to form the overall sequence (Gallistel, 1980; Graybiel, 1998; Lashley, 

1951; Rosenbaum et al., 2007). Indeed, following the learning of an action sequence, neurons in 

the basal ganglia show start/stop activity, representing the entire sequence of actions as a chunk 

(Jin and Costa, 2010, 2015; Jin et al., 2014).  

These lines of evidence certainly suggest that the reflex chain model is a poor model for 

most behavioral repertoires. Still, experimental support for a hierarchical framework draws 

mostly from fine analysis of sequence behavior, which can only further describe the behavioral 

phenomenon, or from errors in performance, which are unknown as intended or unintended 

changes to the sequence. In the first chapter of this dissertation, I describe how we utilized a 

heterogeneous action sequence task, coupled with precise optogenetic manipulations of distinct 

cell types in the brain, to investigate the organization of action sequences. We demonstrate that 
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when animals’ behavior is altered via optogenetics, the structure of the resulting behavioral 

sequence is incompatible with the reflex chain hypothesis; instead, our findings are best 

supported by a hierarchical framework in which the sequence is represented with different levels 

of control.   

 

Basal ganglia circuits and function 

 The basal ganglia represent a group of interconnected, subcortical nuclei that are thought 

to be heavily involved in movement control (Albin et al., 1989; DeLong, 1990). In rodents, the 

striatum marks the input of the basal ganglia circuit, receiving information from all over cortex 

and thalamus. Information then leaves striatum in two major pathways. The first is a 

monosynaptic, GABAergic projection known as the direct pathway that goes from dopamine D1 

receptor-expressing striatal projection neurons (dSPNs) to the output nucleus substantia nigra 

pars reticulata (SNr). The second is an indirect, polysynaptic, GABAergic projection from 

dopamine D2 receptor-expressing SPNs (iSPNs) that passes through the globus pallidus external 

segment (GPe) and the subthalamic nucleus (STN) before terminating in SNr.  

Current theories suggest that the main function of the basal ganglia is to support action 

selection, the process by which we evaluate several potential actions and select one behavior to 

perform next (Gurney et al., 2001a, b; Redgrave et al., 1999). This theoretical framework is 

immediately evidenced in the anatomical architecture of the basal ganglia. First, the primary 

input to the striatum arises from nearly all areas of cortex, providing motor, sensory, association, 

and limbic information to the basal ganglia. The main output of the basal ganglia (SNr) then 

conveys information to a variety of brainstem structures involved in motor control (Saitoh et al., 

2003; Stephenson-Jones et al., 2011; Takakusaki et al., 2003; Takakusaki et al., 2011) as well as 

ventrolateral (VL) and ventromedial (VM) thalamus, also known as motor thalamus (Kemel et 
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al., 1988; Kha et al., 2001), which in turn projects to pre-motor areas of  cortex (Cicirata et al., 

1986; Shindo et al., 1995). At rest, downstream motor brainstem areas are inhibited due to a 

tonically active GABAergic projection arising from SNr.  In this way, the basal ganglia are 

perfectly situated to evaluate potentially competing action plans arising from cortex, select one 

action plan, and disinhibit the necessary downstream motor nuclei necessary for action 

execution. At the same time, via thalamic projections, the basal ganglia provide an efference 

copy of the selected action to cortical areas.  

Importantly, the direct and indirect pathways have opposing effects on SNr output such 

that the direct pathway disinhibits SNr while the indirect pathway enhances SNr inhibition. 

Based on this organization, the direct and indirect pathways are classically thought to facilitate or 

inhibit movement, respectively, representing an opposing mechanism for movement control 

(Albin et al., 1989; DeLong, 1990).  In comparison, the action selection framework suggests that 

the direct pathway may “select” an action, disinhibiting the necessary downstream motor nuclei 

for action execution; meanwhile, activation of the indirect pathway inhibits competing motor 

programs that enter the basal ganglia. This framework instead implies that rather than work 

antagonistically, the direct and indirect pathways may perform complementary roles to support 

movement. This notion may well explain the well-reported observation that both the direct and 

indirect pathways concurrently activate during action initiation (Cui et al., 2013; Isomura et al., 

2013; Jin and Costa, 2010; Jin et al., 2014).  Once an action has been selected, dSPNs may then 

take a more active role in maintaining the ongoing action while the indirect pathway takes on a 

more permissive role. Indeed, optogenetically activating dSPNs can facilitate movement while 

iSPN activation promotes freezing (Freeze et al., 2013; Kravitz et al., 2010; Tai et al., 2012), 

indicating the different roles these pathways play in the maintenance of movement.  
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Basal ganglia pathways in sequence learning and execution 

 The mechanism by which basal ganglia pathways select a particular action while 

inhibiting others likely happens via synaptic plasticity occurring at corticostriatal synapses. 

During skill learning, striatal activity dynamically changes during the course of acquisition and 

synaptic potentiation differentially occurs at glutamatergic synapses on dSPNs and iSPNs (Yin et 

al., 2009). The dynamic reorganization of corticostriatal circuits also likely underlies the learning 

and consolidation of action sequences so that previously learned sequences can be readily 

engaged and robustly performed. Accordingly, striatal activity is shown to specifically encode a 

particular grooming sequence rather than only the individual grooming movements (Aldridge et 

al., 1993) and disrupting striatal activity via lesion disrupts this stereotypic grooming pattern 

without affecting the ability to perform each grooming action (Cromwell and Berridge, 1996). 

Striatal neurons have also been shown to encode the initiation and/or termination of visually-

guided or spatial sequences (Jog et al., 1999; Kermadi and Joseph, 1995; Kimura, 1990; Miyachi 

et al., 2002). Similar start/stop activity in SPNs is also observed when mice are trained to 

perform a repetitive sequence of lever presses (Jin and Costa, 2010; Jin et al., 2014). Importantly, 

this activity increases with training and critically depends on NMDA receptor-dependent 

plasticity at corticostriatal synapses (Jin and Costa, 2010).  

While both dSPNs and iSPNs display sequence-related start/stop activity (Geddes et al., 

2018; Jin et al., 2014), this activity is thought to represent different functions, such that dSPNs 

select the sequence to perform while iSPNs inhibit competing sequences/actions (Jin and Costa, 

2015). Once the sequence is initiated, dSPNs and iSPNs preferentially show sustained or 

inhibited activity, respectively, indicating their differential roles in supporting ongoing actions 
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(Geddes et al., 2018; Jin et al., 2014). These results emphasize the importance of balanced 

activity between basal ganglia pathways for action execution. Indeed, either optogenetically 

activating or inhibiting dSPNs or iSPNs impairs the performance of contraversive movements 

(Tecuapetla et al., 2014) or the initiation of a learned action sequence (Tecuapetla et al., 2016). 

Once the sequence is being executed, dSPN activation instead facilitates the ongoing action 

whereas iSPN activation leads to premature sequence termination (Tecuapetla et al., 2016). 

Together, these results underscore the cooperative functions of basal ganglia pathways during 

sequence initiation and performance, extending beyond the classical, antagonistic framework of 

basal ganglia function. Still, more work is needed to further disambiguate the different roles each 

pathway plays during sequence behavior. The first chapter of this dissertation describes how I 

used manipulations of basal ganglia pathways to demonstrate a hierarchical organization 

underlying action sequences while providing novel insights into how the direct and indirect 

pathways control different levels of this hierarchy. 

   

Striatal cell types and neurotransmitter systems 

Striatal projection neurons (SPNs) 

The main cell type of the striatum is the spiny projection neuron (SPN). These 

GABAergic neurons comprise about 95% of the cells in the striatum and are primarily 

categorized into two types based on their expression of the dopamine D1 receptor or D2 receptor. 

This receptor expression also determines the downstream target, such that D1-expressing SPNs 

comprised the direct pathway (dSPNs) and D2-expressing SPNs comprise the indirect pathway 

(iSPNs). Though SPNs are primarily categorized based on their dopamine receptor expression, 

SPNs also express other neuropeptides and modulators that can serve as important classifiers. 

For example, striatal cells can also be classified into a patch-matrix organization. Patches make 



 9 

up about 10-15% of the striatal volume and are characterized by their high expression of the mu-

opioid receptor, substance P, and D1 receptors (Bolam et al., 1988; Holt et al., 1997; Johnston et 

al., 1990). In contrast, the matrix compartment is marked by calbindin and D2 receptor 

expression (Bolam et al., 1988; Gerfen, 1985; Holt et al., 1997). The patch/matrix compartments 

were once thought to also have differential inputs, such that patches preferentially receive limbic 

information (Donoghue and Herkenham, 1986; Friedman et al., 2015; Gerfen, 1984) and project 

to SNc dopamine neurons as well as other basal ganglia nuclei (Fujiyama et al., 2011; Gerfen, 

1984, 1985; Watabe-Uchida et al., 2012) while the matrix cells receive sensorimotor information 

and do not have this dopaminergic projection (Gerfen, 1984, 1985). However, recent evidence 

using newly available genetic mouse lines to better target the patch or matrix compartments 

suggests that these regions similarly receive limbic and sensorimotor information (Smith et al., 

2016). The focus of this dissertation will be on dSPNs and iSPNs rather than the patch/matrix 

organization of striatal projection neurons and the role of dSPNS and iSPNs in sequence 

execution and learning will be examined in chapters one and two, respectively.  

Dopaminergic inputs 

Dopaminergic neurons located within the substantia nigra pars compacta (SNc) densely 

innervate dorsal striatum, with each dopamine neuron forming hundreds of thousands of 

connections (Arbuthnott and Wickens, 2007; Kubota et al., 1987; Matsuda et al., 2009; Moss and 

Bolam, 2008). In striatum, dopamine is most often thought to function via volume transmission 

by freely diffusing from the synaptic cleft to the extracellular space (Agnati et al., 1995; Cragg 

and Rice, 2004; Garris et al., 1994), acting primarily on D1- and D2-receptor types highly 

expressed on both SPNs and cholinergic interneurons (Le Moine et al., 1991; Le Moine et al., 

1990). These dopamine receptor classes are G protein-coupled receptors and play opposing 
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modulatory roles, such that D1 receptor activation increases intracellular calcium while D2 

receptor activation produces the opposite effect (Cools and Van Rossum, 1976; Surmeier et al., 

2007). D2 receptors, when expressed at dopaminergic terminals, also regulate dopamine 

neurotransmission via a feedback mechanism (Ford, 2014; Mercuri et al., 1997; Tang et al., 

1994).  

 

Cholinergic interneurons 

 Striatal cholinergic interneurons comprise about 1-2% of the cells in striatum (Bolam et 

al., 1984; Contant et al., 1996); yet, these cells, due to their large dendritic and terminal fields as 

well as their direct projections onto SPNs, make them powerful modulators of SPN function and 

striatal output (Bolam et al., 1984; Contant et al., 1996). Cholinergic interneurons receive input 

from a variety of cortical regions and thalamic nuclei, such as the parafascicular and mediodorsal 

nuclei, as well as GPe (Ding et al., 2010; Klug et al., 2018; Lapper and Bolam, 1992). These 

cells are also sensitive to dopaminergic modulation via expression of D2 receptors (Alcantara et 

al., 2003; Le Moine et al., 1990), which, upon activation, decrease acetylcholine release (DeBoer 

et al., 1996; Maurice et al., 2004). SPNs are then primarily modulated by acetylcholine via 

muscarinic M1 receptors (Bernard et al., 1992; Hersch et al., 1994; Yan et al., 2001). Cholinergic 

interneurons are typically tonically active (often referred to as tonically active neurons or TANs) 

but demonstrate a pause followed by rebound firing when presented with a predictive stimulus 

(Ding et al., 2010; English et al., 2012; Kimura et al., 1984; Schulz and Reynolds, 2013). 

Importantly, this multi-phasic response is shown to powerfully inhibit SPNs (English et al., 

2012) and may help explain why cholinergic interneuron dysfunction has been linked to a 

number of neuropsychiatric disorders including schizophrenia and depression (Scarr et al., 2013). 
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The role of striatal cholinergic interneurons during sequence learning will be briefly investigated 

in the second chapter of this dissertation.  

 

Striatal plasticity 

Plasticity at corticostriatal synapses is fundamental for shaping the function of striatal 

circuits and, as discussed earlier, consolidating a particular action or behavioral repertoire. 

During learning, corticostriatal synapses are shown to undergo plasticity (Costa et al., 2004; 

Koralek, 2012; Kupferschmidt et al., 2017; Yin et al., 2009) and this plasticity relies on a variety 

of glutamatergic and dopaminergic receptors (Dang et al., 2006; Jin and Costa, 2010; Koralek, 

2012; Reynolds et al., 2001). Corticostriatal plasticity is mainly characterized as the 

strengthening or weakening of synapses, also referred to as long-term potentiation (LTP) or long-

term depression (LTD), respectively.  

 

Long-term potentiation (LTP) 

LTP occurring at corticostriatal synapses, though still poorly characterized, is most 

frequently elicited via high-frequency stimulation of glutamatergic inputs or a spike-timing 

dependent protocol in which presynaptic activity occurs prior to postsynaptic spiking. Using 

these methods, researchers have been identifying the necessary receptor types and conditions for 

LTP to occur. One early observation was that LTP induction required activation of NMDA 

receptors expressed by SPNs (Calabresi et al., 1992b; Kerr and Wickens, 2001; Partridge et al., 

2000; Shen et al., 2008), which, upon activation, permits the influx of calcium ions.  Other 

research has implicated the necessity of dopamine D1 receptors (Calabresi et al., 2000; Kerr and 

Wickens, 2001); indeed, dopamine depletion has been shown to block LTP (Centonze et al., 
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1999). If LTP relies upon dopamine release and expression of D1 receptors, one might wonder if 

iSPNs, which lack D1 receptors, also undergo LTP. In fact, LTP has been observed in iSPNs of 

dopamine-depleted mice (Kreitzer and Malenka, 2007; Shen et al., 2008) and has been shown to 

rely instead on adenosine A2A receptors (Shen et al., 2008), indicating different mechanisms by 

which dSPNs and iSPNs undergo LTP.  

 

Long-term depression (LTD) 

Striatal long-term depression, which has been more thoroughly studied, can also be 

elicited by high-frequency stimulation (Calabresi et al., 1992a; Lovinger et al., 1993; Walsh, 

1993) or a spike-timing dependent protocol in which postsynaptic activity occurs prior to 

presynaptic activity. The induction of LTD via high-frequency stimulation does not require 

NMDA receptors (Calabresi et al., 1992a; Kreitzer and Malenka, 2005), but instead relies on 

dopamine D2 receptors (Calabresi et al., 1997; Kreitzer and Malenka, 2005) and group I 

metabotropic glutamate receptors (mGluRs) (Kreitzer and Malenka, 2005; Sung et al., 2001). 

Importantly, long-term depression is induced postsynaptically but expressed presynaptically as a 

decrease in neurotransmitter release. The messenger necessary for relaying postsynaptic activity 

into presynaptic changes comes in the form of endocannabinoids that are released from SPNs 

following activation of mGluRs and D2 receptors. Endocannabinoids then activate presynaptic 

CB1 receptors (Ronesi et al., 2004), which are G protein-coupled receptors that inhibit cAMP 

production and ultimately regulate future neurotransmitter release. 

Given the dependence of LTD on D2 receptors, one may similarly wonder if dSPNs can 

also undergo LTD. One potential mechanism described a reliance on D2 receptors expressed on 

cholinergic interneurons (Alcantara et al., 2003; Le Moine et al., 1990; Wang et al., 2006). Wang 
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et al. (2006) describe a model in which D2 receptor activation on cholinergic interneurons 

reduces acetylcholine release (DeBoer et al., 1996; Maurice et al., 2004), thereby reducing 

activation of muscarinic M1 receptors expressed on both dSPNs and iSPNs and, in turn, 

facilitating endocannabinoid release. Interestingly, the use of a spike-timing dependent protocol 

for LTD induction calls into question the requirement of D2 receptors for dSPN LTD (Shen et 

al., 2008; Wang et al., 2006). Instead, dSPN LTD may rely solely on the blockade of D1 

receptors and the activation of mGluRs expressed directly on dSPNs (Shen et al., 2008). 

   

Future directions 

 These findings indicate the tremendous progress in understanding how plasticity occurs 

at corticostriatal synapses. However, conflicting observations and the use of different 

experimental protocols also emphasize the many questions and inconsistencies left to resolve. 

Importantly, the vast majority of research on mechanisms of striatal plasticity has utilized in 

vitro preparations, in which experimenters stimulate and record from a slice of brain tissue kept 

in artificial conditions. These preparations are useful because they allow the researcher to 

precisely control the physiological conditions of the sample and to effectively apply drugs that 

activate or inhibit particular receptor classes, thereby assessing the role of that receptor type in 

their particular manipulation. However, these preparations are far from the physiological 

conditions found in vivo and future work should be aimed at investigating how corticostriatal 

plasticity occurs in more physiologically-relevant conditions. Attempts to answer this question 

have already revealed some important observations, such as the propensity for striatal LTP, 

rather than LTD, to occur in vivo following high-frequency stimulation (Charpier and Deniau, 

1997) whereas pairing presynaptic and postsynaptic activity can induce bidirectional plasticity 
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but only in the presence of behaviorally relevant signals involving dopamine and adenosine 

signaling (Fisher et al., 2017).  

 Research into the underlying mechanisms supporting corticostriatal plasticity also implies 

a complex coordination of a variety of receptor classes, often across multiple cell types, for 

plasticity to occur. Still, the functional necessity of these different receptor types has yet to be 

fully appreciated. The second chapter of this dissertation uses advances in mouse genetics to 

selectively remove a variety of different receptor types from specific populations of striatal cells 

and assay how receptor deletion impacts the learning of a heterogeneous action sequence. We 

demonstrate the necessity of striatal output, as well as the differential roles of D1 and D2 

receptors for sequence learning. In contrast, we then show that modulating the dopaminergic or 

striatal cholinergic systems has very little influence on sequence learning. Future work will 

determine how genetic ablation of different striatal receptors impacts corticostriatal plasticity.  
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CHAPTER 1:  Optogenetic editing reveals the hierarchical organization of learned action 

sequences 

 

Abstract 

The organization of action into sequences underlies complex behaviors that are essential 

for organismal survival and reproduction. Despite extensive studies of innate sequences in 

relation to central pattern generators, how learned action sequences are controlled and whether 

they are organized as a chain or a hierarchy remain largely unknown. By training mice to 

perform heterogeneous action sequences, we demonstrate that striatal direct and indirect 

pathways preferentially encode different behavioral levels of sequence structure. State-dependent 

closed-loop optogenetic stimulation of the striatal direct pathway can selectively insert a single 

action element into the sequence without disrupting the overall sequence length. Optogenetic 

manipulation of the striatal indirect pathway completely removes the ongoing subsequence while 

leaving the following subsequence to be executed with the appropriate timing and length. These 

results suggest that learned action sequences are not organized in a serial but rather a hierarchical 

structure that is distinctly controlled by basal ganglia pathways. 

Introduction 

Action sequences form the basic functional units of behavior and contribute to the 

numerous acquired motor repertoires observed in animals and humans (Brainard and Doupe, 

2002; Gallistel, 1980; Graybiel, 1998; Hikosaka et al., 1999; Jin and Costa, 2015). Many motor 

disorders, including Parkinson’s and Huntington’s diseases, are compromised in both learning 

new action sequences and executing previously learned sequences (Agostino et al., 1992; 

Hikosaka et al., 1999; Jin and Costa, 2015; Vinter and Gras, 1998). Early theories suggested that 

action sequences are organized as response chains, activated in series by reflex-like processes 

based on sensory feedback or efference copies (Sherrington, 1906). In contrast, other theories 
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propose that action sequences might be organized hierarchically with multiple layers of control 

at the individual element, intermediate subsequence, and overall sequence levels (Gallistel, 1980; 

Jin and Costa, 2015; Lashley, 1951). Compared to a serial chain, a hierarchical organization is 

more error tolerant at the cost of requiring multiple controllers at different hierarchies (Gallistel, 

1980; Jin and Costa, 2015; Lashley, 1951). Still, exactly how a learned action sequence is 

organized remains inconclusive, and the neural substrates supporting this sequence structure are 

largely unknown (Graybiel, 1998; Hikosaka et al., 1999; Jin and Costa, 2015).  

Here, we developed a novel behavioral paradigm by training mice to perform 

spatiotemporally heterogeneous action sequences. It was found that sequence learning takes 

place in a non-back-propagation manner that critically depends on striatal NMDA receptors. By 

employing in vivo neuronal recording with cell-type-specific optogenetic tagging, we found that 

although both striatal pathways are involved in element-level action control, the direct pathway 

preferentially signals sequence-level initiation/termination, while the indirect pathway encodes 

the switch between subsequences. Consistently, selective diphtheria toxin (DT)-mediated 

ablation of neurons in the striatal direct or indirect pathway impairs sequence initiation and 

subsequence transitions, respectively. Using state-dependent closed-loop optogenetic stimulation 

of striatal direct or indirect pathways, we can selectively insert or remove actions within a 

learned sequence without necessarily disrupting the overall sequence structure or the execution 

of the remaining sequence. These results show that learned action sequences are organized in a 

hierarchical structure that is dually supported by basal ganglia direct and indirect pathways in 

distinct ways and have important implications for a wide range of neurological diseases, from 

Parkinson’s disease to speech disorders (Brainard and Doupe, 2002; Graybiel, 1998; Hikosaka et 

al., 1999; Jin and Costa, 2015; Lai et al., 2001; Vinter and Gras, 1998). 
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Methods 

Table 1.1. Key resources table 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit polyclonal anti-GFP Invitrogen Molecular Probes 
Cat# A-11122 
RRID: AB_221569 

AlexaFluor 647 Donkey anti-Rabbit Jackson ImmunoResearch 
Cat# 711-605-152 
RRID: AB_2492288 

Bacterial and Virus Strains  

AAV9-FLEX-DTR-GFP Salk GT3 Core N/A 

AAV5-EF1a-DIO-hChR2(H134R)-
mCherry 

University of North Carolina 
Vector Core 

N/A 

AAV9-EF1a-DIO-hChR2(H134R)-eYFP 
University of Pennsylvania 
Vector Core 

Cat# AV-9-20298P 

Chemicals, Peptides, and Recombinant Proteins 

Muscimol, GABAA receptor agonist Sigma-Aldrich Cat# M1523 

Diphtheria toxin List Biological Labs, Inc. Part# 150 

Experimental Models: Organisms/Strains 

Mouse: C57BL/6  Envigo/Harlan Code: 044 

Mouse: NR1f/f (B6.129S4-Grin1tm2Stl/J) Jackson Laboratory Stock# 005246 

Mouse: RGS9-cre Dang et al., 2006 N/A 

Mouse: Ai32 (B6;129S-
Gt(ROSA)26Sortm32(CAG-

COP4*H134R/EYFP)Hze/J) 
Jackson Laboratory Stock# 012569 

Mouse: D1-cre (B6.FVB(Cg)-Tg(Drd1a-
cre)EY217Gsat/Mmucd ) 

MMRRC 
RRID: 
MMRRC_034258-
UCD 

Mouse: A2a-cre (B6.FVB(Cg)-
Tg(Adora2a-cre)KG139Gsat/Mmucd) 

MMRRC 
RRID: 
MMRRC_036158-
UCD 

Mouse: D1-eGFP (STOCK Tg(Drd1-
EGFP)X60Gsat/Mmmh) 

MMRRC 
RRID: 
MMRRC_000297-MU 

Mouse: D2-eGFP (STOCK Tg(Drd2-
EGFP)S118Gsat/Mmnc) 

MMRRC 
RRID: 
MMRRC_000230-
UNC 

Software and Algorithms 

GraphPad Prism GraphPad Software Version 7.03 

MATLAB MathWorks R2013a 

Med-PC Med Associates Cat# SOF-735 

Offline Sorter Plexon Version 3.3.3 

OmniPlex Plexon Version 1.4.5 

Other 

Med Associates operant chamber Med Associates Cat# MED-307W-D1 

Electrode Array Innovative Neurophysiology N/A 

473 nm laser LaserGlow Technologies N/A 
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Mice  

All experiments were approved by the Salk Institute Animal Care and Use Committee 

and conformed to NIH Guidelines for the Care and Use of Laboratory Animals. Experiments 

were performed on both male and female mice, at least two months old, housed on a 12-hour 

light/dark cycle. C57BL/6 (Envigo/Harlan) mice were used in the wild-type experiments. 

Striatal-specific NMDAR1 knockout and control littermates were generated by crossing RGS9-

cre mice with NR1 floxed (also denoted as Grin1 flox/flox in the Jackson Laboratory database) 

mice as previously described (Dang et al., 2006; Howard et al., 2017; Jin and Costa, 2010). 

RGS9-NR1 KO (referred to as striatal NR1-KO) mice and their littermate controls including 

RGS9-NR1 heterozygous, NR1 floxed, and RGS9-cre mice were used for behavioral 

experiments. BAC transgenic mice expressing cre recombinase under the control of the 

dopamine D1 receptor (GENSAT: EY217; minimal labeling in cortex; mostly dorsal labeling in 

striatum) or the A2a receptor (GENSAT: KG139) promoter were obtained from MMRRC and 

either crossed to C57BL/6 or Ai32 (012569) mice obtained from Jackson Laboratory (Cui et al., 

2013; Jin et al., 2014; Madisen et al., 2012; Tecuapetla et al., 2016). To determine the extent of 

cell loss using the DTR ablation strategy, D1- and A2a-cre mice were crossed to the BAC 

reporter lines D1-eGFP (MMRRC: MMRRC_000297-MU; GENSAT: X60) and D2-eGFP 

(MMRRC: MMRRC_000230-UNC; GENSAT: S118) (Gong et al., 2007).  

Behavioral training  

Behavioral training took place in standard mouse operant chambers as described 

previously (Howard et al., 2017; Jin and Costa, 2010; Jin et al., 2014). Briefly, operant chambers 

(21.6 cm x 17.8 cm x 12.7 cm; Med Associates, VT) were housed in sound-attenuating boxes 

and each chamber was equipped with a food magazine, a house light (3 W, 24 V) placed 
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opposite the food magazine, and two retractable levers flanking the house light. Food pellets (20 

mg; Bio-Serv, NJ) were delivered through a dispenser into the magazine as reinforcers and 

magazine entries were recorded using an infrared beam. Behavioral chambers were controlled by 

behavioral software (MED-PC IV, Med Associates, VT) that recorded all timestamps of lever 

presses and magazine entries for each animal with a 10 ms resolution. All behavioral programs 

were custom written. Mice were food-restricted prior to behavioral training and were maintained 

at 85% of normal body weight by receiving 2.5 g of food pellets and normal chow per animal 

daily.  

Behavioral training began with continuous reinforcement (CRF) as previously described 

(Howard et al., 2017; Jin et al., 2014). Briefly, CRF sessions started with the illumination of the 

house light and extension of either the left or right lever. Mice underwent two consecutive 

sessions of CRF each day (one session per lever) and the order of left and right sessions 

alternated daily. Mice received up to 5, 10, and 15 reinforcers per session on days one, two, and 

three of CRF, respectively. Following CRF, mice began training in the left-left-right-right 

(LLRR) sequence task (‘Penguin Dance’ – Self-Paced Version). Sessions started with the 

illumination of the house light and the extension of both the left and right levers. Reinforcers 

were delivered any time the behavioral program identified the consecutive ‘left-left-right-right’ 

lever press pattern. Therefore, extra presses in addition to the ‘LLRR’ pattern did not exclude the 

reward. No cues were presented to signal sequence correctness or reward availability and daily 

sessions lasted for up to three hours or until the mouse received 40 reinforcers. Training sessions 

ended with retraction of both levers and offset of the house light. For learning experiments, all 

mice were trained in the LLRR sequence task for 28 consecutive days. Since there were no 

significant differences in the learning of the LLRR sequence between WT mice and the 
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littermate controls of RGS9-NR1 KO mice, the data were thus combined. In addition, since 

RGS9-NR1 KO mice received significantly less reinforcers than littermate controls, a separate 

cohort of littermate control mice underwent the same training protocol described above except 

the number of reinforcers was limited to 20 pellets per day to match the RGS9-NR1 KO mice. 

For the LLLRRR task, training followed the same design as the LLRR sequence task described 

above except reward contingency was based on the identification of the ‘left-leftleft-right-right-

right’ lever press pattern.  

For the lever-retraction version of the LLRR sequence task (‘Penguin Dance’ – Lever-

Retraction Version), training took place in the same boxes as described above but the left and 

right levers were placed on the same side of the magazine. Training began with CRF as 

described above. Following CRF, mice began training in a fixed-ratio four schedule. Sessions 

started with the illumination of the house light and extension of both the left and right levers. 

After every four presses, levers retracted for a 5 s inter-trial interval. Reward delivery only 

occurred when the four-press sequence was composed of left-left-right-right. Daily sessions 

lasted for up to three hours or until the mouse received 60 reinforcers. Training sessions ended 

with the retraction of both levers and offset of the house light. C57BL/6 wild-type mice (n = 10) 

were trained in the lever-retraction version of the LLRR sequence task for 28 consecutive days. 

Behavioral quantification  

The beginning of a sequence was defined as the first press following a magazine entry. 

For all learning, recording, and ablation data, the termination of a sequence was defined by 

magazine entry. All optogenetic data went through an additional post hoc analysis process to 

better identify discrete sequences for (sequences separated by magazine checking). Left and right 

subsequences were identified as the first peak in the distribution of the inter-press intervals (Jin 
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and Costa, 2010; Jin et al., 2014). Behavioral efficiency (%) was defined as the percentage of 

rewarded lever presses (‘LLRR’; 4 presses/reward) out of the total number of presses within a 

behavioral session. The learning of the left (LL – –) (‘–’ denotes either ‘L’ or ‘R’ press in the 

sequence) and right (– – RR) subsequences was defined as the percentage of sequences with four 

or more presses beginning with LL or ending with RR, respectively. The learning of each 

element of the sequence was defined as the percentage of sequences with four or more presses 

containing a left press in the first (L – – –) or second (– L – –) sequence positions or containing a 

right press in the penultimate (– – R –), or final right (– – – R) positions. For the ablation data 

analyses, the percentage of ‘‘Start’’ and ‘‘Stop’’ elements as well as the average number of left-

right switches per sequence were determined from all sequences composed of two or more 

presses. Sequence quantification in the LLLRRR sequence task was similarly defined as in the 

LLRR sequence task. Sequences were first defined by the occurrence of magazine entries and 

further refined by the distribution of inter-press intervals as described above. Behavioral 

efficiency (%) was defined as the percentage of rewarded lever presses (‘LLLRRR’; 6 

presses/reward) out of the total number of presses within a behavioral session.  

Sequences in the lever-retraction version of the LLRR sequence task were defined as the 

four presses between lever extension and lever retraction. The percentage of correct sequences 

was defined as the percentage of left-left-right-right (LLRR) sequences out of the total number of 

sequences within a behavioral session. The learning of the left (LL – –) and right (– – RR) 

subsequences was defined as the percentage of sequences beginning with LL or ending with RR, 

respectively. The learning of each element of the sequence was defined as the percentage of 

sequences containing a left press in the first (L – – –) or second (– L – –) sequence positions or 

containing a right press in the penultimate (– – R –), or final right (– – – R) positions.  
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Surgery and implantation  

All intracranial injections/implantations were conducted in mice at least two months of 

age under general ketamine (100 mg/kg) and xylazine (10 mg/kg) or isoflurane (4% induction; 

1%–2% sustained) anesthesia. The head was shaved, cleaned with 70% ethanol and povidone-

iodine, and then placed in a Kopf stereotaxic frame. For cannula, fiber, or array implantation, 

two skull screws were placed posterior to bregma to better affix the dental cement to the skull. 

For muscimol experiments, 22 gauge guide cannulas (Plastics One, VA) were implanted into 

dorsal striatum at a 4° angle to ensure enough separation between the two cannulas using the 

following coordinates: +0.5 mm AP, ± 2.55 mm ML, -2.16 mm DV. Cannulas were cemented in 

place with dental acrylic (Contemporary Ortho-Jet powder and liquid, Lang Dental, IL). Dummy 

cannulas fitted to the length of the guide cannulas were inserted following surgery. For DTR 

ablation experiments, D1-cre and A2a-cre mice were stereotaxically injected with a cre-inducible 

adeno-associated virus carrying the diphtheria toxin receptor (Azim et al., 2014) (AAV9-FLEX-

DTR-GFP; Salk GT3 Core, CA). Virus was injected in eight different sites. We used two 

different AP/ML sites for each hemisphere followed by two DV coordinates at each AP/ML site. 

The coordinates were +0.9 mm AP, ± 1.6 mm ML, -2.2 and -3.0 mm DV and 0.0 mm AP, ± 2.1 

mm ML, -2.2 and -3.0 mm DV. A Hamilton syringe was used to inject 1 uL at the four -3.0 mm 

DV sites and another 0.5 uL at the four -2.2 mm DV sites for a total of 3 uL injected per 

hemisphere. Following each injection, the needle was left in place for 5 minutes and then raised 

over 5 minutes. This same protocol was used for each injection site. All optogenetic viral 

injections or fiber implants were performed as previously described (Howard et al., 2017; 

Tecuapetla et al., 2016). Briefly, mice expressing only D1- or A2a-cre were stereotaxically 

injected with a cre-inducible adeno-associated virus carrying channelrhodopsin (AAV9-EF1a-
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DIO-hChR2(H134R)-eYFP, University of Pennsylvania vector core, PA or AAV5-EF1a-DIO-

hChR2(H134R)-mCherry, University of North Carolina vector core, NC) into dorsal striatum 

(+0.5 mm AP, ± 2.0-2.4 mm ML, -2.2 mm DV) using a Hamilton syringe (1 ul per side) 

(Howard et al., 2017; Tecuapetla et al., 2016). Following viral injections or for mice genetically 

expressing ChR2 under cre control (D1-Ai32, A2a-Ai32), optic fibers constructed as previously 

described (Howard et al., 2017; Tecuapetla et al., 2016) (200 um optic fiber) were lowered into 

dorsal striatum using the same coordinates as for viral injections. Fibers were cemented in place 

with dental acrylic (Contemporary Ortho-Jet powder and liquid, Lang Dental, IL).  

Array implants for optogenetic-assisted identification recordings were performed as 

previously described (Howard et al., 2017; Jin et al., 2014). Briefly, we utilized electrode arrays 

(Innovative Neurophysiology, NC) of 16 tungsten contacts (2 x 8) with each contact 35 um in 

diameter and spaced 150 um apart. Each array was also equipped with a cannula located 300 um 

from the electrode tips, allowing for insertion of an optic fiber to deliver 473-nm light. Arrays 

targeting dorsal striatum (+0.5 mm AP, ± 1.5 mm ML, -2.2 mm DV) were unilaterally implanted 

into D1-Ai32 or A2a-Ai32 mice. The hemisphere for implantation was pseudorandomized across 

animals. Silver grounding wire was attached to skull screws. Once the array was lowered into 

dorsal striatum, the grounding wire and array were affixed using dental acrylic. Following viral 

injections and/or implantation, mice received buprenorphine (0.5-1 mg/kg) as an analgesic, and 

mice were allowed to recover for at least 1 week in their home cage before food-restriction and 

behavioral training (Howard et al., 2017; Jin et al., 2014).  

Muscimol experiments  

Mice implanted with cannulas were re-trained until they achieved at least 40% behavioral 

efficiency to ensure stable behavior. The following day, we started our three-day infusion 
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protocol in which mice received consecutive days of saline, muscimol, and saline infusions. 

Muscimol was dissolved in saline before infusion (Sigma-Aldrich; 0.05 ug/ul). For the infusions, 

mice were briefly anesthetized with isoflurane and injection cannulas (Plastics One, VA) were 

bilaterally inserted into the cannulas, with the injection cannulas projecting 0.1 mm beyond the 

implanted guide cannulas. Each injection cannula was attached to an infusion pump (BASi, IN) 

via polyethylene tubing. Animals were bilaterally infused with 200 nL of liquid (saline or 

muscimol) followed by a five-minute waiting period before removal of the infusion cannulas. 

Mice were returned to their home cage and started in the behavioral task 30 minutes after 

infusion. Behavioral sessions lasted until the animal received 80 reinforcers or 3 hours had 

passed.  

DTR-mediated cell ablation  

To determine the ablation efficiency of the AAV9-FLEX-DTR-GFP virus and diphtheria 

toxin strategy in striatum, adult D1-cre;D1-eGFP (n = 2) and A2a-cre;D2-eGFP mice (n = 2) 

were injected with AAV9-FLEX-DTR-GFP in one hemisphere and sham-injected in the other 

using the same coordinates described above. Two weeks later, mice were administered 1 ug of 

diphtheria toxin (DT) dissolved in 300 uL of phosphate buffered saline (PBS) via intraperitoneal 

(IP) injection on two consecutive days (Azim et al., 2014). Mice were perfused two weeks later 

and tissue was processed for immunohistochemistry. For ablation behavioral experiments, mice 

were food-restricted and, following completion of CRF, underwent training in the LLRR 

behavioral paradigm for three weeks. Immediately after day 21 of LLRR training, mice were 

pseudorandomly divided into control and treatment groups. Treatment mice were administered 

DT via IP injection whereas control mice received IP injections of PBS. The same injections 

were given on the following day. To allow for neuronal ablation, animals were stopped in 
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behavioral training and placed back on normal chow. Animals resumed LLRR sequence training 

14 days after the first DT or PBS injection.  

Histology and cell counting  

For tissue collection, mice were deeply anesthetized with ketamine/xylazine and 

transcardially perfused with 0.01 M PBS followed by 4% paraformaldehyde (PFA) using a 

peristaltic pump. Brains were removed and post-fixed in 4% PFA overnight at 4° C. Tissue was 

then transferred to 30% sucrose in 0.1 M phosphate buffer for cryoprotection and kept at 4° C 

until the brains sunk. Tissue was sectioned with a microtome into 40-50 uM sections and either 

mounted onto glass slides and coverslipped with mounting media (Aqua-Poly/Mount, 

Polysciences, PA) and DAPI (1:1000, Sigma-Aldrich) or used for antibody labeling. 

Amplification of the eGFP signal in D1-cre;D1-eGFP and A2a-cre;D2-eGFP mice was carried 

out via immunohistochemistry as previously described (Smith et al., 2016). Briefly, sections 

were washed 3 x 15 min in tris-buffered saline (TBS) and then incubated for 1 hour in blocking 

solution (3% normal horse serum and 0.25% Triton X-100 in TBS). Sections were transferred to 

primary antibody diluted in blocking solution (Green fluorescent protein, Rabbit polyclonal, 

1:400, Invitrogen Molecular Probes, IL) overnight at 4° C and, the following day, washed 2 x 15 

min in TBS. Sections were transferred to blocking solution for 30 minutes then placed in 

secondary antibody diluted in blocking solution (AlexaFluor 647 Donkey anti-rabbit, 1:250, 

Jackson ImmunoResearch, PA) for 2-3 hours. Sections were then washed 3 x 15 min in TBS 

before being mounted onto glass slides and coverslipped with mounting media and DAPI. For 

each D1-cre;D1-eGFP and A2a-cre;D2-eGFP animal, three sections were imaged on a Zeiss 

LSM 710 laser scanning microscope with a 10x objective. For cell counting, confocal images of 

GFP expression in sham-injected and DTR-injected hemispheres were imported into Fiji, 
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overlaid with a grid, and counted using the plugin Cell Counter. Cells were determined to be 

positive for GFP based on clear somal expression. Following counting, each hemisphere was 

divided into dorsomedial and dorsolateral regions. Cell counts for each region of the ablated 

hemisphere were then expressed as a percentage by dividing by the cell counts of the 

corresponding region in the sham-injected hemisphere.  

Optogenetic experiments 

In vivo optogenetic stimulation was delivered with a 473 nm laser (LaserGlow 

Technologies, Canada). The laser was controlled by a TTL output programmed in the behavioral 

software (MED-PC IV, Med Associates, VT). Following implantation, mice were re-trained in 

operant chambers while tethered to two fiber-optic patch cords extending from a commutator 

(Doric, Canada) to allow for free rotation within the behavioral chamber. Optogenetic 

stimulation began once mice reached 40% behavioral efficiency to ensure sufficient trials for 

analysis. During every optogenetic session, stimulation was only delivered once per stimulation 

sequence. The likelihood of stimulation was 50% and randomized so that non-stimulated (control 

sequences) and stimulated sequences were randomly interleaved. Some stimulation conditions 

were repeated across multiple stimulation days to ensure enough trials for robust analysis 

(Howard et al., 2017).  

For the element editing optogenetic experiments, we defined four stimulation conditions 

based on the four presses of the LLRR sequence. On any given stimulation day, mice only 

underwent stimulation triggered by one press of the sequence—1st (left), 2nd (left), 3rd (right), 

or 4th (right)—and the order of stimulation conditions was pseudo-randomized across mice. 

During a stimulated sequence, lever pressing triggered one constant 500 ms pulse of 473-nm 

light. In the case of 2nd press stimulation, mice displayed a range of probabilities in pressing the 
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left lever again. Stimulation of iSPNs following the 2nd left press was focused on stimulating 

when the natural switch of the animal was expected to occur. Therefore, to maintain a consistent 

state across animals, only mice with control left subsequences close to 2 presses were used for 

data analysis. 

To evaluate the consistency of stimulation effects across varying stimulation parameters, 

some mice also went through additional stimulation sessions in which lever pressing triggered 10 

ms light pulses delivered at 14 Hz for 500 ms. For the beam break experiments, mice were 

tethered to the commutator and also trained with the beam break apparatus (custom built) located 

within the behavioral chamber. The infrared beam device consisted of an emitter placed above 

the left lever and facing downward. An infrared sensor was placed in the behavioral tray below 

the emitter to establish a beam of infrared light. When the infrared beam was broken by the 

animals’ approach to the left lever, a TTL input was sent to the MED-PC software to trigger 500 

ms of constant blue light (Tecuapetla et al., 2016). For the LLLRRR optogenetic experiments, 

A2a-cre mice injected with cre-dependent ChR2 and A2a-Ai32 mice were first trained in the 

LLLRRR sequence as described above. Once animals reached 40% efficiency, mice underwent 

stimulation in which the first press of the LLLRRR sequence triggered 50, 100, 200, or 500 ms 

of constant 473-nm light. Since there were no significant differences for the optogenetic effects 

in mice with viral expression of ChR2 in A2a-cre and A2a-Ai32 mice, the data were thus 

combined (same for mice with viral expression of ChR2 in D1-cre and D1-Ai32). To construct 

the peri-event time histograms for control and stimulated sequences, lever pressing in both the 

control and stimulated conditions were aligned to the stimulated press, averaged in 100 ms bins, 

and filtered with a Gaussian low-pass filter (window size = 5, standard deviation = 5). Due to the 

narrow smoothing window, all the PETHs in the optogenetic experiments were plotted by 
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excluding the referenced press in both the control and stimulated conditions for illustration 

clarity. Note no referenced press in beam break PETH plots.  

In vivo neuronal recording with ChR2-aided cell type identification  

All D1-Ai32 and A2a-Ai32 mice were pre-trained in the LLRR sequence task as 

described above. Following implantation, mice were allowed to recover approximately one week 

before food-restriction and behavioral training. Recording mice followed the same tethering 

procedure as optogenetic mice but were instead tethered via a recording cable. In order to ensure 

stable behavior for data analysis, recordings were only performed for mice that reached 40% 

efficiency. In vivo recording during freely moving behavior and neuronal identification was 

performed as previously described (Howard et al., 2017; Jin and Costa, 2010; Jin et al., 2014). 

Briefly, an optic fiber was inserted into a cannula affixed to the recording array and neural 

activity was recorded using the MAP system (Plexon, TX). Spike activity was first sorted online 

with a built-in algorithm (Plexon, TX) and only spikes with stereotypical waveforms 

distinguishable from noise and a high signal-to-noise ratio were saved. Following completion of 

the behavioral task, varying durations of constant or 14 Hz blue light from a 473-nm laser were 

delivered to verify the identity of recorded units. Following the recording, all spikes were further 

sorted into individual units using an offline sorting software (Offline Sorter, Plexon, TX). 

Identified units displayed a clear refractory period with no spikes during the refractory period 

(larger than 1.3 ms). To determine light-evoked responses, neuronal firing was aligned to laser 

onset and averaged across all stimulation trials in 1 ms bins. Baseline firing was defined by 

averaging neuronal firing -1000 to 0 ms before laser onset in 1 ms bins. The latency to respond 

to light stimulation was defined as the start of a significant firing rate increase and the threshold 

for significance was defined as > 99% of baseline activity (3 standard deviations). Only units 
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showing very short response latencies (< 10 ms) to light stimulation and a strong correlation 

between spike waveforms occurring during behavior and those generated by optogenetic 

stimulation (R ≥ 0.95) were considered cre-positive units (Howard et al., 2017; Jin and Costa, 

2010; Jin et al., 2014).  

Analysis of neuronal activity  

Given the self-paced nature of the task, neural activity occurring prior to the initiation of 

the LLRR sequence was confounded by animals’ consumption of the reward at the magazine, 

lever pressing, or transitions from the magazine to initiate left lever pressing. Therefore, neural 

activity following the start of the task but prior to the initiation of lever pressing was randomly 

sampled with a 10 s time window 50 times to estimate the baseline firing rate for each unit. 

Neuronal activity in the 10 s window was binned with 10 ms time bins, averaged across all 50 

samples, and filtered with a Gaussian low-pass filter (window size = 5, standard deviation = 5) to 

define baseline activity. Neuronal activity referenced to lever pressing was aligned to lever press 

onset, averaged across all trials in 10 ms bins, and smoothed using the same Gaussian filter 

described above to construct peri-event time histograms (PETH). We then determined which 

smoothed 10 ms bins occurring 1,000 ms before and after each lever press met the criteria for 

sequence-related activity (Jin et al., 2014). A significant increase in firing rate was defined as at 

least 5 consecutive bins with activity exceeding 95% (2 standard deviations) of the baseline 

activity and an inhibitory response was defined as at least 5 consecutive bins with activity 68% 

(1 standard deviation) below baseline activity (Barnes et al., 2005; Jin and Costa, 2010; Jin et al., 

2014).  

To evaluate element-related or sequence-related activity, we generated four PETHs, one 

for each action of the LLRR sequence— first left, final left, first right, and final right presses. 
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Sequence-related start/stop neurons were defined as those with a significant firing rate 

modulation before the first press (start) and/or after the final press (stop) of the sequence that was 

significantly different than the firing rate modulations associated with the remaining presses 

within the sequence. Inhibited or sustained activity was defined as a significant negative or 

positive firing rate modulation constantly associated with multiple lever presses in the sequence 

(Jin and Costa, 2010; Jin et al., 2014). To identify between-subsequence switch-related neuronal 

activity, PETHs were constructed by aligning to the termination of the left subsequence or 

initiation of the right subsequence. Switch neurons were defined as showing a significant firing 

rate modulation during this transition period compared to the baseline. All analyses were 

performed with custom-written scripts in MATLAB (MathWorks, MA).  

Statistics  

Statistics for the wild-type and RGS9-NR1 KO learning data as well as the DTR ablation 

experiments were performed on the basis of values for each mouse per session. Statistics for the 

optogenetic data were performed on the basis of control and stimulated values for each mouse 

per stimulation condition. Normality was tested using the Shapiro-Wilk normality test. Control 

and wild-type learning data were analyzed using repeated-measures one-way ANOVA. RGS9-

NR1 KO data were analyzed using repeated-measures two-way ANOVA. Muscimol data were 

analyzed using repeated-measures one-way ANOVA. To determine the efficiency of the DTR 

ablation strategy by cell type and striatal region, a two-way ANOVA was used. For evaluation of 

dSPN- and iSPN-ablation behavioral experiments, one-way ANOVA or two-tailed unpaired t 

tests were used as indicated. The neuronal recording data was analyzed using a z-test for the 

comparison of proportions (Sheskin, 2004). For analysis of the optogenetic data, two-tailed 

paired t tests were used. Sidak and Tukey post hoc multiple comparisons were performed as 
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indicated. All data were first analyzed in MATLAB (Mathworks, MA) and all statistics were 

performed in GraphPad Prism 7 (GraphPad Software, CA). Results are presented as mean ± 

SEM except for the neuronal recording data, which are presented as the percentage within the 

task-related positively identified units. p < 0.05 was considered significant. All statistical details 

are located within the figure legends. The number of animals (n) used in each experiment is 

reported in the figure legends and the number of identified dSPNs or iSPNs is specified in the 

text. 

Results 

Learning heterogeneous action sequences requires striatal NMDA receptors 

We developed a new self-paced operant task to investigate the learning and organization 

of heterogeneous action sequences in mice. In a customized operant chamber with two levers 

placed opposite a food magazine, mice were trained to press the left and right levers in the 

specific spatiotemporal combination ‘‘left-left-right-right’’ (LLRR) (denoted as ‘‘penguin 

dance’’ sequence; https://www.youtube.com/watch?v=S7WNgpXPeTc; https:// 

en.wikipedia.org/wiki/Bunny_hop_(dance)) to earn a food pellet as reward (Fig. 1.1A, Video S1, 

and Methods). Extra presses besides this combination did not exclude the reward as long as the 

sequence contained the consecutive LLRR pattern. The task follows a completely self-paced 

design, with no experimentally provided cues signaling sequence correctness or reward 

availability (Methods). At the behavioral level, this penguin dance sequence could be organized 

as either a serial chain, ‘‘L → L→ R→ R,’’ or in a hierarchical structure where L or R action 

elements are organized into two subsequences— LL and RR—which are then concatenated into 

the target sequence LLRR (Fig. 1.1B) (Gallistel, 1980; Jin and Costa, 2015; Lashley, 1951). 

With training, mice gradually chunked their lever pressing into robust spatiotemporal sequences 
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with a significant increase in performance speed and decreases in sequence variability (Fig. 

1.1C-E and S1) (Jin and Costa, 2010, 2015). The animals’ performance efficiency, measured as 

the percentage of rewarded lever presses (LLRR) out of total presses, significantly increased 

with training (Fig. 1.1F), indicating a progressive learning of the specific penguin dance 

sequence with time. 

Analysis of the sequence substructure indicated that the RR subsequence was acquired 

first, followed by the slow acquisition of the LL subsequence (Fig. 1.1G). Further analysis of the 

sequence microstructure across learning revealed that at the element level, animals first 

identified the final and then the penultimate sequence elements as R presses (Fig. 1.1H). The 

identification of the first element of the sequence as L took place afterward, followed lastly by 

correctly identifying the second sequence element as L (Fig. 1.1H). These data indicate that 

animals tended to chunk actions into subsequences (RR and LL) before crystalizing these 

subsequences into the complete target sequence (LLRR). Noticeably, the order of element-level 

action learning is inconsistent with the classic back-propagation rule in reinforcement learning 

theory (Sutton and Barto, 1998), which predicts action sequence learning takes place in the 

reverse order of execution. Furthermore, we observed that the behavioral pattern ‘‘L – RR’’ is 

acquired before ‘‘– LRR’’ (‘‘–’’ denotes either L or R press in the sequence; Fig. S1.1I). The 

same order of action learning is also observed when mice acquire a lever-retraction version of 

the LLRR task (Fig. S1.1J-N and Methods). Together, these learning data are incompatible with 

the simple back-propagation rule in reinforcement learning theory and underscore the 

significance of the start and stop elements of a sequence (Jin and Costa, 2010; Murdock, 1962). 

 NMDA receptors in striatum have been shown to be critical for action learning and 

corticostriatal plasticity (Calabresi et al., 1992; Dang et al., 2006; Jin and Costa, 2010; Shen et 
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al., 2008). Notably, mice with a striatal-specific deletion of NMDA receptors (referred to as 

striatal NR1-KO mice) (Dang et al., 2006; Jin and Costa, 2010) showed no improvement in 

performance efficiency across the four weeks of penguin dance sequence training (Fig. 1.1F) and 

did not demonstrate the crystalized spatiotemporal action pattern observed in either wild-type or 

littermate control animals (Fig. S1.2). Instead, striatal NR1-KO mice developed a consistent 

right-lever bias. While the frequency of executing the right press as the final and penultimate 

elements of the sequence increased across training, the frequency of executing the left press in 

the first and second positions decreased rather than increased (Fig. 1.1H). Thus, unlike their 

littermate controls, striatal NR1-KO mice were not able to chunk action elements into the correct 

subsequences and crystalize them into the target sequence (Fig. 1.1F,G). This selective 

impairment of sequence learning in striatal NR1-KO mice was not due to differences in 

reinforcement history or lack of practicing the target sequence, because the same chunking 

deficits were evident compared to a separate control cohort trained with the amount of 

reinforcers matched to striatal NR1-KO mice (Fig. S1.2E,F). Together, these data suggest that 

mice learn to chunk actions into heterogeneous sequences in a nonback-propagation manner, and 

NMDA receptors in the striatum are critical for this modular process of sequence learning. 

Striatal pathways encode various levels of sequence structure 

Impairments in action sequences could result from deficits in sequence initiation and 

termination (i.e., sequence level), failure to switch from one subsequence to another (i.e., 

subsequence level), or incorrect execution of a specific action within the sequence (i.e., element 

level). Since the striatal direct and indirect pathways have been shown to play distinct yet 

complementary roles in controlling actions (Jin et al., 2014; Kravitz et al., 2010; Tecuapetla et 

al., 2016), we sought to determine how striatal D1- versus D2-expressing spiny projection 



 43 

neurons (referred to as dSPNs and iSPNs, respectively) encode a heterogeneous action sequence 

across different behavioral levels. A ChR2-aided photo-tagging method was employed to record 

and identify dSPNs versus iSPNs during the execution of the penguin dance sequence in D1- and 

A2a-ChR2 mice (Fig. 1.2A-H, S1.3A,B and Methods) (Jin et al., 2014; Lima et al., 2009). 

Among the task-related neurons (84% of all positively identified neurons, n = 50 dSPNs and n = 

44 iSPNs), over half of dSPNs showed sequence-level start/stop-related activity, which was less 

frequently observed in iSPNs (Fig. 1.2I-K). At the element level, over one-quarter of dSPNs 

showed phasic activation related to each individual press within the sequence, while more iSPNs 

were inhibited instead (Fig. 1.2L-N). Notably, some SPNs were selectively active during the 

transition from the left to the right subsequences (Fig. 1.2O). This ‘‘switch-related’’ activity 

appeared after the last press in the left subsequence, terminated before the initiation of the first 

press in the right subsequence, and spanned most of this transition period (Fig. 1.2P). In 

particular, 31% of iSPNs, compared to only 6% of dSPNs, demonstrated switch-related activity 

(Fig. 1.2Q). Together, these data suggest that dSPNs and iSPNs encode information related to 

distinct levels of the sequence structure. Specifically, while dSPNs and iSPNs are both involved 

in element-level action execution, dSPNs more likely signal sequence initiation and termination, 

whereas iSPNs preferentially encode the switch between subsequences. 

Striatal pathway ablations differently impair learned sequence 

We next determined how the different activity patterns observed in dSPNs and iSPNs 

contribute to action sequence execution. We first verified that ongoing neuronal activity in the 

dorsal striatum was required for correct execution of the learned penguin dance sequence by 

bilateral intra-striatal infusion of a small volume of muscimol (Fig. 1.3A-C and Methods). 

Striatal inactivation impaired sequence performance at the sequence (Fig. 1.3A), subsequence 
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(Fig. 1.3B), and element (Fig. 1.3C) levels, suggesting that striatal activity is necessary for 

appropriate organization of learned action sequences. To further elucidate the role of specific 

striatal pathways during sequence performance, we selectively ablated dorsal striatal dSPNs or 

iSPNs in trained D1- and A2a-cre mice by virally expressing DT receptors (AAV-FLEX-DTR-

GFP) in a cre-dependent manner, followed by DT injections (Fig. 1.3D,E, S1.3F,G and Methods) 

(Saito et al., 2001). Bilateral dSPN or iSPN ablation markedly altered sequence behavior, such 

that dSPN-ablation mice had difficulty initiating the left subsequence, while iSPN-ablation mice 

were impaired in switching from the left to the right subsequences (Fig. 1.3F). Thus, dSPN or 

iSPN ablation significantly reduced the efficiency of performing the learned LLRR sequence 

(Fig. 1.3G). Noticeably, the behavioral efficiency of dSPN-ablation mice, but not iSPN-ablation 

mice, was similar to the day 1 performance of control animals (Fig. 1.3G, statistics and S1.3H-

K). These data suggest that ablating dSPNs, but not iSPNs, completely abolishes the learned 

LLRR sequence and underscores the role of dSPNs in controlling the overall sequence.  

Further analyses of the sequence microstructure revealed that dSPN-ablation mice 

showed a significant impairment in the initiation of the sequence (Fig. 1.3H,I), which also 

resulted in a reduction in the overall frequency of L-R subsequence switches during a sequence 

(Fig. 1.3J, S1.3H,I). In contrast, iSPN-ablation mice showed much less impairment on average in 

initiating or terminating the sequence with the correct element (Fig. 1.3H,I, S1.3J,K). Rather, 

iSPN-ablation mice suffered from a significant reduction in the number of switches per action 

sequence (Fig. 1.3J). Together, these results suggest that dSPNs and iSPNs play distinct roles in 

controlling action sequences and preferentially mediate sequence- versus subsequence-level 

execution, respectively.  

Striatal pathways distinctly control sequence execution 
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The encoding of the action sequence at different behavioral levels by dSPNs and iSPNs 

does not necessarily imply whether the sequence is organized serially or hierarchically. To gain 

further insights into the organization of learned action sequences, we next employed 

optogenetics to perturb the animals’ ongoing actions within the sequence in a state-dependent 

closed-loop manner and investigate its effects on the subsequent sequence structure. D1- and 

A2a-cre mice expressing ChR2 were bilaterally implanted with optic fibers into the dorsal 

striatum (Fig. S1.3C,D and Methods). After mice learned the penguin dance sequence, a brief 

500-ms pulse of constant blue light was delivered upon the first left, second left, first right, or 

second right lever press during sequence performance (Fig. 1.4A and Methods). The sustained 

firing shown by a large proportion of dSPNs during sequence execution suggested that the direct 

pathway might play an important role in maintaining sequence elements. Indeed, we observed 

that brief optogenetic stimulation of dSPNs after the first or second left press facilitated ongoing 

actions and frequently inserted an additional left press into the left subsequence (Fig. 1.4B,C). 

This effect of dSPN stimulation could not simply be explained as a ‘‘re-initiation’’ of the 

sequence, since stimulation on the second press of the right subsequence also resulted in one 

additional right press (Fig. 1.4D,E). Stimulation on the first right press did not have any obvious 

behavioral effect, suggesting strong state-dependent effects of optogenetic modulation of the 

sequence (due to an almost 100% natural likelihood of pressing right again; Fig. 1.1G,H, and 

S1.4A-D). Notably, the insertion of an additional left press into the left subsequence following 

dSPN stimulation was counterbalanced by the shortening of the right subsequence so that the 

overall sequence length did not change between control and stimulated sequences (Fig. 1.4J-Q). 

These data suggest that dSPN stimulation facilitates ongoing action and inserts an additional 

element into the current subsequence; yet sequence-level properties, like total sequence length, 
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can be maintained by additional levels of control that adjust the length of the following 

subsequence. 

In contrast, iSPN stimulation after the first left or right lever press, through the 

elimination of the following action, consistently shortened the left and right subsequences, 

respectively (Fig. 1.4F,H,J-Q). However, when a natural switch was expected after the second 

left or right press, iSPN stimulation exerted no behavioral effects, and the total sequence length 

remained intact (Fig. 1.4G,I,J-Q), excluding the possibility that iSPNs act through general 

inhibition. This is consistent with what one would predict from the neuronal recording data in 

which iSPNs are largely inhibited during action execution but highly active during between-

subsequence switching. Noticeably, when iSPN stimulation following the first left press removed 

the following action in the left subsequence, mice continued to execute the right subsequence 

normally (Fig. 1.4F,J). Unlike the case of dSPN stimulation, the right subsequence did not 

compensate to maintain the same total sequence length after iSPN stimulation, resulting in a 

reduction in total sequence length (Fig. 1.4J,N). Stimulation of iSPNs following the first right 

press instead caused animals to immediately run to the magazine to check for reward. Additional 

optogenetic experiments with 14-Hz frequency stimulation further confirmed these optogenetic 

effects (Fig. S1.4I-Q). These results thus suggest that optogenetic stimulation of dSPNs or iSPNs 

can add or remove single actions in the sequence, respectively, with distinct effects on the global 

sequence structure. 

Optogenetic editing unveils the hierarchical structure of learned sequences 

While iSPN stimulation following the first left press largely eliminated the next press of 

the left subsequence, the following right subsequence remained largely unchanged in terms of 

both its subsequence length and temporal structure (Fig. 1.4F,J, and S1.4E–H). This observation 
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is inconsistent with the serial chain model, which predicts that disrupting an early action would 

result in the termination of the whole sequence. Furthermore, these data raise the possibility that 

not only are element- and sequence-level structures maintained independently (Fig. 1.4B,C), but 

the left and right subsequences are also controlled separately. If so, one would predict that after 

sequence initiation, the execution of the right subsequence might remain largely normal even in 

the absence of the entire left subsequence. To test this hypothesis, we optogenetically stimulated 

dSPNs or iSPNs right before the initiation of the whole sequence. An infrared beam was placed 

in front of the left lever and used to trigger optogenetic stimulation when the animals transitioned 

from the magazine to the left lever for sequence initiation (Fig. 1.5A) (Tecuapetla et al., 2016). 

While optogenetic stimulation of dSPNs delayed sequence initiation without disrupting the 

overall sequence structure (Fig. S1.5A-E) (Tecuapetla et al., 2016), optogenetic stimulation of 

iSPNs during sequence initiation completely abolished the entire left subsequence (Fig. 1.5B). 

These results suggest that iSPN stimulation can trigger a behavioral transition to the next 

subsequence in the motor program, whether by removing a single action element (Fig. 1.4F) or 

the complete subsequence (Fig. 1.5B). Notably, despite zero to few presses in the left 

subsequence following iSPN stimulation (Fig. 1.5C), animals still executed the right 

subsequence with the usual length, timing, and duration as in control sequences (Fig. 1.5C-E). 

These data demonstrate that the left and right subsequences can be controlled independently. In 

addition, in the experiments of dSPN stimulation during the left subsequence, the right 

subsequence adjusted to maintain the appropriate total sequence length (Fig. 1.4B,C). Together, 

these data suggest that the learned action sequence is likely organized in a hierarchical manner, 

with both local subsequence-level and global sequence-level controls. Importantly, the basal 

ganglia direct and indirect pathways interact distinctly with these different controllers. 
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To further confirm the hierarchical organization of learned action sequences, we trained a 

separate group of mice to perform an even more complicated heterogeneous sequence composed 

of three left followed by three right presses (LLLRRR) (Fig. 1.5F). Similar to the observations in 

the LLRR sequence, brief stimulation (100 ms) of iSPNs after the first press of the LLLRRR 

sequence ablated the entire left subsequence, removing multiple upcoming left presses well 

beyond the stimulation period (Fig. 1.5G,H). Still, the right subsequence was executed at the 

expected time with its normal structure, including both the subsequence length and duration (Fig. 

1.5H-J). These behavioral effects were consistently observed with various optogenetic 

stimulations spanning a wide range of durations (Fig. S1.5F-J and S1.6). Together, these data 

support the notion that learned action sequences are organized hierarchically with separate 

modes of control at the element, subsequence, and sequence levels.  

Discussion 

Here, we developed a novel heterogeneous action sequence task in mice and investigated 

the organizational structure of learned action sequences. Differing from the popular back-

propagation algorithms in reinforcement learning theory (Rumelhart et al., 1986; Schraudolph et 

al., 1994; Sutton and Barto, 1998), we found that heterogeneous action sequences are learned in 

a non-back-propagation manner, where the start and stop actions represent highly significant 

elements (Jin and Costa, 2010; Murdock, 1962; Roediger and DeSoto, 2014). NMDA receptors 

in the striatum are critical for sequence learning and chunking distinct elements into the target 

sequence. Recent studies have suggested that the striatal direct and indirect pathways, instead of 

working antagonistically as the canonical model describes (Albin et al., 1989; DeLong, 1990; 

Kravitz et al., 2010), might work in a complementary manner for controlling actions (Cui et al., 

2013; Isomura et al., 2013; Jin et al., 2014; Tecuapetla et al., 2016). By using a novel 
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heterogeneous sequence task, the current study suggests that rather than simply competing or 

cooperating for individual motor output, the direct and indirect pathways might coordinate to 

dynamically control action sequences at different behavioral levels. Specifically, while the direct 

pathway is involved in initiating or facilitating actions, whether at the sequence or element level, 

the indirect pathway functions to terminate the ongoing subsequence and control the transition 

between subsequences in the motor program. 

Several lines of evidence suggest that the optogenetic effects we observed cannot be 

attributed to short-term reinforcement of behavior by dSPN or iSPN stimulation (Kravitz et al., 

2012; Yttri and Dudman, 2016). First, our within-subject design allows us to compare the 

sequence performance of the same subject with or without optogenetic stimulation in a given 

session. We do not observe any gradual changes in the structure of interleaved control sequences 

within each optogenetic session (Fig. 1.4B-I). In addition, optogenetic stimulation of dSPNs 

following the first right press, in contrast with stimulation on other presses, has no effect on the 

sequence structure (Fig. 1.4D). Similarly, optogenetic stimulation of iSPNs following the second 

left or the second right press, unlike the first left or right presses, has no obvious effect on the 

sequence structure (Fig. 1.4G,I). These results suggest that the optogenetic effects we observed 

following dSPN and iSPN stimulation are highly sequence state dependent and are unlikely to 

result from simply positive or negative reinforcement. 

The use of a heterogeneous action sequence further revealed a population of SPNs 

preferentially encoding the transition between subsequences (Fig. 1.2O,P). These dynamics were 

preferentially expressed in iSPNs (Fig. 1.2Q), and ablation of iSPNs specifically impaired 

animals’ ability to link distinct subsequences (Fig. 1.3F,J). The switch-related neuronal dynamics 

we observed in iSPNs during the transition between the left and right subsequences do not 
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appear to reflect locomotion. In fact, optogenetic stimulation of iSPNs results in freezing 

behavior as mice locomote and elicits bradykinesia (Kravitz et al., 2010), likely through the 

inhibition of glutamatergic neurons in the mesencephalic locomotor region (Roseberry et al., 

2016). In addition, optogenetic stimulation of iSPNs after the second left press does not trigger 

any behavioral changes in our experiments (Fig. 1.4G), contrasting with the complete removal of 

the current subsequence after stimulating iSPNs on the first left or first right press or during 

sequence initiation and further excluding the possibility that iSPNs are simply involved in 

locomotion. 

When the left subsequence was removed during iSPN stimulation, the right subsequence 

was executed at a similar time and with a similar duration as in the control sequences (Fig. 1.5). 

Since right-lever pressing does not occur immediately following iSPN stimulation, one might 

thus argue that iSPNs are only involved in action inhibition but not necessarily in directly 

mediating subsequence switching. Indeed, we found that about a quarter of iSPNs were inhibited 

during sequence execution (Fig. 1.2N), suggesting that activation of these iSPNs might be 

involved in the inhibition of ongoing actions (Jin et al., 2014; Kravitz et al., 2010). However, 

inhibition of actions alone cannot reconcile how very brief (100 ms) stimulation of iSPNs can 

remove multiple upcoming actions well beyond the stimulation period (Fig. 1.5F-J). A pure 

inhibition effect also fails to explain the observation that long durations (5 s) of iSPN 

stimulation, which cover the duration of the whole sequence, do not inhibit all action elements in 

the sequence (Fig S1.6). Instead, it produces an ablation of the left subsequence while leaving the 

entire right subsequence to be executed normally after stimulation offset (Fig. S1.6). The data 

presented here suggest that iSPNs, in addition to action inhibition, might be directly involved in 

action switching. In fact, optogenetic stimulation of iSPNs during sequence initiation removes 
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the left subsequence, but not the whole sequence, again leaving the entire right subsequence to 

be executed normally (Fig. 1.5A-E). The switch among action repertoires is one of the most 

fundamental features of behavior (Brainard and Doupe, 2002; Gallistel, 1980; Graybiel, 1998; 

Hikosaka et al., 1999; Jin and Costa, 2015). We posit that the neural implementation of a switch 

requires the coordination of the basal ganglia with the current state of the network, specifically 

the timing information carried by other behavioral hierarchies, which together determine the 

actual execution of the next component in the motor program (Gallistel, 1980). 

Our findings suggest that the basal ganglia direct and indirect pathways distinctly support 

different levels of the sequence structure (Fig. 1.6). More specifically, we observed that one 

subpopulation of both dSPNs and iSPNs can encode the sequence-level start/stop (Cui et al., 

2013; Isomura et al., 2013; Jin et al., 2014), while another subpopulation of dPNs and iSPNs 

show sustained or inhibited activity, respectively (Jin et al., 2014). In addition, a selective group 

of iSPNs are active specifically during the transition between subsequences. These results 

emphasize the functional heterogeneity within each striatal dSPN or iSPN cell type. In fact, 

selective dSPN ablation not only impairs the correct initiation of the sequence, but also appears 

to abolish the learned action sequence altogether (Fig. 1.3). Ablation of iSPNs, though not 

noticeably affecting sequence initiation, strongly impairs the transition between left and right 

subsequences and sequence performance efficiency (Fig. 1.3). Furthermore, the optogenetic 

experiments reveal that the two basal ganglia pathways also interact with different levels of the 

sequence hierarchy. Activation of the direct pathway by dSPN stimulation can insert an 

additional action into the sequence while maintaining the total sequence length through 

compensation of the right subsequence length. Activation of the indirect pathway, on the other 

hand, was sufficient to terminate the entire ongoing subsequence while leaving the next 
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components in the motor program to be executed normally. These findings thus emphasize the 

importance of studying neural circuits under more complicated behavioral contexts, which better 

permits some of the complexity and diversity of circuit functions to fully unfold. These results 

also underscore the much more complicated functions of the basal ganglia pathways in 

controlling actions than previously appreciated, and it is likely an over-simplification to assign 

one singular function to one striatal cell type or pathway (Albin et al., 1989; Calabresi et al., 

2014; DeLong, 1990). 

The classical model of the basal ganglia suggests that the direct and indirect pathways 

play antagonistic roles in controlling action (Albin et al., 1989; DeLong, 1990; Kravitz et al., 

2010). More recent models, however, propose that the indirect pathway co-activates with the 

direct pathway to inhibit competing actions (Calabresi et al., 2014; Cui et al., 2013; Hikosaka et 

al., 2000; Isomura et al., 2013; Jin et al., 2014; Mink, 1996; Tecuapetla et al., 2016). The results 

presented here reveal the distinct yet complementary roles of the direct and indirect pathways 

(Jin et al., 2014; Tecuapetla et al., 2016) and, importantly, a more dynamic picture of their 

temporally precise interactions during sequence execution. In the current study, different 

subpopulations of neurons in each pathway encode different levels of the behavioral hierarchy, 

and they fire in an antagonistic or co-activated manner, depending on and evolving with the 

exact moment of ongoing execution of the sequence (Fig. 1.6). This might explain why either 

inhibiting or activating dSPNs during lever approach delayed the start of the whole sequence, 

presumably due to the interference of the temporally precise physiological activity in dSPNs 

required for appropriate sequence initiation (Jin et al., 2014; Tecuapetla et al., 2016). It also 

provides mechanistic insights into the significant action sequence execution deficits observed in 

Parkinson’s and Huntington’s diseases (Agostino et al., 1992; Vinter and Gras, 1998). For 
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instance, the Parkinsonian brain is dominated by abnormally synchronized population activity 

across the basal ganglia networks (Costa et al., 2006; Goldberg et al., 2004; Hammond et al., 

2007), which are deprived of generating the dynamically ordered neuronal activity in both 

striatal pathways required for sequence execution. Proper organization of action sequences thus 

requires precisely coordinated activity between the direct and indirect pathways, likely through 

interactions with cortical/thalamic inputs (Hikosaka et al., 1999; Kupferschmidt et al., 2017; 

Smith et al., 2011; Tanji, 2001), as well as the dynamic release of dopamine in the striatum 

(Howard et al., 2017). 

Taking advantage of the closed-loop optogenetic editing of a single action element or 

individual subsequence, the current study reveals that learned heterogeneous action sequences 

are likely organized hierarchically. Accordingly, we observed that the total sequence length 

(sequence level), the timing and length of subsequences (subsequence level), and the individual 

actions within the sequence (element level) can all be maintained separately. One major 

advantage of a hierarchical organization is error tolerance (Gallistel, 1980; Jin and Costa, 2015; 

Lashley, 1951). Indeed, we found that changes in one subsequence do not necessarily affect the 

execution of the following subsequence with regard to its proper timing, length, and duration. In 

addition, a hierarchical organization will also support more behavioral flexibility by facilitating 

module-based new learning (Gallistel, 1980; Hikosaka et al., 1995; Jin and Costa, 2015; Lashley, 

1951). A hierarchical structure requires multiple levels of control, which are likely implemented 

by a distributed yet interconnected brain network (Dehaene et al., 2003; Gallistel, 1980; 

Graybiel, 1998; Hamaguchi et al., 2016; Hikosaka et al., 1999; Jin and Costa, 2015; Long et al., 

2010; Tanji, 2001). We have shown that the basal ganglia are required not only for sequence 

learning, but also for appropriately organizing action sequences at different hierarchies. Previous 
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studies have suggested that various cortical regions are involved in encoding sequence order 

(Tanji, 2001) or number (Dehaene et al., 2003) or controlling sequence timing (Hamaguchi et al., 

2016; Long et al., 2010). Future work will aim to elucidate how cortico-basal ganglia circuits 

work in coordination to control different aspects of sequence organization. Nevertheless, the 

current study underscores the importance of basal ganglia circuitry in relation to the functional 

organization of learned action sequences and has important implications from Parkinson’s 

disease to speech disorders in which the proper organization of action sequences is largely 

compromised (Brainard and Doupe, 2002; Graybiel, 1998; Hikosaka et al., 1999; Jin and Costa, 

2015; Lai et al., 2001; Lashley, 1951; Vinter and Gras, 1998). 
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Figure 1.1. NMDA receptors in striatum are critical for learning heterogeneous action 

sequences.  

 

(A) Operant chamber schematic.  

(B) Serial (Top) vs. hierarchical (Bottom) organization of LLRR sequence.  

(C and D) Example of typical wildtype mouse behavior on day 1 (C) and day 28 (D) of training. 

Top Panels: Left and right lever presses indicated by blue and red dashes, respectively, and 

aligned to magazine entry at time zero. Bottom Panels: Averaged left and right lever press rate 

indicated by blue and red lines, respectively. Insets show two representative sequences.  

(E) Development of a stereotypical action sequence across 28 days of training in a wildtype 

mouse.  

(F) Behavioral efficiency for control (n = 22; main effect of training F4,84 = 81.71, P < 0.0001) 

and striatal NR1-KO mice (n = 5; no effect of training F4,16 = 0.1531, P = 0.9588) across training 

(main effect of genotype F1,25 = 257,   P < 0.0001).  

(G) Percentage of sequences beginning with the ‘LL’ subsequence (LL − −, ‘−’ denotes either 

‘L’ or ‘R’ press in the sequence) or ending with the ‘RR’ subsequence (− − RR) for control (LL 

− − : main effect of training F4,84 = 18.27, P < 0.0001; − − RR: main effect of training F4,84 = 

30.26, P < 0.0001) and striatal NR1-KO mice (LL − − : no effect of training F4,16 = 1.704, P = 

0.1982; − − RR: no effect of training F4,16 = 0.6898, P = 0.6096) across training (LL − − : main 

effect of genotype F1,25 = 11.32, P = 0.0025; − − RR: main effect of genotype F1,25 = 26.93, P < 

0.0001).  

(H) Percentage of sequences containing each appropriate element position for control (L − − − : 

main effect of training F4,84 = 24.17, P < 0.0001; − L − − : main effect of training F4,84 = 23.88, 

P < 0.0001; − − R − : main effect of training F4,84 = 29.97, P < 0.0001; − − − R: main effect of 

training F4,84 = 62.05, P < 0.0001; L − − − vs. − L − − : main effect of element position F1,21 = 

9.616, P = 0.0054; first day of significant difference, Day 7, P = 0.0027; − − R −  vs. − − − R: 

main effect of element position F1,21 = 41.56, P < 0.0001; first day of significant difference, Day 

1, P = 0.013) and striatal NR1-KO mice (L − − − : no effect of training F4,16 = 1.747, P = 0.189; 

− L − − : no effect of training F4,16 = 1.077, P = 0.4006; − − R − : no effect of training F4,16 = 

0.7249, P = 0.5877;  − − − R: no effect of training F4,16 = 1.412, P = 0.275) across training (L − 

− − : main effect of genotype F1,25 = 22.77, P < 0.0001; − L − − : main effect of genotype F1,25 = 

32.21, P < 0.0001; − − R − : main effect of genotype F1,25 = 27.01, P < 0.0001; − − − R: main 

effect of genotype F1,25 = 60.26, P < 0.0001).  

Data were analyzed using repeated-measures one-way or two-way ANOVA followed by Tukey 

or Sidak post-hoc comparisons, respectively. Error bars denote S.E.M., same for below unless 

stated otherwise. See also Figures S1.1 and S1.2. 
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Figure 1.2. Striatal pathways differentially encode sequence structure.  

 

(A) Left: Side (top image) and top-down (bottom image) view of a recording array affixed with a 

cannula implanted in a D1-Ai32 animal. Right: Light emitted by optic fiber placed through the 

attached cannula is in close proximity to the tips of the recording array.  

(B and C) Representative dSPN response to 500 ms of constant (B) or 14 Hz (C) laser 

stimulation. Top Panels: Each row represents one trial and the black dashes indicate spikes. 

Bottom Panels: Average firing rate (Hz) aligned to laser stimulation at time zero.  

(D) Same unit as in (C) but with a finer timescale.  

(E) Waveforms from the same dSPN in (A-C) for spontaneous and laser-evoked spikes.  

(F) Principal component analysis of spontaneous and laser-evoked waveforms demonstrates the 

overlapped clustering of spontaneous and evoked spikes.  

(G) Distribution of light response latencies for dSPNs and iSPNs.  

(H) Schematic of sequence-, element-, and subsequence-related neural activity.  

(I) Representative dSPN showing sequence start activity. Top Panels: Each dash indicates a 

spike. Bottom Panels: Neuronal activity is aligned (time zero) to the 1
st
 left, final left, 1

st
 right 

and final right lever presses within the sequence, respectively.  

(J) Representative iSPN showing sequence stop activity.  

(K) Proportion of dSPNs and iSPNs showing sequence start/stop activity (Two-sample z-test, Z 

= 2.28, P = 0.0226).  

(L) Representative dSPN showing sustained activity to each action element.  

(M) Representative iSPN showing inhibited activity during each action element.  

(N) Proportion of dSPNs and iSPNs showing element sustained (Two-sample z-test, Z = 2.03, P 

= 0.0424) or inhibited (Two-sample z-test, Z = -2.25, P = 0.0244) activity.  

(O) Representative iSPN showing subsequence switch-related activity.  

(P) Peri-event time histogram (PETH) of the same iSPN as shown in (O) with trials sorted by 

left-right subsequence switch intervals. Top Panel: Each dash indicates a spike. The left and right 

presses are marked by inverted blue and red triangles, respectively. Bottom Panel: Neuronal 

activity is aligned to the first right press at time zero.  

(Q) Proportion of dSPNs and iSPNs showing subsequence switch-related activity (Two-sample 

z-test, Z = -2.92, P = 0.0035).  

See also Figure S1.3. 
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Figure 1.3. Dorsal striatum is necessary for sequence execution, which is distinctly controlled by 

dSPNs and iSPNs.  

 

(A) Behavioral efficiency of sequence performance in trained mice during the muscimol infusion 

day and the pre-/post-control days (Main effect of treatment F2,12 = 32.44, P < 0.0001; muscimol 

vs. pre-/post-control, P < 0.0001 and P < 0.0001, respectively).  

(B) Percentage of sequences beginning with the ‘LL’ subsequence (LL− − : main effect of 

treatment F2,12 = 7.859, P = 0.0066; muscimol vs. pre-/post-control, P = 0.007 and P = 0.0309, 

respectively) or ending with the ‘RR’ subsequence (− − RR: no main effect of treatment F2,12 = 

2.958, P = 0.0903).  

(C) Percentage of sequences containing each appropriate element position (L− − − : main effect 

of treatment F2,12 = 6.604, P = 0.0116; muscimol vs. pre-/post-control, P = 0.0147 and P = 

0.0338, respectively; − L − − : main effect of treatment F2,12 = 7.59, P = 0.0074; muscimol vs. 

pre-/post-control, P = 0.0072 and P = 0.0407, respectively; − − R− : no main effect of treatment 

F2,12 = 2.138, P = 0.1606; − − − R: no main effect of treatment F2,12 = 3.754, P = 0.0542).  

(D) Timeline for animal training and DT-mediated dSPN or iSPN ablation.  

(E) Cell ablation in sham- or AAV-FLEX-DTR-GFP-injected hemispheres following I.P. DT 

injection in D1-cre;D1-eGFP or A2a-cre;D2-eGFP mice.  

(F) Example of control, dSPN-ablation, and iSPN-ablation mouse behavior on the day of testing. 

Data are aligned to magazine entry at time zero.  

(G) Behavioral efficiency for control (n = 8), dSPN-ablation (n = 7), and iSPN-ablation (n = 8) 

mice (Test Day: main effect of treatment F2,20 = 22.28, P = 0.0041; Tukey’s multiple comparison 

test, control vs. dSPN-ablation, P < 0.0001; control vs. iSPN-ablation, P = 0.0051; dSPN-

ablation vs. iSPN-ablation, P = 0.0118) (Day 1 control vs. dSPN-ablation, unpaired t-test, t21 = 

0.0302, P = 0.9762).  

(H) Percentage of sequences starting with a left press for control, dSPN-ablation, and iSPN-

ablation mice on the day of testing (Main effect of treatment F2,20 = 9.452, P = 0.0013; control 

vs. dSPN-ablation, P = 0.0018; control vs. iSPN-ablation, P = 0.8483; dSPN-ablation vs. iSPN-

ablation, P = 0.0059).  

(I) Percentage of sequences ending with a right press for control, dSPN-ablation, and iSPN-

ablation mice on the day of testing (No main effect of treatment F2,20 = 2.929, P = 0.0766).  

(J) Averaged number of L-R switches per sequence for control, dSPN-ablation, and iSPN-

ablation mice on the day of testing (Main effect of treatment F2,20 = 5.379, P = 0.0135; control 

vs. dSPN-ablation, P = 0.0057; control vs. iSPN-ablation, P = 0.0241; dSPN-ablation vs. iSPN-

ablation, P = 0.4671).  

Muscimol and ablation data were analyzed using repeated-measures one-way ANOVA and one-

way ANOVA, respectively, followed by Tukey’s multiple comparison test. See also Figure S1.3. 
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Figure 1.4. Different modulation of sequence structure by optogenetic stimulation of dSPNs or 

iSPNs.  

 

(A) Optogenetic experiment protocol for delivering 500 ms light simulation triggered by the 1
st
 

left, 2
nd

 left, 1
st
 right and 2

nd
 right lever press within the sequence, respectively, of randomly 

chosen 50% of trials.  

(B-E)  Behavioral examples of dSPN stimulation following the 1
st 

left (B), 2
nd

 left (C), 1
st
 right 

(D), and 2
nd

 right (E) press of the sequence in the control (Top Panels) and stimulated (Bottom 

Panels) conditions. A representation of the change in the LLRR sequence following optogenetic 

stimulation is shown below each behavioral example. Left and right presses are shown as blue 

and red lines, respectively. The period of stimulation (500 ms) is covered with gray shadow. In 

each case, lever pressing is aligned to the stimulated press at time zero. Note that the PETHs in 

all optogenetic experiments were plotted by excluding the referenced lever press in both control 

and stimulated conditions for illustration clarity, same for below.  

(F-I) Same as (B-E) except for iSPN stimulation following the 1
st 

left (F), 2
nd

 left (G), 1
st
 right 

(H), and 2
nd

 right (I) press of the sequence.  

(J-M) Change in the left and right subsequence lengths following dSPN or iSPN stimulation on 

the 1
st
 left (J, paired t-tests, dSPN Left: t12 = 4.03, P = 0.0017, Right: t12 = 4.951, P = 0.0003; 

iSPN Left: t9 = 6.116, P = 0.0002, Right: t9 = 0.113, P = 0.9125), 2
nd

 left (K, paired t-tests, dSPN 

Left: t12 = 3.309, P = 0.0062, Right: t12 = 4.477, P = 0.0008; iSPN Left: t7 = 1.88, P = 0.1021, 

Right: t7 = 2.005, P = 0.085), 1
st
 right (L, paired t-tests, dSPN Right: t12 = 0.3975, P = 0.698; 

iSPN Right: t8 = 7.177, P < 0.0001) and 2
nd

 right (M, paired t-tests, dSPN Right: t12 = 7.445, P < 

0.0001; iSPN Right: t9 = 0.226, P = 0.8263) lever presses within the sequence.  

(N-Q) Change in the total sequence length following dSPN or iSPN stimulation on the 1
st
 left (N, 

paired t-tests, dSPN: t12 = 0.123, P = 0.9042; iSPN: t9 = 5.404, P = 0.0004), 2
nd

 left (O, paired t-

tests, dSPN: t12 = 0.6434, P = 0.5321; iSPN: t7 = 2.284, P = 0.0563), 1
st
 right (P, paired t-tests, 

dSPN: t12 = 0.3975, P = 0.698; iSPN: t8 = 7.177, P < 0.0001) and 2
nd

 right (Q, paired t-tests, 

dSPN: t12 = 7.445, P < 0.0001; iSPN: t9 = 0.226, P = 0.8263) lever presses within the sequence.  

See also Figures S1.3 and S1.4. 
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Figure 1.5. Optogenetic editing unveils a hierarchical structure of learned action sequences.  

 

(A) Optogenetic stimulation right before LLRR sequence initiation triggered by infrared beam 

break.  

(B) Behavioral effect of optogenetic iSPN activation prior to sequence initiation. Lever pressing 

is aligned to beam break at time zero in both the control (Top Panels) and stimulated (Bottom 

Panels) conditions. The period of stimulation (500 ms) is covered with gray shadow.  

(C) Change in the length of the left subsequence (paired t-test, t5 = 16.84, P < 0.0001), right 

subsequence (paired t-test, t5 = 2.431, P = 0.0593), and the whole sequence (paired t-test, t5 = 

7.474, P = 0.0007) between control and stimulated sequences.  

(D) Averaged time of onset for the right subsequence in the control and stimulated sequences 

(paired t-test, t5 = 1.365, P = 0.2306).  

(E) Averaged inter-press interval of the right subsequence in the control and stimulated 

sequences (paired t-test, t5 = 0.9858, P = 0.3695).  

(F) Schematic of optogenetic stimulation triggered by the 1
st
 left press of the LLLRRR sequence.  

(G) Behavioral effect of optogenetic iSPN activation following the 1
st
 left press of the LLLRRR 

sequence in the control (Top Panels) and stimulated (Bottom Panels) conditions. Left and right 

presses shown as blue and red lines, respectively. The period of stimulation (100 ms) is covered 

with gray shadow.  

(H) Change in the length of the left subsequence (paired t-test, t11 = 5.011, P = 0.0004), right 

subsequence (paired t-test, t11 = 2.069, P = 0.0628), and the whole sequence (paired t-test, t11 = 

4.773, P = 0.0006) in the control and stimulated sequences.  

(I) Averaged time of onset for the right subsequence in control and stimulated sequences (paired 

t-test, t11 = 0.4149, P = 0.6862).  

(J) Averaged inter-press interval of the right subsequence in the control and stimulated sequences 

(paired t-test, t11 = 0.4275, P = 0.6773).   

See also Figures S1.5 and S1.6. 
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Figure 1.6. Dynamically coordinated activity between dSPNs and iSPNs supports the 

hierarchical organization of learned action sequences.  

 

(A) Summary diagram of the different roles of dSPNs and iSPNs at each level of the behavioral 

hierarchy. At the sequence level, both dSPNs and iSPNs signal sequence start/stop. At the 

subsequence level, the indirect pathway preferentially encodes between-subsequence switch. At 

the element level, both direct and indirect pathways are involved in action execution with 

different neuronal dynamics. The magnitude difference between the proportions of dSPNs or 

iSPNs at each hierarchical level is indicated with greater-than (‘>’), much greater-than (‘>>’) 

and less-than (‘<’) signs.  

 

(B) Striatal direct and indirect pathways dynamically coordinate their activity during sequence 

execution. The different subpopulations of dSPNs and iSPNs coordinate their activity to support 

the start/stop of the sequence, the execution of the elemental actions, and the switch between 

subsequences. The ‘up’ or ‘down’ arrows indicate the positive or negative modulation of firing 

rate in each neuronal subpopulation, respectively. 
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Figure S1.1. Detailed quantification of the sequence microstructure across training in two 

different versions of the LLRR sequence task, Related to Figure 1.1.  

 

(A) Task design of the LLRR self-paced version.  

(B) The mean lever press rate within a session increased with training (main effect of training 

F4,84 = 15.76, P < 0.0001).  

(C) Sequence duration decreased with training (main effect of training F4,84 = 6.808, P < 0.0001).  

(D) The averaged number of L-R switches per sequence increased across training (main effect of 

training F4,84 = 37.01, P < 0.0001) and remained around one after day 7.  

(E) The averaged inter-press intervals within the sequence decreased with training (Left: main 

effect of training F4,84 = 13.82, P < 0.0001; Switch: main effect of training F4,84 = 10.65, P < 

0.0001; Right: main effect of training F4,84 = 3.497, P = 0.0108).  

(F) Sequences with an overall total sequence length of 4 or 5 presses (22% and 19%, 

respectively) were the most frequent on day 28 of training.  

(G) Sequences were most likely to contain 1 or 2 left presses (28% and 31%, respectively) and 2 

right presses (52%) on day 28 of training.  

(H) The frequency distribution of all sequences performed on day 1 and day 28 of training (main 

effect of days F1,21 = 5.396, P = 0.0303). Note the dramatic increase in performing sequence 

LLRR and decrease in sequence RRRR (P < 0.0001 for both cases).  

(I) The frequency of ‘L – RR’ sequences was significantly higher than ‘– LRR’ sequences across 

training (main effect of sequence F1,21 = 11.54, P = 0.0027; first day of significant difference, 

Day 7, P = 0.0013).   

(J-N) A separate cohort of WT mice (n = 10) were trained in a lever-retraction version of the 

LLRR sequence task for 28 days (see STAR Methods for details).  

(J) Task design of the LLRR lever-retraction version.  

(K) Behavioral efficiency across training (Main effect of training F4,36 = 22.74, P < 0.0001).  

(L) Percentage of sequences beginning with the ‘LL’ subsequence (LL – –) or ending with the 

‘RR’ subsequence (– – RR) across training (LL – – : main effect of training F4,36 = 7.013, P = 

0.0003 ; – – RR: main effect of training F4,36 = 61.25, P < 0.0001).  

(M) Percentage of sequences containing each appropriate element position across training (L – – 

– : main effect of training F4,36 = 17.25, P < 0.0001; – L – – : main effect of training F4,36 = 

3.254, P = 0.0223; – – R – : main effect of training F4,36 = 33.74, P < 0.0001; – – – R: main 

effect of training F4,36 = 73.45, P < 0.0001).  

(N) Same as (I) but for the lever-retraction version of LLRR sequence task (main effect of 

sequence F1,9 = 465.8, P < 0.0001; first day of significant difference, Day 7, P < 0.0001). Error 

bars denote S.E.M., same for below unless stated otherwise. 
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Figure S1.2. Impaired sequence learning in striatal NR1-KO mice is not due to different 

reinforcement history, Related to Figure 1.1.  

 

(A and B) Example of striatal NR1-KO mouse behavior on day 1 (A) and day 28 (B) of training.  

(C) Striatal NR1-KO mice do not develop the stereotypical LLRR action sequence across 28 

days of training.  

(D) Compared to littermate controls, striatal NR1-KO mice showed a significantly higher 

frequency of performing the RRRR sequence (t25 = 11.04, P < 0.0001) and lower frequency of 

the LLRR sequence (t25 = 6.433, P < 0.0001) after day 28 of training.  

(E) A separate cohort of littermate control mice were trained in the LLRR sequence task and 

limited to 20 reinforcers per day, matching the numbers of reinforcers the striatal NR1-KO mice 

obtain (no main effect of genotype F1,7 = 0.1235, P = 0.7356).  

(F) Behavioral efficiency (%) of striatal NR1-KO and control mice with matched reinforcers 

across 28 days of training (main effect of genotype F1,7 = 45.41, P = 0.0003).  
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Figure S1.3. In vivo recording and identification of dSPNs vs. iSPNs during sequence 

performance by ChR2-aided photo-tagging and comparison of the performance of dSPN- and 

iSPN-ablation mice to naïve control mice, Related to Figures 1.2, 1.3, and 1.4.  

 

(A) Example of recording array placement in the dorsal striatum of a D1-Ai32 animal. Inset 

better demonstrates small tracts formed by the array implant.  

(B) Validation of array placement in cohort of D1-Ai32 and A2a-Ai32 mice used for dSPN and 

iSPN identification.  

(C) Optic fiber placement in dorsal striatum of an A2a-Ai32 animal.  

(D) Validation of optic fiber placement for a cohort of D1-Ai32 and A2a-Ai32 mice used in 

optogenetic experiments.  

(E) Peri-event time histogram (PETH) of the same dSPN as shown in Figure 2L with trials sorted 

by sequence duration. Top Panel: Each dash indicates a spike. The left and right presses are 

marked by inverted blue and red triangles, respectively. Bottom Panel: Neuronal activity is 

aligned to the first left press at time zero. The averaged baseline firing rate of this dSPN is shown 

as a dashed gold line.  

(F) Left Panels: Representative iSPN cell counting in the sham-injected striatum. Right Panels: 

Representative iSPN cell counting in the DTR virus-injected hemisphere.  

(G) Normalized expression of GFP-positive cells in the ablation vs. control hemispheres shows a 

significant reduction in the number of GFP-positive cells following DT-mediated ablation in 

both dorsolateral and dorsomedial striatum (Two-way ANOVA, main effect of lesion F2,42 = 

57.71, P < 0.0001, no main effect of region F1,42 = 1.409, P = 0.2419, no effect of interaction 

F2,42 = 1.14, P = 0.3295; Sidak’s multiple comparisons test, DLS control vs. DLS dSPN-ablation, 

P < 0.0001; DLS control vs. DLS iSPN-ablation, P < 0.0001; DMS control vs. DMS dSPN-

ablation, P = 0.0025; DMS control vs. DMS iSPN-ablation, P < 0.0001; DLS dSPN-ablation vs. 

DMS dSPN-ablation, P = 0.7281; DLS iSPN-ablation vs. DMS iSPN-ablation, P > 0.999).  

(H) The ratio between right presses and total presses for control mice on day 1 of sequence 

training and dSPN-ablation mice on the day of testing (unpaired t-test, t21 = 0.5024, P = 0.6206).  

(I) The frequency distribution of all sequences performed by control mice on day 1 of sequence 

training and dSPN-ablation mice on the day of testing (Two-way ANOVA, no main effect of 

lesion F1,336 = 0, P > 0.9999, main effect of sequence F15,336 = 103.9, P < 0.0001, no effect of 

interaction F15,336 = 0.2974, P = 0.9955).  

(J) Same as (H) but for iSPN-ablation mice (unpaired t-test, t22 = 3.671, P = 0.0013).  

(K) Same as (I) but for iSPN-ablation mice (Two-way ANOVA, no main effect of lesion F1,352 = 

0, P > 0.9999, main effect of sequence F15,352 = 65.3, P < 0.0001, effect of interaction F15,352 = 

20.11, P < 0.0001; Sidak’s multiple comparisons test, RRRR: P < 0.0001; LLRR: P < 0.0001). 
 



 71 

 

 

 

 

 

 

 

 

 



 72 

Figure S1.4. Further quantification of the state-specific behavioral effects following dSPN or 

iSPN constant stimulation and 14 Hz frequency stimulation of dSPNs or iSPNs produces similar 

changes in sequence structure as constant light stimulation, Related to Figure 1.4.  

 

(A) Optogenetic protocol for delivering 500 ms constant light stimulation of dSPNs on the 1
st
 left 

press of the sequence.  

(B) Probability of pressing left following the 1
st
 left press (denoted as P (L|L)) in control and 

stimulated sequences. The likelihood of pressing left again significantly increased following 

dSPN stimulation on the 1
st
 left press (paired t-test, t12 = 3.812, P = 0.0025).  

(C) Same as (A) but for the 1
st
 right press of the sequence.  

(D) Given the high probability of pressing another right following LLR (denoted as P 

{R|(LLR)}), dSPN stimulation following the 1
st
 right press was unable to facilitate additional 

right pressing (paired t-test, t12 =1.537, P = 0.1503).  

(E and F) Optogenetic experiment protocol for delivering 500 ms constant light stimulation of 

iSPNs on the 1
st
 left (E) and 2

nd
 left (F) press of the sequence.  

(G and H) Averaged inter-press interval of the right subsequence in the control and stimulated 

sequences following iSPN stimulation on the 1
st
 left (G, paired t-test, t9 = 5.115, P = 0.0006) and 

2
nd

 left (H, paired t-test, t7 = 0.2204, P = 0.8319) lever presses within the sequence. Note the 

largely unaltered right subsequence inter-press interval following iSPN stimulation on the 1
st
 or 

2
nd

 left press of the LLRR sequence.  

(I) Optogenetic experiment protocol for delivering 500 ms of 14 Hz light stimulation in 

randomly chosen 50% of trials triggered by the 1
st
 left, 2

nd
 left, 1

st
 right, and 2

nd
 right lever 

presses within the sequence, respectively.  

(J-M) Change in the left and right subsequence lengths following 14 Hz dSPN or iSPN 

stimulation on the 1
st
 left (J, paired t-tests, dSPN Left: t7 = 2.005, P = 0.085, Right: t7 = 2.589, P 

= 0.036; iSPN Left: t6 = 3.072, P = 0.0219, Right: t6 = 0.4357, P = 0.6783), 2
nd

 left (K, paired t-

tests, dSPN Left: t7 = 2.718, p = 0.0298, Right: t7 = 1.861, P = 0.105; iSPN Left: t5 = 1.034, P = 

0.3485, Right: t5 = 0.1629, P = 0.877), 1
st
 right (L, paired t-tests, dSPN Right: t7 = 0.4389, P = 

0.674; iSPN Right: t6 = 2.746, P = 0.0335), and 2
nd

 right (M, paired t-tests, dSPN Right: t6 = 

2.496, P = 0.0468; iSPN Right: t6 = 0.5836, P = 0.5808) lever presses within the sequence.  

(N-Q) Change in the total sequence length following 14 Hz dSPN or iSPN stimulation on the 1
st
 

left (N, paired t-tests, dSPN, t7 = 0.0801, P = 0.9384; iSPN, t6 = 1.627, P = 0.1549), 2
nd

 left (O, 

paired t-tests, dSPN, t7 = 1.645, P = 0.144; iSPN, t5 = 1.069, P = 0.3341), 1
st
 right (P, paired t-

tests, dSPN, t7 = 0.4389, P = 0.674; iSPN, t6 = 2.746, P = 0.0335), and 2
nd

 right (Q, paired t-tests, 

dSPN, t6 = 2.496, p = 0.0468; iSPN, t6 = 0.5836, P = 0.5808) lever presses within the sequence.  
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Figure S1.5. Optogenetic stimulation of dSPNs during sequence initiation delays the onset of the 

whole sequence without disrupting the overall sequence structure, and right subsequence 

execution remains largely unaltered following iSPN stimulation of the 1
st
 left press of the 

LLLRRR sequence with various durations, Related to Figure 1.5.  

 

(A) Optogenetic stimulation right before LLRR sequence initiation triggered by infrared beam 

break.  

(B) Behavioral effect of optogenetic dSPN activation prior to sequence initiation. Lever pressing 

is aligned to beam break at time zero in both the control (Top Panels) and stimulated (Bottom 

Panels) conditions. Left and right presses shown as blue and red lines, respectively. The period 

of stimulation (500 ms) is covered with gray shadow.  

(C) Change in the length of the left subsequence (paired t-test, t2 = 2.359, P = 0.1423), right 

subsequence (paired t-test, t2 = 0.5287, P = 0.6498), and the whole sequence (paired t-test, t2 = 

4.597, P = 0.0442) between the control and stimulated sequences.  

(D) Averaged time of onset for the right subsequence in the control and stimulated sequences 

(paired t-test, t2 = 8.049 P = 0.0151).  

(E) Averaged inter-press interval of the right subsequence in the control and stimulated 

sequences (paired t-test, t2 = 0.6097, P = 0.6041).  

(F-J) The optogenetic effects of iSPN stimulation, as shown in Figure 2.5, suggest that iSPN 

activation is sufficient to remove multiple upcoming left lever presses while leaving the 

execution of the right subsequence unaltered. We sought to further confirm the independence of 

the left and right subsequences by stimulating iSPNs with varying durations following the 1
st
 left 

press of the LLLRRR sequence. This set of experiments demonstrates that the removal of 

upcoming actions is insensitive to the duration of iSPN stimulation and that the timing, length, 

and duration of the right subsequence consistently remains unaltered.  

(F) Optogenetic experiment protocol for delivering constant light stimulation of iSPNs on the 1
st
 

left press of the LLLRRR sequence.  

(G) Change in the length of the left subsequence (paired t-tests, 50 ms: t7 = 4.609, P = 0.0025; 

100 ms: t11 = 5.011, P = 0.0004; 200 ms: t5 = 4.001, P = 0.0103; 500 ms: t11 = 6.118, P < 0.0001) 

and the right subsequence (paired t-tests, 50 ms: t7 = 1.761, P = 0.1217; 100 ms: t11 = 2.069, P = 

0.0628; 200 ms: t5 = 0.1199, P = 0.9092; 500 ms: t11 = 0.2464, P = 0.8099) between the control 

and stimulated sequences.  

(H) Change in the length of the whole sequence between the control and stimulated sequences 

(paired t-tests, 50 ms: t7 = 3.186, P = 0.0154; 100 ms: t11 = 4.773, P = 0.0006; 200 ms: t5 = 

3.067, P = 0.0279; 500 ms: t11 = 5.491, P = 0.0002).  

(I) Change in the averaged time of onset for the right subsequence between the control and 

stimulated sequences (paired t-tests, 50 ms: t7 = 0.6517, P = 0.5354; 100 ms: t11 = 0.4149, P = 

0.6862; 200 ms: t5 = 0.9363, P = 0.3921; 500 ms: t11 = 17.37, P < 0.0001).  

(J) Change in the averaged inter-press interval of the right subsequence between the control and 

stimulated sequences (paired t-tests, 50 ms: t7 = 0.9375, P = 0.3797; 100 ms: t11 = 0.4275, P = 

0.6773; 200 ms: t5 = 2.252, P = 0.0741; 500 ms: t11 = 0.8207, P = 0.4292).  
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Figure S1.6. The optogenetic effects of iSPN stimulation do not result from a general inhibition, 

Related to Figure 1.5.  

 

(A) Optogenetic experiment of iSPN stimulation with duration covering the whole LLRR 

sequence.  

(B) Behavioral example of 5s-long iSPN stimulation following the 1
st
 left press of the LLRR 

sequence in the control (Top Panels) and stimulated (Bottom Panels) conditions. PETH does not 

include the referenced lever press in both the control and stimulated conditions. Left and right 

presses shown as blue and red lines, respectively. The period of stimulation (5 s) is covered with 

gray shadow. Stimulation of iSPNs produced a significant reduction in the length of the left 

subsequence (2.1 ± 0.72 vs. 1 ± 0 presses; unpaired t-test, t38 = 6.85, P < 0.0001) but no change 

in the length of the right subsequence (1.45 ± 0.94 vs. 1.65 ± 1.04 presses; unpaired t-test, t38 = 

0.64, P = 0.5282).  

(C) Optogenetic experiment of iSPN stimulation with duration covering the whole LLLRRR 

sequence.  

(D) Behavioral example of 5s-long iSPN stimulation following the 1
st
 left press of the LLLRRR 

sequence in the control (Top Panels) and stimulated (Bottom Panels) conditions. Stimulation of 

iSPNs produced a significant reduction in the length of the left subsequence (3 ± 1.62 vs. 1.3 ± 

0.92 presses; unpaired-test, t38 = 4.073, P = 0.0002) but no change in the length of the right 

subsequence (2.9 ±1.52 vs. 2.95 ± 1.85; unpaired t-test, t38 = 0.093, P = 0.926).  

 

 

 

 



 77 

Video S1.  Performance of learned LLRR sequence in a wildtype mouse, Related to Figure 

1. The video shows a top-down bird view of the operant chamber with the left and right levers 

located at one side and the magazine located at another. The mouse performed a heterogeneous 

action sequence containing the ‘left-left-right-right’ pattern and received rewards after three 

weeks of LLRR sequence training.  
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CHAPTER 2:  Mechanisms of striatal plasticity underlying sequence learning 
 
Abstract 

 The ability to learn new action repertoires is a critical feature of animal and human 

behavior. This learning is thought to rely on the modulation and refinement of cortico-basal 

ganglia circuits through dopamine-dependent plasticity as well as a host of other receptor types. 

However, the necessity of these receptors for action learning has yet to be determined. Here we 

use a heterogeneous action sequence paradigm and mouse genetics to systematically assay how 

different receptor types and neurotransmitter systems influence the development of a new action 

repertoire. We find that striatal spiny projection neuron GABA release is necessary for sequence 

learning and this output is shaped in distinct ways by dopamine D1 and D2 receptors. 

Specifically, D1 receptors are required for learning how to properly initiate the action sequence 

while D2 receptors mediate the appropriate transition between distinct actions of the sequence. 

Consequently, deletion of both D1 and D2 receptors from striatal neurons completely prevents 

sequence learning. In contrast, modulating either the dopaminergic or cholinergic systems has 

little effect on developing a heterogeneous action sequence. These results indicate that 

dopamine-dependent plasticity occurring on spiny projection neurons provides the underlying 

mechanism for generating and consolidating new action repertoires.   

 

Introduction 

 Our daily behavior relies on our ability to learn and perform new behavioral repertoires. 

Cortico-basal ganglia circuits are thought to be critical for the learning and refinement of new 

action sequences (Brainard and Doupe, 2002; Graybiel, 1998; Hikosaka et al., 1999; Jin and 

Costa, 2010, 2015; Jin et al., 2014; Tanji, 2001). Specifically, the striatum, which serves as the 
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input nucleus of the basal ganglia, may be particularly well-suited as the center for sequence 

learning given the convergence of glutamatergic cortical and thalamic inputs as well as 

dopaminergic input arising from the substantia nigra (Costa et al., 2004; Costa et al., 2006; 

Reynolds et al., 2001; Shen et al., 2008; Wickens et al., 2007). Indeed, corticostriatal synapses 

undergo plasticity during skill learning (Costa et al., 2004; Koralek, 2012; Kupferschmidt et al., 

2017; Yin et al., 2009) and the genetic deletion of NMDA receptors in striatal spiny projection 

neurons (SPNs), which are necessary for long-term potentiation at corticostriatal synapses 

(Calabresi et al., 1992c; Shen et al., 2008), greatly impairs motor learning (Dang et al., 2006) and 

the consolidation of new action sequences (Jin and Costa, 2010; Koralek, 2012).  

 Still, decades of in vitro data demonstrate that corticostriatal plasticity is influenced by a 

large variety of receptor types beyond NMDA receptors as well as changes in the dopaminergic 

and cholinergic neurotransmitter systems. In particular, dopamine D1 and D2 receptors 

expressed on SPNs are thought to be key regulators of long-term potentiation (LTP) and long-

term depression (LTD) at corticostriatal synapses (Calabresi et al., 1992a; Calabresi et al., 

1992b; Centonze et al., 2003; Kerr and Wickens, 2001; Kreitzer and Malenka, 2007; Shen et al., 

2008). Furthermore, substantia nigra dopaminergic neurons, which are the main source of dorsal 

striatal dopamine, are also sensitive to changes in synaptic activity via expression of NMDA 

receptors (Bonci and Malenka, 1999; Engblom et al., 2008; Overton et al., 1999; Ungless et al., 

2001; Zweifel et al., 2008), metabotropic glutamate receptors (Homayoun et al., 2004), and D2 

autoreceptors (Ford, 2014; Mercuri et al., 1997; Tang et al., 1994).  Finally, though comprising a 

small population of striatal neurons, cholinergic interneurons are also sensitive to dopamine 

regulation via expression of D2 receptors (Alcantara et al., 2003; Le Moine et al., 1990) and can 

powerfully modulate SPN function via muscarinic acetylcholine receptors (DeBoer et al., 1996; 
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Maurice et al., 2004; Wang et al., 2006). Despite this complex elucidation of basal ganglia 

plasticity, no one has yet determined how these plasticity mechanisms influence behavioral 

learning, particularly the development of new action repertoires.  

 By training mice in a heterogeneous action sequence, we determined the contribution of 

different receptor types and plasticity mechanisms to sequence learning. We find that sequence 

learning requires striatal GABA release, suggesting that SPN output is the main driver of skill 

learning. By developing striatal-specific dopamine D1 or D2 receptor knockout mice, we then 

demonstrate that D1R- and D2R-dependent plasticity mediate the learning of distinct features of 

our complex action sequence. Specifically, striatal D1 receptors are required for learning proper 

sequence initiation whereas D2 receptors expressed on SPNs mediate the transition between 

distinct actions. Consequently, genetic deletion of both dopamine receptor types from SPNs 

further impairs animals’ behavior, such that there is no evidence of sequence learning across 

training. Genetically altering dopaminergic plasticity or dopamine release and re-uptake had no 

dramatic effect on sequence learning, suggesting that the behavioral changes mediated by D1 and 

D2 receptors expressed by SPNs are relatively insensitive to subtle changes in striatal dopamine 

concentration. Consistently, deletion of dopamine D2 receptors found on striatal cholinergic 

interneurons did not impair sequence learning. The genetic deletion of striatal choline 

acetyltransferase also did not affect sequence behavior, further ruling out the contributions of the 

striatal cholinergic system to sequence consolidation. Together, these results indicate that 

sequence learning wholly relies on the shaping of SPN output, which is primarily driven by 

dopamine D1 and D2 receptors.    
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Methods 

Mice  

 All experiments were approved by the Salk Institute Animal Care and Use Committee 

and followed NIH Guidelines for the Care and Use of Laboratory Animals. Both male and 

female mice, at least two months old, were used for all experiments. Mice were housed on a 12-

hour light dark cycle. Striatal-specific VGAT knockout and control littermates (RGS9-VGAT 

heterozygous, VGAT floxed, and RGS9-cre) were generated by crossing RGS9-cre mice with 

VGAT floxed mice obtained from Jackson Laboratory (012897). Striatal-specific D1 KO and 

control littermates (RGS9-Drd1a heterozygous, Drd1a floxed, and RGS9-cre) were generated by 

crossing RGS9-cre mice with Drd1a floxed mice obtained from Jackson Laboratory (025700). 

Striatal-specific Drd2 KO mice and control littermates (RGS9-Drd2a heterozygous, Drd2 floxed, 

and RGS9-cre) were generated by crossing RGS9-cre mice with Drd2 floxed mice (Shao et al., 

2013; Institute of Neuroscience, China). Striatal-specific D1 and D2 KO mice and control 

littermates (RGS9-Drd1a heterozygous-Drd2 heterozygous, Drd1a floxed-Drd2 floxed, and 

RGS9-cre) were generated by crossing RGS-D1 KO mice with Drd2 floxed mice or RGS-D2 KO 

mice with Drd1a floxed mice.  

   Dopamine neuron-specific NMDAR1 KO mice (DAT-NR1) and control littermates 

(DAT-NR1 heterozygous, NR1 floxed, and DAT-cre) were generated by crossing DAT-cre mice 

obtained from Jackson Laboratory (020080) with NR1 floxed mice as previously described 

(Engblom et al., 2008; Howard et al., 2017; Zweifel et al., 2008). Dopamine neuron-specific 

metabotropic glutamate receptor 5 (mGluR5) KO mice and control littermates (DAT-mGluR5 

heterozygous, mGluR5 floxed, and DAT-cre) were generated by crossing DAT-cre mice with 

mGluR5 floxed mice (obtained from Margarita Behrens at the Salk Institute). Dopamine neuron-
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specific Drd2 KO mice (DAT-D2) and control littermates (DAT-Drd2 heterozygous, Drd2 

floxed, and DAT-cre) were generated by crossing DAT-cre mice with Drd2 floxed mice (Shao et 

al., 2013). 

 Cholinergic interneuron-specific Drd2 receptor KO mice (ChAT-D2) and control 

littermates (ChAT-Drd2 heterozygous, Drd2 floxed, and ChAT-cre) were generated by crossing 

ChAT-cre mice obtained from Jackson Laboratory (006410) with Drd2 floxed mice (Shao et al., 

2013). Striatal cholinergic interneuron-specific choline acetyltransferase (ChAT) KO mice (D2-

ChAT) and control littermates (D2-ChAT heterozgous, ChAT floxed, and D2-cre) were 

generated by crossing the ER44 D2-cre mouse (GENSAT: ER44; indirect pathway projection 

neurons and cholinergic interneurons labeled in striatum) with ChAT floxed mice obtained from 

Jackson Laboratory (016920). 

 Striatal-specific adenosine2A receptor (A2A) KO mice (RGS-A2A) and control littermates 

(A2A floxed and RGS9-cre) were generated by crossing RGS9-cre mice with A2A floxed mice 

obtained from Jackson Laboratory (010687). Striatal-specific mGluR5 KO mice and control 

littermates (RGS9-mGluR5 heterozygous, mGluR5 floxed, and RGS9-cre) were generated by 

crossing RGS9-cre mice with mGluR5 floxed mice. Striatal-specific GluR2 KO mice (RGS-

GluR2) and control littermates (RGS-GluR2 heterozygous, GluR2 floxed, and RGS9-cre) were 

generated by crossing RGS9-cre mice with GluR2 floxed mice (obtained from Margarita 

Behrens at the Salk Institute).  

 Indirect pathway-specific Drd2 KO mice (A2a-D2) and control littermates (A2a-D2 

heterozygous, D2 floxed, and A2a-cre) were generated by crossing A2a-cre (GENSAT: KG139) 

mice to Drd2 floxed mice (Shao et al., 2013). 
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Behavioral training  

Behavioral training took place in standard mouse operant chambers as previously 

described (Geddes et al., 2018; Howard et al., 2017; Jin and Costa, 2010; Jin et al., 2014). 

Briefly, operant chambers (21.6 cm x 17.8 cm x 12.7 cm; Med Associates, VT) were placed in 

sound-attenuating boxes. Each chamber contained a food magazine, a house light (3 W, 24 V) 

placed opposite the food magazine, and two retractable levers flanking the house light. Food 

pellets (20 mg; Bio-Serv, NJ) were delivered through a dispenser into the magazine and animals’ 

entries into the magazine were recorded using an infrared beam.  Behavioral software (MED-PC 

IV, Med Associates, VT) and custom-written behavioral programs controlled the behavioral 

chambers and recorded all timestamps of lever presses and magazine entries for each animal with 

a 10 ms resolution.  Mice were food-restricted prior to behavioral training and were maintained 

at 85% of normal body weight by receiving ~2.5 g of food pellets and normal chow per animal 

daily (Geddes et al., 2018). 

Behavioral training began with continuous reinforcement (CRF) as previously described 

(Geddes et al., 2018; Howard et al., 2017; Jin and Costa, 2010; Jin et al., 2014). Briefly, 

behavioral sessions started with the illumination of the house light followed by the extension of 

either the left or right lever. Mice went through a session of CRF for each lever each day and the 

order of left and right sessions alternated across days. Mice received up to 5, 10, and 15 

reinforcers per session on days one, two, and three of CRF, respectively. Animals completed 

CRF when 15 reinforcers could be obtained in ~10 minutes for each lever. Following CRF, mice 

began training in the left-left-right-right (LLRR) sequence task (Geddes et al., 2018). Each 

session began with the illumination of the house light followed by the extension of both left and 

right levers. Animals received a reinforcer whenever the behavioral program recognized the 
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consecutive “left-left-right-right” behavioral pattern. Extra presses beyond the “LLRR” pattern 

did not prevent reward and no cues were used to signal sequence correctness. Daily sessions 

lasted for up to three hours or until the mouse received 40 reinforcers. Training sessions ended 

with retraction of both levers and offset of the house light. For all learning experiments, mice 

were trained in the LLRR sequence task for 28 consecutive days.   

 

Behavioral quantification 

 The analysis of behavioral data was performed as previously described (Geddes et al., 

2018). The termination of the sequence was defined by magazine entry and the start of the 

sequence was defined as the first lever press following a magazine entry. Behavioral efficiency 

(%) was defined as the percentage of rewarded lever presses (‘LLRR’; 4 presses/reward) out of 

the total number of presses within each behavioral session. The percentage of “Start” and “Stop” 

elements as well as the average number of left-right switches per sequence were determined from 

all sequences composed of two or more presses. The average number of left and right presses 

was determined by finding all bouts of consecutive left or right lever presses within all sequences 

first defined by magazine entries. The average total sequence length was the average number of 

lever presses in each sequence as defined by magazine entries. A behavioral efficiency of 40% 

was considered the general criterion for learning the LLRR action sequence. 

 

Fluorescent RNAscope in situ hybridization 

Fluorescent in situ experiments were performed using the RNAscope Fluorescent 

Multiplex kit (ACD Bio; Cat. #320850) according to the manufacturer’s instructions for fresh 

frozen tissue and as described by others (Farhy-Tselnicker et al., 2017). Fresh frozen mouse 
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brain tissue was section at 16 µm and mounted on Superfrost plus slides (Fisher; Cat. #1255015). 

Slides were stored at -20°C until use. Slides were fixed by immersing them in chilled 4% 

paraformaldehyde at 15 min at 4°C. Slides were then dehydrated with 50, 70, and 100% ethanol 

for 5 min each at room temperature (RT). A hydrophobic barrier was created around sections 

using an ImmEdge Hydrophobic barrier PAP pen (VectorLabs; Cat. #H-4000). Sections were 

then permeabilized with the pretreatment reagent (ACD Bio; Cat. #322381). Following 

permeabilization, sections were incubated with the appropriate target probe(s) for 2 hr at 40°C in 

the hybridization oven (HybEz hybridization system; ACD Bio). Sections were washed 2x in 

wash buffer (ACD Bio; Cat. #310091) for 2 min each at RT, hybridized using a series of three 

amplification steps, and detected using 1 step per the manufacturer’s instructions. Slides were 

mounted with SlowFade Gold (Life Technologies; Cat. #S36936) and DAPI and cover-slipped. 

Sections were then imaged on a Zeiss LSM 710 laser scanning microscope with a 20x or 40x 

objective.  

 The following probes were utilized in the RNAscope ISH experiments: Mm-Slc32a1-C3 

(ACD Bio; Cat. #319191-C3); Mm-Drd1a (ACD Bio; Cat. #406491); Mm-Drd2-E2-C2 (ACD 

Bio; custom design; Cat. #486571-C2).  

  

Surgery and fiber implantation  

 All intracranial injections/implantations were conducted when mice were at least 2 

months old and were performed under isoflurane anesthesia as previously described (Geddes et 

al., 2018). The head was shaved, cleaned with 70% ethanol and povidone-iodine, and placed in a 

Kopf stereotaxic frame. Two skull screws were placed posterior to bregma to better adhere the 

dental cement to the skull. A2a-D2 KO mice were stereotaxically injected with a cre-dependent 
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adeno-associated virus carrying channelrhodopsin (AAV5-EF1a-DIO-hChR2(H134R)-mCherry, 

University of North Carolina vector core, NC) into dorsal striatum (+0.5 mm AP, ±2.0 mm ML, -

2.2 mm DV) using a Hamilton syringe (1 µL per side) (Geddes et al., 2018; Howard et al., 2017; 

Tecuapetla et al., 2016). Following viral injections, optic fibers constructed as described 

previously (Geddes et al., 2018; Howard et al., 2017) were lowered into dorsal striatum 

bilaterally using the same coordinates as for viral injections. Fibers were secured using dental 

acrylic (Contemporary Ortho-Jet powder and liquid, Lang Dental, IL).  

 

Optogenetic experiments 

 Optogenetic experiments using the A2a-D2 KO mice were performed as previously 

described (Geddes et al., 2018). Briefly, optogenetic stimulation was delivered using a 473 nm 

laser (LaserGlow Technologies, Canada). The laser was controlled by a TTL output programmed 

in the behavioral software (MED-PC IV, Med Associates, VT). After A2a-D2 KO mice 

recovered from implantation, mice were re-trained in the operant chambers while tethered to two 

fiber-optic patch cords connected to a commutator (Doric, Canada). Following habituation to 

tethering, animals underwent daily stimulation sessions in which every second consecutive left 

or right press triggered one constant 500 ms pulse of 473-nm light (1-5 mW). This stimulation 

protocol continued for 21 days followed by 7 more days of LLRR training with continued 

tethering but no stimulation. Daily sessions lasted for three hours or until the animal received 40 

reinforcers.   
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Statistics  

 Statistics for all KO learning experiments and optogenetic experiments were performed 

using values for each mouse for each training day. Comparison between the control and KO 

learning data were then analyzed using repeated-measures two-way ANOVA. Tukey post-hoc 

multiple comparisons were performed as indicated. KO learning across training was analyzed 

using repeated-measures one-way ANOVA followed by Tukey post-hoc multiple comparisons 

when indicated. Optogenetic data were analyzed using repeated-measures one-way ANOVA 

followed by Tukey post-hoc multiple comparisons as indicated. All data were first analyzed in 

MATLAB (Mathworks, MA) and all statistics were performed in GraphPad Prism 7 (GraphPad 

Software, CA). The results are presented as mean ± SEM. p < 0.05 was considered significant. 

All statistics and the number of animals (n) used in each experiment are reported in the figure 

legends.   

 

Results 

Striatal GABAergic output is necessary for sequence learning 

 To investigate the learning of heterogeneous action sequences in mice, we utilized a self-

paced operant task in which mice must perform the “left-left-right-right” (LLRR) lever press 

pattern to receive a reward (Fig. 2.1a; see methods) (Geddes et al., 2018). This task can be 

represented in a hierarchical structure in which individual left and right actions or elements are 

organized into subsequences (LL or RR), which are then joined into the target sequence (LLRR). 

Given these multiple levels of sequence control that must be developed over the course of 

learning, we investigated whether distinct mechanisms of striatal plasticity and function were 

necessary for shaping and consolidating different features of the behavior.  
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  Striatal spiny projection neurons (SPNs) communicate with downstream basal ganglia 

nuclei primarily through the release of GABA. To investigate the necessity of SPN GABA 

release for sequence learning, we generated mice that lack the vesicular GABA transporter 

(VGAT) in all SPNs (referred to as striatal-specific VGAT or RGS-VGAT KO mice; see 

methods). Striatal-specific VGAT KO mice, but not controls, showed a near complete loss of 

VGAT mRNA expression within striatum (Fig. 2.1b). After 28 days of training, littermate 

control mice showed the stereotypic development of the LLRR action sequence (Fig. 2.1c, d). In 

contrast, striatal-specific VGAT KO mice showed a consistent right lever bias that developed 

early and persisted throughout the duration of training (Fig. 2.1e, f). As a result, striatal-specific 

VGAT KO mice performed significantly worse than littermate controls as measured by 

behavioral efficiency (%) and showed no improvement in task performance across the four 

weeks of training (Fig. 2.1g). Further investigation into animals’ behavioral structure revealed 

that striatal-specific VGAT KO mice were significantly worse at correctly identifying the first 

action of the sequence as a left press (“Start”) and the last action of the sequence as a right press 

(“Stop”) (Fig. 2.1h).  

In addition to learning how to properly initiate and terminate the action sequence, mice 

must also learn features of the left and right subsequences such as their length, their frequency, 

and when to transition between these subsequences. In control mice, the number of left-right 

switches occurring within each sequence approximated one after 28 days of training (Fig. 2.1i) 

and the left-right inter-press interval significantly declined with training (Fig. S2.1), indicating a 

learned concatenation of the left and right subsequences. Striatal-specific VGAT KO mice also 

appeared to perform about one switch per sequence across the duration of training (Fig. 2.1i); 

however, KO mice took a significantly longer amount of time to switch between the left and 
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right actions and this behavior was maintained throughout training (Fig. S2.1). Furthermore, 

striatal-specific VGAT KO mice performed significantly longer bouts of right lever pressing and 

overall longer sequences than control mice (Fig. 2.1j, k). Together, these data indicate that while 

striatal-specific VGAT KO mice are capable of performing bouts of left or right lever pressing, 

they are unable to shape their lever pressing into stereotyped subsequences and to link left and 

right lever pressing into a robust spatiotemporal sequence. These results indicate that the activity 

patterns developed by SPNs across training are critical to the learning of a heterogeneous action 

sequence. 

 

Deletion of striatal D1 receptors impairs sequence initiation 

 Corticostriatal plasticity relies heavily on dopamine D1 and D2 receptors expressed on 

SPNs (Shen et al., 2008) and underlies skill learning and habit formation (Costa et al., 2004; 

Koralek, 2012; Kupferschmidt et al., 2017; Yin et al., 2009). Yet, the role of striatal dopamine 

receptors, and hence dopamine-dependent corticostriatal plasticity, in sequence learning has yet 

to be investigated. Direct pathway SPNs are identified based on their expression of the dopamine 

D1 receptor, which has been shown to promote long-term potentiation at glutamatergic 

corticostriatal synapses (Centonze et al., 2003; Kerr and Wickens, 2001; Shen et al., 2008). To 

determine the contribution of striatal D1 receptors to sequence learning, we generated mice 

specifically lacking the D1 receptor in striatal SPNs (SPN-specific D1R KO; RGS-D1 KO; see 

methods). While both littermate controls and SPN-specific D1R KO mice showed normal 

expression of Drd2 (D2 receptor) mRNA in striatum, only SPN-specific D1R KO mice showed a 

near complete loss of striatal Drd1a mRNA expression (Fig. 2.2a).  During behavioral training, 

SPN-specific D1R KO mice did not develop the stereotyped LLRR action pattern across training 
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but instead initiated on the right, switched to the left, and then terminated on the right (Fig. 2.2b, 

c).  As a result, SPN-specific D1R KO mice showed lower performance efficiency compared to 

littermate controls across the 4 weeks of training (Fig. 2.2d). However, SPN-specific D1R KO 

mice did show some improvement across training (Fig. 2.2d), suggesting KO mice learned some 

features of the action sequence.  

 Further analysis revealed that SPN-specific D1R KO mice were unable to learn the left 

press as the start of the sequence; instead, SPN-specific D1R KO mice maintained a bias to 

initiate on the right throughout training (Fig. 2.2b,c,e); in contrast, SPN-specific D1R KO 

learned to appropriately terminate the sequence as well as controls (Fig. 2.2e). These results are 

consistent with previous findings suggesting that dSPNs are necessary for properly initiating a 

learned action sequence (Geddes et al., 2018; Tecuapetla et al., 2016). SPN-specific D1R KO 

mice also learned to perform about one L-R switch per sequence (Fig. 2.2f) and reduced the 

interval between the left and right subsequences with training (Fig. S2.2). Still, SPN-specific 

D1R KO mice tended to perform slightly longer bouts on both the left and right levers (Fig. 

2.2g), leading to an overall longer total sequence length (Fig. 2.2h). Together, these data suggest 

that striatal D1 receptors are necessary for learning to properly initiate a sequence and refine the 

subsequence length but are not involved in learning the transition between subsequences.   

 

Deletion of striatal D2 receptors impairs learning when to switch between actions 

 Dopamine D2 receptors expressed in indirect pathway SPNs are thought to be necessary 

for long-term depression (Calabresi et al., 1992a; Calabresi et al., 1992b; Calabresi et al., 1997; 

Kreitzer and Malenka, 2007; Shen et al., 2008) and the lateral inhibition of other SPNs (Dobbs et 

al., 2016). In addition, selective deletion of D2 receptors from iSPNs enhances GABAergic 
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transmission within striatum and reduces the in vivo firing of SPNs without altering striatal 

dopamine transmission (Lemos et al., 2016) We investigated the role of D2 receptors in sequence 

learning by generating mice specifically lacking D2 receptors in SPNs (SPN-specific D2R KO; 

RGS-D2 KO; see methods). Control littermates and SPN-specific D2R KO mice showed 

comparable expression of striatal Drd1a mRNA; however, SPN-specific D2R KO mice showed a 

selective reduction in striatal Drd2 labeling, indicating that genetic deletion of the drd2 gene 

selectively affected D2 receptor mRNA expression (Fig. 2.3a). Unlike SPN-specific D1R KO 

mice, D2R KO mice developed an action sequence that started on the left and terminated on the 

right (Fig. 2.3b, c), suggesting that deletion of D2 receptors expressed on SPNs did not prevent 

animals from learning the overall sequence structure. However, while the behavioral efficiency 

of SPN-specific D2R KO mice significantly improved across training, these KO mice still 

performed significantly worse than control mice (Fig. 2.3d).  

 SPN-specific D2R KO mice learned to properly initiate and terminate the sequence with 

a left and right press, respectively (Fig. 2.3e), consistent with a previous finding indicating that 

iSPNs are not as highly involved in sequence initiation and termination (Geddes et al., 2018). 

Since SPN-specific D2R KO mice learned to appropriately initiate and terminate the action 

sequence, these mice also had no deficit in performing about one left-right transition per 

sequence by the end of training (Fig. 2.3f); however, as seen on an individual sequence level 

(Fig. 2.3b), SPN-specific D2R KO mice took a significantly longer time to transition between the 

left and right subsequences than controls (Fig. S2.3). Furthermore, SPN-specific D2R KO mice 

tended to persevere on both the left and right levers, such that KO mice performed significantly 

longer left and right subsequences (Fig. 2.3g) and overall longer sequences (Fig. 2.3h). Together, 

these data suggest that D2 receptors may be critically involved in specifically learning when to 
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terminate a subsequence and switch to the next action, supporting the notion that iSPN activity 

influences action termination and the transition between actions (Geddes et al., 2018; Tecuapetla 

et al., 2016).   

 

Optogenetically activating iSPNs rescues “switch” deficit in SPN-specific D2R KO mice 

 D2 receptors expressed on iSPNs mediate long-term depression of corticostriatal 

synapses (Calabresi et al., 1997; Kreitzer and Malenka, 2005; Shen et al., 2008). Our results 

indicate that deleting SPN-expressing D2 receptors impairs sequence learning, such that KO 

mice continue to persevere on the left and right lever and take longer to transition between 

subsequences. We have also previously shown that during sequence performance, iSPNs are 

more likely to be inhibited during the execution of individual actions and more active during the 

transition between subsequences (Geddes et al., 2018). These data suggest that D2 receptors may 

be critical for refining the sequence-related activity normally observed in iSPNs and that deletion 

of D2 receptors from SPNs prevents this learning-related modulation from occurring. Therefore, 

we hypothesized that optogenetically activating iSPNs at behaviorally appropriate time points in 

SPN-specific D2R KO mice could rescue their impaired behavioral phenotype.  

To ensure optogenetic activation of only iSPNs rather than all SPNs, we generated iSPN-

specific D2 receptor KO mice (iSPN-specific D2R KO; A2a-D2 KO; see methods).  Across four 

weeks of training, iSPN-specific D2R KO mice were impaired compared to controls but did not 

perform significantly different from SPN-specific D2R KO mice (Fig. 2.4a). This result suggests 

that both genetic strategies for deleting D2 receptors on SPNs produce a similar behavioral 

phenotype. To optogenetically activate iSPNs, we bilaterally injected iSPN-specific D2R KO 

mice with a cre-dependent ChR2 virus into dorsal striatum followed by fiber optic implantation 
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(see methods). Viral injection produced robust ChR2 expression specifically in dorsal striatum 

(Fig. 2.4b). After allowing at least two weeks for viral expression, mice were habituated to the 

conditions of optogenetic stimulation until mice reached a stable level of performance as 

assessed by behavioral efficiency (Pre-stim period; Fig. 2.4c). Animals then underwent 21 days 

of daily optogenetic manipulations in which a constant 500 ms pulse of blue light was delivered 

after every second left or right press (see methods; Fig. 2.4c).  Animals then continued daily 

sessions in the LLRR sequence task without any optogenetic manipulation to assess if our 

optogenetic intervention produced lasting effects on sequence behavior (Post-stim period; Fig. 

2.4c).  

During the last pre-stim day, iSPN-specific D2R KO mice showed many extraneous lever 

presses (Fig. 2.4d) that contributed to lower behavioral efficiency (Fig. 2.4f). In contrast, on day 

21 of our optogenetic intervention, iSPN-specific D2R KO mice showed much fewer extra 

presses and performed the task with a more stereotyped lever pressing pattern (Fig. 2.4e). 

Correspondingly, the performance efficiency of KO mice receiving optogenetic intervention 

steadily increased across the three weeks of stimulation until animals were performing as well as 

control mice after four weeks of training (Fig. 2.4a, f).  iSPN-specific D2R KO mice were not 

impaired in learning the proper initiation and termination of the sequence; consequently, 

optogenetic intervention did not dramatically alter the percentage of sequences beginning with a 

left or ending with a right press (Fig. 2.4g). Instead, our optogenetic intervention slightly reduced 

the number of L-R switches per sequence (Fig. 2.4h) as well as the total lengths of the left and 

right subsequences and overall sequence (Fig. 2.4i, j). These results indicate that our optogenetic 

intervention stopped mice from persevering on the left and right levers by triggering a switch to 

the next learned subsequence. 
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On the final day of our optogenetic intervention, iSPN-specific D2R KO mice were 

significantly more likely to perform the LLRR sequence compared to one day prior to 

stimulation (Fig. S2.4). Therefore, our optogenetic intervention not only generally improved 

behavioral efficiency but specifically improved performance of the LLRR action sequence. We 

wondered whether this optogenetically-induced improvement in performance was sufficient to 

also produce long-lasting changes in sequence behavior. Alternatively, if D2 receptor-dependent 

plasticity at corticostriatal synapses is required for learning features of the sequence, our 

optogenetic intervention may not be sufficient to induce long-term behavioral changes in the 

absence of D2 receptors. To address these two possibilities, we examined the sequence 

performance of iSPN-specific D2R KO mice for one week following our optogenetic 

intervention (Post-stim; Fig. 2.4c, f). In the absence of iSPN activation, the behavioral efficiency 

of iSPN-specific D2R KO mice significantly declined and returned to a level comparable to pre-

stimulation (Pre-stim 1; Fig. 2.4f). Continued training without optogenetic intervention did not 

further improve animals’ efficiency (Pres-stim 7; Fig. 2.4f), indicating that D2 receptors 

expressed on iSPNs are required for learning particular features of a heterogeneous action 

sequence. 

 

Deletion of SPN-expressing D1 and D2 receptors completely prevent sequence learning 

Deletion of D1 or D2 receptors specifically within SPNs prevents mice from learning 

distinct features of our heterogeneous action sequence. Specifically, the loss of D1 receptors 

impairs the learning of sequence initiation while leaving intact the ability to properly concatenate 

the left and right subsequence; in contrast, the genetic deletion of D2 receptors expressed on 

SPNs did not affect the proper initiation or termination of the sequence but rather the appropriate 
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termination of the left and right subsequences as well as the transition between them. We 

wondered if, in the absence of both D1 and D2 receptors, mice could learn any feature of the 

action sequence. To explore this question further we generated striatal-specific double KOs in 

which both D1 and D2 receptors are lacking from SPNs (SPN-specific D1-D2R KO mice; RGS-

D1-D2 KO; see methods).   

 SPN-specific D1-D2R KO mice were runted and had more difficulty feeding and 

drinking compared to littermate controls. Still, SPN-specific D1-DR2 KO mice could reach 

adulthood (>8 weeks) and were able to learn to lever press for reward. Hence, SPN-specific D1-

D2R KO mice were trained in the LLRR sequence task for four weeks. After 28 days of training, 

double KO mice lacked any evidence of a stereotyped action sequence (Fig. 2.5a). Instead, SPN-

specific D1-D2R KO mice performed significantly worse than either SPN-specific D1R or D2R 

KO mice (Fig. 2.5b). Indeed, double KO mice even performed worse than the striatal-specific 

VGAT KO mice (Fig. S2.5), suggesting that the combined action of D1 and D2 receptors on 

SPN activity is just as critical for sequence learning as striatal GABA release. Further 

examination of the lever pressing behavior of double KO mice revealed that these mice were 

unable to properly initiate or terminate the sequence (Fig. 2.5c) and tended to perform 

“sequences” comprised entirely of right presses as indicated by the reduced number of L-R 

switches per sequence across learning (Fig. 2.5d). Consequently, SPN-specific D1-D2R KO 

mice performed much longer bouts of right lever pressing than controls (Fig. 2.5e) and also 

performed longer total sequences across training (Fig. 2.5f). Together, these results indicate that 

mice lacking D1 and D2 receptors from SPNs are severely compromised in learning a 

heterogeneous action sequence. These mice consistently display a right lever bias, suggesting 

that SPN expression of D1 and D2 receptors is not required for identifying the higher value 
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action (based on proximity to reward; (Geddes et al., 2018)). However, these mice are incapable 

of learning any other feature of our action sequence, such as the temporal order of left and right 

presses, the length of the left and right subsequences as well as the overall sequence, and the 

transition between subsequences. These findings underscore the fundamental importance of D1 

and D2 receptor-dependent corticostriatal plasticity for action sequence learning. 

  

Dopamine plasticity is not necessary for sequence learning 

The actions of dopamine within striatum are shown to support reinforcement learning and 

habit formation (Reynolds et al., 2001) and dopamine neurons also undergo different forms of 

plasticity necessary for learning (Engblom et al., 2008; Howard et al., 2017; Wang et al., 2011; 

Zweifel et al., 2008). Indeed, dopamine neurons develop sequence-related start/stop activity with 

training (Jin and Costa, 2010), suggesting that modulating dopamine neuron activity across 

learning may be important for acquiring a new behavioral repertoire. Furthermore, dopamine 

regulates striatal plasticity through its action on D1 and D2 receptors (Shen et al., 2008). Given 

the importance of striatal dopamine receptors to sequence learning, we investigated the role of 

dopaminergic plasticity in the development of our heterogeneous action sequence.  

NMDA receptors expressed on dopamine neurons regulate the synaptic plasticity 

occurring at glutamatergic afferents (Bonci and Malenka, 1999; Engblom et al., 2008; Overton et 

al., 1999; Ungless et al., 2001; Zweifel et al., 2008) as well as the phasic firing of dopamine 

neurons (Overton and Clark, 1992; Wang et al., 2011). To examine the roles of NMDAR-

dependent dopamine plasticity and dopamine burst firing to sequence learning, we generated 

mice that lacked NMDA receptors specifically in dopamine neurons by genetically deleting the 

obligatory NR1 subunit from DAT-cre expressing mice (DAT-NR1 KO; see methods; (Howard 
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et al., 2017)). DAT-NR1 KO mice showed no significant impairment in learning our action 

sequence task (Fig. 2.6a) and were able to learn how to properly initiate and terminate the 

sequence (Fig 2.6b) as well as develop about one L-R switch per sequence (Fig. 2.6c). 

Furthermore, DAT-NR1 KO mice were able to refine the left and right subsequences as well as 

the overall sequence to the appropriate length (Fig. 2.6d, e). Together, these results indicate that 

DAT-NR1 KO mice show no obvious impairment in learning a heterogeneous action sequence. 

Dopamine neurons also express the metabotropic glutamate receptor 5 (mGluR5), which 

is thought to potentiate the effects of NMDA receptor activation (Homayoun et al., 2004). 

Furthermore, global mGluR5 KO mice show mild deficits in learning the Morris water maze task 

as well as significant deficits in a reversal task (Xu et al., 2009); however, their role in sequence 

learning, particularly when expressed on dopamine neurons, has yet to be explored. We 

generated mice that specifically lack mGluR5 in dopamine neurons and trained them in the 

LLRR sequence task (DAT-mGluR5 KO; see methods). Similar to DAT-NR1 KO mice, DAT-

mGluR5 KO mice showed no impairment in behavioral efficiency (Fig. 2.6f) and learned how to 

properly initiate and terminate the sequence (Fig. 2.6g) as well as transition between the left and 

right subsequences (Fig. 2.6h). Finally, DAT-mGluR5 KO mice developed the same 

subsequence and overall sequence lengths as littermate controls (Fig. 2.6i, j). These results 

suggest that mGluR5s expressed on dopamine neurons contribute little to the learning of a 

heterogeneous action sequence. 

Finally, D2 receptors expressed on dopamine neurons play a key role in shaping 

dopamine transmission through the regulation of release and re-uptake (Ford, 2014; Mercuri et 

al., 1997; Tang et al., 1994), and deletion of dopamine D2 autoreceptors leads to elevated 

dopamine synthesis and release (Bello et al., 2011). Given the necessity of striatal D1 and D2 
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receptors for sequence learning (Fig. 2.2-2.5), we hypothesized that altering striatal dopamine 

dynamics would consequently impact the development of a heterogeneous action sequence. To 

test this hypothesis, we generated mice that lacked D2 receptors specifically on dopamine 

neurons (DAT-D2 KO; see methods). Surprisingly, DAT-D2 KO mice showed no reduction in 

behavioral efficiency across training compared to littermate controls (Fig. 2.6k). Furthermore, 

DAT-D2 KO mice correctly identified the left and right lever presses as the start and stop 

elements of the sequence, respectively (Fig. 2.6l). KO mice did show a significant reduction in 

the number of L-R switches per sequence (Fig. 2.6m) and a slight tendency to persevere on both 

the left and right levers (Fig. 2.6n); however, this modest increase in subsequence length did not 

alter the overall sequence length (Fig. 2.6o).        

Together, these results indicate that modulating dopamine neuron activity during training 

does not play a critical role in learning and instead suggests that the actions of D1 and D2 

receptors in striatum are not particularly sensitive to changes in dopamine dynamics across 

training.  

 

Modulation of striatal acetylcholine does not affect sequence learning 

Cholinergic interneurons comprise about 1-2% of all striatal cells and provide the main 

source of striatal acetylcholine (Bolam et al., 1984; Contant et al., 1996). Though representing a 

small population of striatal cells, the large dendritic and axonal fields of cholinergic 

interneurons, coupled with their strong innervation of SPNs, make them a powerful modulator of 

striatal synaptic transmission, primarily through M1 muscarinic receptors located on SPNs 

(Bernard et al., 1992; Hersch et al., 1994; Yan et al., 2001) Hence, modulation of cholinergic 

interneuron activity may play an important role in action learning. We demonstrated that D2 
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receptors expressed on iSPNs are critical for learning particular features of our heterogeneous 

action sequence (Fig. 2.3). D2 receptors are also expressed on striatal cholinergic interneurons 

(Alcantara et al., 2003; Le Moine et al., 1990) and, upon activation, reduce acetylcholine release 

(DeBoer et al., 1996; Maurice et al., 2004), thus affecting M1-dependent corticostriatal plasticity. 

Indeed, evidence suggests that dopaminergic control of LTD at corticostriatal synapses may 

actually be mediated indirectly through cholinergic interneurons rather than through direct action 

on SPN dopamine receptors (Wang et al., 2006).To investigate the role of D2 receptors 

expressed by cholinergic interneurons across sequence learning, we developed mice that 

genetically lack the D2 receptor in cholinergic interneurons (ChAT-D2 KO; see methods). 

Surprisingly, ChAT-D2 KO mice showed no impairment in behavioral efficiency, the ability to 

correctly identify the start and stop elements of the LLRR sequence, or the appropriate number 

of L-R switches per sequence (Fig. 2.7a-c). These mice also developed left and right 

subsequences and overall sequences that were similar in length to littermate controls (Fig. 

2.7d,e). These results suggest that D2 receptors expressed on cholinergic interneurons are not 

necessary for the general learning of action sequences. 

Since only striatal cholinergic interneurons primarily express D2 receptors (Guzman et 

al., 2011), we utilized a D2-cre mouse line to generate mice lacking choline acetyltransferase 

specifically in striatal cholinergic interneurons (D2-ChAT KO; see methods). These mice 

allowed us to determine the more general role of striatal acetylcholine for the development of 

action repertoires. Similar to ChAT-D2 KO mice, D2-ChAT KO mice showed no impairment in 

any of our metrics of sequence learning (Fig. 2.7f-j). Together, these results suggest that the 

action of acetylcholine during training is not a key mediator of sequence learning.  
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Modulation of other receptor types expressed on SPNs does not alter sequence learning 

 SPNs also express other types of glutamatergic and neuromodulatory receptors. For 

instance, both direct and indirect pathway SPNs express mGluR5s (Tallaksen-Greene et al., 

1998; Testa et al., 1994), which are thought to potentiate NMDA receptor activity (Jin et al., 

2015) and mediate LTD in direct pathway SPNs (Shen et al., 2008). AMPA receptors are also 

highly expressed in SPNs and most frequently contain the GluR2 subunit, which, in its edited 

form, render these receptors calcium-impermeable (Burnashev et al., 1992; Hollmann et al., 

1991; Stefani et al., 1998). Finally, adenosine A2A receptors are highly abundant in striatum and 

are predominantly expressed on iSPNs (Schiffmann et al., 1991a; Schiffmann et al., 1991b) 

where they are thought to form heteromeric complexes with D2 receptors (Canals et al., 2003; 

Hillion et al., 2002). Furthermore, activation of A2A receptors is shown to enhance GABA 

release (Shindou et al., 2001; Shindou et al., 2002; Shindou et al., 2003) and is thought to 

mediate LTP in iSPNs (Shen et al., 2008). To investigate the behavioral necessity of mGluR5s, 

the GluR2 AMPA receptor subunit, and A2A receptors expressed in striatum, we generated mice 

specifically lacking these receptors in SPNs (RGS-mGluR5; RGS-GluR2; RGS-A2a; see 

methods). Interestingly, none of these KO mice showed any impairment in learning the LLRR 

sequence (Fig. S2.6), suggesting that these receptor types are not necessary for sequence 

learning. 

 

Discussion 

 Here we utilized a heterogeneous action sequence paradigm to systematically investigate 

mechanisms of striatal plasticity underlying behavioral learning. Recent work demonstrates that 

NMDA receptor-dependent plasticity at corticostriatal synapses is fundamental for sequence 
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learning (Geddes et al., 2018; Jin and Costa, 2010; Jin et al., 2014). Here we demonstrate for the 

first time the equally important role of SPN GABA release for development and consolidation of 

an action repertoire. Importantly, mice lacking the vesicular GABA transporter in SPNs can still 

learn to lever press for reinforcement, ruling out a more general deficit in motor performance, 

and develop a preference for the right action, indicating some learning regarding the relative 

value between the left and right actions. Instead, the loss of SPN GABA release specifically 

impairs the appropriate sequencing and concatenation of the left and right actions.  

 These data suggest that shaping SPN activity, whether at corticostriatal synapses or 

through the properties of GABA terminal release, are the drivers of sequence learning. 

Dopamine D1 and D2 receptors expressed on dSPNs and iSPNs, respectively, provide another 

potential mechanism by which SPN activity is modulated throughout learning. Indeed, following 

sequence learning, dSPNs and iSPNs are shown to uniquely encode distinct features of action 

sequences, such as sequence initiation and termination, the execution of individual actions within 

the sequence, and the switch between different actions (Cui et al., 2013; Geddes et al., 2018; Jin 

et al., 2014; Markowitz et al., 2018). Furthermore, recent work demonstrated that closed loop 

optogenetic manipulation of either dSPNs or iSPNs was sufficient to produce sustained changes 

in movement features and this learning was dopamine-dependent (Yttri and Dudman, 2016). 

Here we causally test how striatal D1 and D2 receptors influence the development of action 

sequences and reveal that dopamine receptors selectively expressed on SPNs mediate the 

learning of distinct sequence features. In particular, D1 receptors facilitate learning how to 

properly initiate the sequence whereas D2 receptors mediate learning when to transition between 

different actions (i.e. left to right), corroborating the functions of dSPNs and iSPNs during 

sequence execution (Geddes et al., 2018; Jin et al., 2014). 
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 If striatal dopamine receptors are critical for sequence learning, one might naturally 

expect that the shaping of dopamine dynamics during training would also be critical for the 

consolidation of a heterogeneous action sequence. NMDA receptors on dopamine neurons 

regulate their burst firing and synaptic plasticity (Bonci and Malenka, 1999; Engblom et al., 

2008; Overton and Clark, 1992; Overton et al., 1999; Ungless et al., 2001; Wang et al., 2011; 

Zweifel et al., 2008). In addition, dopaminergic D2 autoreceptors control dopamine release and 

re-uptake (Ford, 2014; Mercuri et al., 1997; Tang et al., 1994). Interestingly, deleting either of 

these receptors from dopamine neurons had no effect on animals’ ability to develop a 

heterogeneous action sequence. These results suggest that changes in SPN activity resulting from 

D1 or D2 receptor activation is relatively insensitive to large changes in striatal dopamine 

concentration. Using an action selection paradigm in which mice must learn to switch between 

two actions based on an interval of time, dopamine neurons developed dynamics reflecting 

animals’ action selection; furthermore, deletion of dopamine NMDA receptors prevented this 

profile from developing, which correlated with poorer task performance (Howard et al., 2017).  

In contrast, we demonstrate that in the context of sequencing actions, where the timing of actions 

is less important, temporally precise dopamine release may play less of a role. Future research 

should be aimed at parsing out the specific features of behavior that rely on temporally precise 

dopamine dynamics. 

 The striatal cholinergic system, though comprising a small population of cells, exerts 

powerful control over SPNs via M1 muscarinic receptors (Bernard et al., 1992; Hersch et al., 

1994; Yan et al., 2001) and is also thought to be influenced by dopamine via D2 receptors 

(Alcantara et al., 2003; Le Moine et al., 1990). We demonstrate that genetically deleting D2 

receptors from striatal cholinergic interneurons or reducing striatal acetylcholine synthesis does 
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not alter sequence learning. The activity of striatal cholinergic interneurons is thought to support 

behavioral flexibility (Ragozzino et al., 2009), reversal learning (Ragozzino, 2003; Ragozzino 

and Choi, 2004), and attentional set-shifting (Aoki et al., 2015). Furthermore, in response to a 

cue predicting a positive or negative outcome, cholinergic interneurons display a characteristic 

pause followed by rebound firing (Ding et al., 2010; English et al., 2012; Kimura et al., 1984; 

Schulz and Reynolds, 2013). Our results suggest, however, that in the context of sequence 

learning, the role of cholinergic interneurons may be less fundamental.   

 The data presented here provide the most comprehensive investigation into how striatal 

plasticity mediates sequence learning. This work is advantageous because 1) we utilize the same 

behavioral paradigm across all genetic KO mice and 2) we consistently use the same mouse cre 

lines to target specific neuronal populations. (e.g. RGS-cre to target SPNs; DAT-cre to target 

dopamine neurons). In this way, we are able to directly compare behavioral phenotypes across a 

number of genetic KO mice. This strategy overcomes the difficulty of developing broader 

interpretations about the functions of these receptor types when comparing across research 

studies that often use different mouse lines or experimental designs. Furthermore, the LLRR 

sequence behavioral paradigm provides a robust and highly quantitative platform for 

investigating many features of action behavior that have been more traditionally examined using 

a larger battery of behavioral paradigms. For instance, the LLRR sequence task provides useful 

metrics regarding more general features of movement, motivational state, action performance, 

and the valuation of actions.  

The work presented here is focused on the behavioral effects of genetically altering key 

receptors or neurotransmitter systems that comprise striatal circuitry. We have not yet evaluated 

how striatal function more generally or striatal plasticity more specifically is impacted following 
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these genetic manipulations. To date, most experiments examining the physiological and 

behavioral function of a particular receptor have utilized global knockouts; however, given the 

ubiquity of many receptor types throughout the brain, these knockouts provide less insight into 

how a receptor type functions within a particular circuitry. With the development of the cre-loxP 

system, cre lines can now be used to target genetic manipulations to a specific cell population. 

Still, much work has yet to be done in generating and characterizing cell type-specific mouse 

lines and only a handful of studies currently exist that similarly use some of the mouse lines 

utilized here. To date, the iSPN-D2 receptor knockout mice have been most thoroughly 

characterized (Dobbs et al., 2018; Dobbs et al., 2016; Lemos et al., 2016). These studies 

demonstrate that iSPN-D2 receptor knockout mice have impairments in locomotor activity, 

increases in GABAergic transmission, but intact dopamine systems (Lemos et al., 2016). 

Researchers have also found that D2 receptors on iSPNs suppress the lateral inhibition iSPNs 

exert on dSPNs, providing a mechanism of disinhibition (Dobbs et al., 2016). Furthermore, 

removing D2 receptors from iSPNs subsequently increases the sensitivity of D1 receptors 

expressed by dSPNs (Dobbs et al., 2018), suggesting that genetically altering one cell type may 

lead to compensatory changes in other cell types within the circuitry. None of these studies have 

yet to investigate how LTP and LTD is altered following iSPN-specific deletion of D2 receptors. 

Future work will be aimed at characterizing how mechanisms of striatal plasticity are impacted 

following genetic deletion of D1 or D2 receptors and if these changes in striatal plasticity 

underlie the behavioral impairments we observe.   

 Several studies have also investigated how genetic alteration of dopamine neurons 

impacts physiology. Deletion of NMDA receptors from dopamine neurons increased AMPA 

receptor-mediated transmission (Zweifel et al., 2008) and blocked the increases in synaptic 
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transmission normally occurring following cocaine treatment (Engblom et al., 2008). In addition, 

dopamine neurons in DAT-NR1 knockout mice show reduced phasic firing and a less robust  

cue-reward response (Wang et al., 2011). These physiological changes in dopamine activity led 

to deficits in habit learning but not goal-directed learning (Wang et al., 2011), consistent with our 

observation that NMDA receptors on dopamine neurons do not play a critical role in sequence 

learning. Other studies have examined changes in dopamine function following specific deletion 

of D2 autoreceptors from dopamine neurons (Bello et al., 2011). These mice showed elevated 

dopamine synthesis and release, consistent with the role of these receptors as regulators of 

dopamine transmission (Ford, 2014; Mercuri et al., 1997; Tang et al., 1994). Our behavioral 

results suggest that altering dopamine transmission via deletion of NMDA or D2 receptors has 

little effect on sequence learning. Future work will need to investigate how sensitive D1R- or 

D2R-dependent plasticity is to large fluctuations in dopamine concentration in vivo. 

 Despite the current study’s limitations, this work nevertheless provides important insights 

into the molecular mechanisms underlying sequence learning and emphasizes the importance of 

the direct and indirect pathways in shaping new behavioral repertoires. These findings also have 

important implications for movement disorders like Parkinson’s and Huntington’s disease in 

which the ability to learn new sequences of movement is impaired.  

 

Chapter 2 is material currently being prepared for submission for publication. Geddes, 

C.E., Yan, X., & Jin, X. Mechanisms of striatal plasticity underlying sequence learning. The 

dissertation author is the primary investigator and author of this paper. 
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Figure 2.1. SPN GABA release is necessary for sequence learning.  

(a) Operant chamber schematic for LLRR sequence task. 
(b) Fluorescent in situ hybridization (ISH) for VGAT (Slc32a1) in control and RGS-VGAT KO 
mice shows loss of striatal VGAT mRNA expression in RGS-VGAT KO mice. Far right panels 
show merge plus DAPI 
(c) Example of control mouse behavior on day 28 of training. Top panel: left and right lever 
presses indicated by blue and red dashes, respectively, and aligned to magazine entry at time 
zero. Bottom panel: averaged left- and right-lever press rate indicated by blue and red lines, 
respectively. 
(d) The action sequence developed across 28 days of training in a control mouse. 
(e) Same as (c) except an example of RGS-VGAT KO mouse behavior on day 28 of training. 
(f) The action sequence developed across 28 days of training in a RGS-VGAT KO mouse. 
(g) Behavioral efficiency for control (n = 13) and RGS-VGAT KO mice (n = 6) across training 
(Main effect of genotype F1,17 =  152.5, p < 0.0001; RGS-VGAT KO mice across learning, one-
way repeated measures ANOVA followed by Tukey’s post-hoc comparisons, no effect of 
training F5,20 = 2.55, p = 0.0711, Day 1 vs Day 28, p = 0.4169). 
(h) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and RGS-VGAT KO mice across training (Start: main effect of genotype F1,17 = 
6.764, p = 0.0186; Stop: main effect of genotype F1,17 = 14.25, p = 0.0015). 
(i) Averaged number of L-R switches per sequence for control (Day 28: 1.053 ± 0.055 vs 1; One-
sample t-test, t12 = 0.9728, p = 0.3498) and RGS-VGAT KO mice across training (No main 
effect of genotype F1,17 = 2.241, p = 0.1527). 
(j) Averaged number of consecutive left and right presses for control and RGS-VGAT KO mice 
across training (Left: no main effect of genotype F1,17 = 2.307, p = 0.1471; Right: main effect of 
genotype F1,17 = 12.6, p = 0.0025). 
(k) Averaged sequence length for control and RGS-VGAT KO mice across training (Main effect 
of genotype F1,17 = 19.42, p = 0.0004).  
Data were analyzed using repeated-measures two-way ANOVA unless otherwise noted. Error 
bars denote S.E.M., same for below unless stated otherwise. 
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Figure 2.2. Striatal D1 receptors are required for learning sequence initiation. 
 
(a) Double fluorescent ISH for Drd1a and Drd2 in control and RGS-D1 KO mice shows specific 
loss of striatal Drd1a, but not Drd2, expression in RGS-D1 KO mice. Far right panels show 
merge plus DAPI.  
(b) Example of RGS-D1 KO mouse behavior on day 28 of training. Top panel: left and right 
lever presses indicated by blue and red dashes, respectively, and aligned to magazine entry at 
time zero. Bottom panel: averaged left- and right-lever press rate indicated by blue and red lines, 
respectively.  
(c) The action sequence developed across 28 days of training in a RGS-D1 KO mouse.  
(d) Behavioral efficiency for control (n = 11) and RGS-D1 KO mice (n = 7; one-way repeated-
measures ANOVA with Tukey’s post-hoc comparisons; effect of training F4,24 = 6.652, p = 
0.0009; Day 1 vs Day 28, p = 0.002) across training (Main effect of genotype F1,16 = 37.65, p < 
0.0001).  
(e) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and RGS-D1 KO mice across training (Start: main effect of genotype F1,16 = 8.222, p 
= 0.0112; Stop: no main effect of genotype F1,16 = 1.701, p = 0.2106) (RGS-D1 KO Start: one-
way repeated-measures ANOVA F4,24 = 2.506, p = 0.0688; Stop: one-way repeated-measures 
ANOVA F4,24 = 3.82, p < 0.0001).   
(f) Averaged number of L-R switches per sequence for control and RGS-D1 KO mice across 
training (No main effect of genotype F1,16 = 0.2977, p = 0.5929).  
(g) Averaged number of consecutive left and right presses for control and RGS-D1 KO mice 
across training (Left: main effect of genotype F1,16 = 20.08, p = 0.0004; Right: main effect of 
genotype F1,16 = 36.85, p < 0.0001).  
(h) Averaged sequence length for control and RGS-D1 KO mice across training (Main effect of 
genotype F1,16 = 31.76, p < 0.0001).  
Data were analyzed using repeated-measures two-way ANOVA unless otherwise noted.  
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Figure 2.3. Striatal D2 receptors mediate learning when to switch between actions.  
 
(a) Double fluorescent ISH for Drd1a and Drd2 in control and RGS-D2 KO mice shows specific 
loss of striatal Drd2, but not Drd1a, expression in RGS-D2 KO mice. Far right panels show 
merge plus DAPI.  
(b) Example of RGS-D2 KO mouse behavior on day 28 of training. Top panel: left and right 
lever presses indicated by blue and red dashes, respectively, and aligned to magazine entry at 
time zero. Bottom panel: averaged left- and right-lever press rate indicated by blue and red lines, 
respectively.  
(c) The action sequence developed across 28 days of training in a RGS-D2 KO mouse.  
(d) Behavioral efficiency for control (n = 14; one-way repeated measures ANOVA F4,52 = 31.67, 
p < 0.0001) and RGS-D2 KO mice (n = 6; one-way repeated measures ANOVA F4,20 = 9.852, p 
< 0.0001) across training (Main effect of genotype F1,18 = 72.97, p < 0.0001).  
(e) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and RGS-D2 KO mice across training (Start: no main effect of genotype F1,18 = 
2.411, p = 0.1379; Stop: no main effect of genotype F1,18 = 0.5494, p = 0.4681).  
(f) Averaged number of L-R switches per sequence for control and RGS-D2 KO mice across 
training (No main effect of genotype F1,18 = 0.2305, p = 0.6369).  
(g) Averaged number of consecutive left and right presses for control and RGS-D2 KO mice 
across training (Left: main effect of genotype F1,18 = 20.79, p = 0.0002; Right: main effect of 
genotype F1,18 = 33.8, p < 0.0001).  
(h) Averaged sequence length for control and RGS-D2 KO mice across training (Main effect of 
genotype F1,18 = 22.9, p < 0.0001).  
Data were analyzed using repeated-measures two-way ANOVA unless otherwise noted.   
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Figure 2.4. Optogenetic activation of iSPNs rescues switching deficit in striatal-specific D2 
receptor KO mice. 
 
(a) Behavioral efficiency for control (n = 16), RGS-D2 KO (n = 6), and A2a-D2 KO mice (n = 6) 
across training (Repeated measures two-way ANOVA with Tukey post-hoc comparisons, main 
effect of genotype F2,31 = 25.39, p < 0.0001; Control vs A2a-D2 KO, first day of significant 
difference, Day 7, p = 0.0105; RGS-D2 KO vs A2a-D2 KO, no significant difference, Day 1, p = 
0.9365, Day 7, p = 0.9968, Day 14, p = 0.6531, Day 21, p = 0.9987, Day 28, p = 0.9467).  
(b) ChR2 expression in an A2a-D2 KO mouse injected with AAV-DIO-ChR2-mCherry into 
dorsal striatum.  
(c) Timeline for optogenetic rescue experiments in A2a-D2 KO mice. Following initial training 
in the LLRR sequence task, mice were bilaterally injected with AAV-DIO-ChR2-mCherry into 
dorsal striatum followed by bilateral fiber optic implantation. Following recovery, mice began 
re-training in the LLRR sequence task and were habituated to fiber optic tethering. Daily 
stimulation sessions lasted for 21 days, in which every second left or right press triggered a 500 
ms constant pulse of blue light. Mice continued training without stimulation to assess the lasting 
effects of the optogenetic intervention on behavior.     
(d) Example of A2a-D2 KO mouse behavior on the day just prior to beginning stimulation (pre-
stim). Top panel: left and right lever presses indicated by blue and red dashes, respectively, and 
aligned to magazine entry at time zero. Bottom panel: averaged left- and right-lever press rate 
indicated by blue and red lines, respectively.  
(e) Same animal as in (d) except for day 21 of the optogenetic intervention. The animal receives 
a 500 ms constant pulse of blue light after every second left or right press performed during the 
session.  
(f) Behavioral efficiency for A2a-D2 KO mice (n = 6) across the different phases of optogenetic 
intervention (Repeated-measures one-way ANOVA with Tukey post-hoc comparisons, effect of 
manipulation F6,30 = 13.99, p < 0.0001; Pre-stim vs Stim Day 21, p < 0.0001; Stim Day 1 vs Stim 
Day 21, p = 0.0004, Stim Day 21 vs Post-stim Day 1, p < 0.0001, Pre-stim vs Post-Stim Day 1, p 
> 0.9999, Post-stim Day 1 vs Post-stim Day 7, p = 0.7117). Shaded area indicates the period of 
optogenetic intervention. 
(g) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for A2a-D2 KO mice just prior to stimulation (pre-stim) and on day 21 of stimulation (stim) 
(Start: paired t-test t5 = 0.1448, p = 0.8905; Stop: paired t-test t5 = 3.576, p = 0.0159).  
(h) Averaged number of L-R switches per sequence for A2a-D2 KO mice just prior to 
stimulation (pre-stim) and on day 21 of stimulation (stim) (Paired t-test t5 = 3.214, p = 0.0236).  
(i) Averaged number of consecutive left and right presses for A2a-D2 KO mice just prior to 
stimulation (pre-stim) and on day 21 of stimulation (stim) (Left: paired t-test t5 = 0.9269, p = 
0.3965; Right: paired t-test t5 = 3.327, p = 0.0208).  
(j) Averaged sequence length for A2a-D2 KO mice just prior to stimulation (pre-stim) and on 
day 21 of stimulation (stim) (Paired t-test t5 = 3.617, p = 0.0153).  
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Figure 2.5. Deletion of both striatal D1 and D2 receptors prevents sequence learning. 
 
(a) Example of RGS-D1-D2 KO mouse behavior on day 28 of training. Top panel: left and right 
lever presses indicated by blue and red dashes, respectively, and aligned to magazine entry at 
time zero. Bottom panel: averaged left- and right-lever press rates indicated by blue and red 
lines, respectively. 
(b) Behavioral efficiency for control (n = 13), RGS-D1-D2 KO (n = 3), RGS-D1 KO (n = 7), and 
RGS-D2 KO mice (n = 6) across training (Main effect of genotype F3,25 = 35.17, p < 0.0001; 
Control vs RGS-D1-D2 KO, first day of significant difference, Day 1, p < 0.0001; RGS-D1-D2 
KO vs RGS-D1 KO, first day of significant difference, Day 1, p = 0.0098; RGS-D1-D2 KO vs 
RGS-D2 KO, first day of significant difference, Day 1, p = 0.0218).  
(c) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and RGS-D1-D2 KO mice across training (Start: main effect of genotype F1,14 = 
8.816, p = 0.0102; Stop: main effect of genotype F1,14 = 13.64, p = 0.0024).  
(d) Averaged number of L-R switches per sequence for control and RGS-D1-D2 KO mice across 
training (Main effect of genotype F1,14 = 42.94, p < 0.0001).  
(e) Averaged number of consecutive left and right presses for control and RGS-D1-D2 KO mice 
across training (Left: main effect of genotype F1,14 = 29.56, p < 0.0001; Right: main effect of 
genotype F1,14 = 105.6, p < 0.0001).  
(f) Averaged sequence length for control and RGS-D1-D2 KO mice across training (Main effect 
of genotype F1,14 = 61.27, p < 0.0001).  
Data were analyzed using repeated-measures two-way ANOVA followed by Tukey’s post-hoc 
comparisons. 
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Figure 2.6. Modulation of dopamine release does not dramatically alter sequence learning. 
 
(a) Behavioral efficiency for control (n = 12) and DAT-NR1 KO mice (n = 6) across training (No 
main effect of genotype F1,16 =  0.4745, p = 0.4745).  
(b) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and DAT-NR1 KO mice across training (Start: no main effect of genotype F1,16 = 
0.3805, p = 0.546; Stop: no main effect of genotype F1,16 = 0.7987, p = 0.3847).  
(c) Averaged number of L-R switches per sequence for control and DAT-NR1 KO mice across 
training (No main effect of genotype F1,16 = 1.178, p = 0.2938).  
(d) Averaged number of consecutive left and right presses for control and DAT-NR1 KO mice 
across training (Left: no main effect of genotype F1,16 = 0.0274, p = 0.8706; Right: no main 
effect of genotype F1,16 = 1.61, p = 0.2227).  
(e) Averaged sequence length for control and DAT-NR1 KO mice across training (No main 
effect of genotype F1,16 = 0.4719, p = 0.502).   
(f) Behavioral efficiency for control (n = 8) and DAT-mGluR5 KO mice (n = 6) across training 
(No main effect of genotype F1,12 = 0.4031, p = 0.5374).  
(g) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and DAT-mGluR5 KO mice across training (Start: no main effect of genotype F1,12 = 
0.026, p = 0.8747; Stop: no main effect of genotype F1,12 = 0.035, p = 0.8548).  
(h) Averaged number of L-R switches per sequence for control and DAT-mGluR5 KO mice 
across training (No main effect of genotype F1,12 = 0.2926, p = 0.5984).  
(i) Averaged number of consecutive left and right presses for control and DAT-mGluR5 KO 
mice across training (Left: no main effect of genotype F1,12 = 1.438, p = 0.2536; Right: no main 
effect of genotype F1,12 = 0.3759, p = 0.5512).  
(j) Averaged sequence length for control and DAT-mGluR5 KO mice across training (No main 
effect of genotype F1,12 = 0.3627, p = 0.5582).  
(k) Behavioral efficiency for control (n = 13) and DAT-D2 KO mice (n = 5) across training (No 
main effect of genotype F1,16 = 0.1348, p = 0.7183).  
(l) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and DAT-D2 KO mice across training (Start: no main effect of genotype F1,16 = 
0.4098, p = 0.5312; Stop: no main effect of genotype F1,16 = 0.6204, p = 0.4424).  
(m) Averaged number of L-R switches per sequence for control and DAT-D2 KO mice across 
training (Main effect of training F1,16 = 5.061, p = 0.0389).  
(n) Averaged number of consecutive left and right presses for control and DAT-D2 KO mice 
across training (Left: main effect of genotype F1,16 = 5.628, p = 0.0306; Right: main effect of 
genotype F1,16 = 4.912, p = 0.0415).  
(o) Averaged sequence length for control and DAT-D2 KO mice across training (No main effect 
of training F1,16 = 0.0487, p = 0.8281).   
Data were analyzed using repeated-measures two-way ANOVA.  
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Figure 2.7. D2 receptors expressed on striatal cholinergic interneurons or striatal 
acetylcholine release are not required for sequence learning. 
 
(a) Behavioral efficiency for control (n = 14) and ChAT-D2 KO mice (n = 7) across training (No 
main effect of training F1,19 = 0.0023, p = 0.9621).  
(b) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and ChAT-D2 KO mice across training (Start: no main effect of genotype F1,19 = 
0.0172, p = 0.8972; Stop: no main effect of genotype F1,19 = 0.3077, p = 0.5856).  
(c) Averaged number of L-R switches per sequence for control and ChAT-D2 KO mice across 
training (No main effect of genotype F1,19 = 0.202, p = 0.6582).  
(d) Averaged number of consecutive left and right presses for control and ChAT-D2 KO mice 
across training (Left: no main effect of genotype F1,19 = 2.154, p = 0.1585; Right: no main effect 
of genotype F1,19 = 0.0129, p = 0.9107).  
(e) Averaged sequence length for control and ChAT-D2 KO mice across training (No main effect 
of genotype F1,19 = 0.6867, p = 0.4176).  
(f) Behavioral efficiency for control (n = 11) and D2-ChAT KO mice (n = 7) across training (No 
main effect of genotype F1,16 = 0.1527, p = 0.7011).  
(g) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and D2-ChAT KO mice across training (Start: no main effect of genotype F1,16 = 
0.7869, p = 0.3882; Stop: no main effect of genotype F1,16 = 1.719, p = 0.2083).  
(h) Averaged number of L-R switches per sequence for control and D2-ChAT KO mice across 
training (No main effect of training F1,16 = 0.0997, p = 0.7562).  
(i) Averaged number of consecutive left and right presses for control and D2-ChAT KO mice 
across training (Left: no main effect of genotype F1,16 = 0.0446, p = 0.8354; Right: no main 
effect of genotype F1,16 = 0.8652, p = 0.3661).  
(j) Averaged sequence length for control and D2-ChAT KO mice across training (No main effect 
of training F1,16 = 0.0758, p = 0.7866).  
Data were analyzed using repeated-measures two-way ANOVA.  
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Figure S2.1. Striatal-specific VGAT KO mice spend significantly more time switching 
between actions than littermate controls. The averaged left-right inter-press interval (s) for 
control (one-way repeated-measures ANOVA; effect of training F4,48 = 57.28, p < 0.0001) and 
RGS-VGAT KO mice (one-way repeated-measures ANOVA; no effect of training F4,20 = 0.575, 
p = 0.684) across 28 days of training (Two-way repeated-measures ANOVA; main effect of 
genotype F1,17 = 8.026, p = 0.0115). 
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Figure S2.2. SPN-specific D1R KO mice reduce time spent switching between actions. The 
averaged left-right inter-press interval (s) for control (one-way repeated-measures ANOVA; 
effect of training F4,40 = 80.58, p < 0.0001) and RGS-D1R KO mice (one-way repeated-measures 
ANOVA; effect of training F4,24 = 12.39, p < 0.0001) across 28 days of training (Two-way 
repeated-measures ANOVA; main effect of genotype F1,16 = 10.6, p = 0.005). 
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Figure S2.3. SPN-specific D2R KO mice spend significantly more time switching between 
actions than littermate controls. The averaged left-right inter-press interval (s) for control 
(one-way repeated-measures ANOVA; effect of training F4,52 = 86.8, p < 0.0001) and RGS-D2R 
KO mice (one-way repeated-measures ANOVA; effect of training F4,20 = 3.645, p = 0.0218) 
across 28 days of training (Two-way repeated-measures ANOVA; main effect of genotype F1,18 
= 61.7, p < 0.0001). 
 

 

 

 

 



 125 

                                                   

Figure S2.4. iSPN-specific D2R KO mice significantly increase the percentage of LLRR 
sequences following iSPN optogenetic activation. The percentage of LLRR sequences 
performed by iSPN-specific D2R KO mice significantly increased on day 21 of optogenetic 
intervention (Stim) compared to one day prior to stimulation (Pre-stim) (paired t-test t5 = 3.64, p 
= 0.0149). 
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Figure S2.5. SPN-specific D1-D2R KO mice are more impaired in learning the LLRR 
sequence compared to striatal-specific VGAT KO mice. The behavioral efficiency (%) for 
SPN-specific D1-D2R KO mice (n = 3) and striatal-specific VGAT KO mice (n = 5) across 28 
days of training (Repeated-measures two-way ANOVA, main effect of genotype F1,7 = 6.844, p 
= 0.0346). 
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Figure S2.6. Deletion of other receptors expressed on SPNs does not affect sequence 
learning.  
 
(a) Behavioral efficiency for control (n = 8) and RGS-A2a KO mice (n = 6) across training (No 
main effect of genotype F1,12 = 0.1498, p = 0.7055).  
(b) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and RGS-A2a KO mice across training (Start: no main effect of genotype F1,12 = 
1.296, p = 0.2771; Stop: main effect of genotype F1,12 = 9.456, p = 0.0096).  
(c) Averaged number of L-R switches per sequence for control and RGS-A2a KO mice across 
training (No main effect of genotype F1,12 = 2.931, p = 0.1126).  
(d) Averaged number of consecutive left and right presses for control and RGS-A2a KO mice 
across training (Left: main effect of genotype F1,12 = 0.0736, p = 0.7907; Right: no main effect of 
genotype F1,12 = 0.8725, p = 0.3687).  
(e) Averaged sequence length for control and RGS-A2a KO mice across training (No main effect 
of genotype F1,12 = 1.546, p = 0.2375).  
(f) Behavioral efficiency for control (n = 8) and RGS-mGluR5 KO mice (n = 6) across training 
(No main effect of genotype F1,12 = 0.0307, p = 0.8638).  
(g) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and RGS-mGluR5 KO mice across training (Start: no main effect of genotype F1,12 = 
2.866, p = 0.1162; Stop: no main effect of genotype F1,12 = 1.421, p = 0.2563).  
(h) Averaged number of L-R switches per sequence for control and RGS-mGluR5 KO mice 
across training (No main effect of genotype F1,12 = 0.4243, p = 0.5271).  
(i) Averaged number of consecutive left and right presses for control and RGS-mGluR5 KO 
mice across training (Left: no main effect of genotype F1,12 = 0.0241, p = 0.8793; Right: no main 
effect of genotype F1,12 = 2.376, p = 0.1491).  
(j) Averaged sequence length for control and RGS-mGluR5 KO mice across training (No main 
effect of genotype F1,12 = 0.5481, p = 0.4733).  
(k) Behavioral efficiency for control (n = 10) and RGS-GluR2 KO mice (n = 7) across training 
(No main effect of genotype F1,15 = 0.1747, p = 0.6819).  
(l) Percentage of sequences beginning with a left (‘Start’) or ending with a right (‘Stop’) press 
for control and RGS-GluR2 KO mice across training (Start: no main effect of genotype F1,15 = 
4.504, p = 0.0509; Stop: no main effect of genotype F1,15 = 0.1506, p = 0.7034).  
(m) Averaged number of L-R switches per sequence for control and RGS-GluR2 KO mice across 
training (No main effect of training F1,15 = 0.0125, p = 0.9123).  
(n) Averaged number of consecutive left and right presses for control and RGS-GluR2 KO mice 
across training (Left: no main effect of genotype F1,15 = 1.982, p = 0.1796; Right: no main effect 
of genotype F1,15 = 0.0999, p = 0.7563).  
(o) Averaged sequence length for control and RGS-GluR2 KO mice across training (No main 
effect of training F1,15 = 0.0782, p = 0.7836).  
Data were analyzed using repeated-measures two-way ANOVA.  
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