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CELL-SPECIFIC SPINOPHILIN FUNCTION UNDERLYING STRIATAL MOTOR 

ADAPTATIONS ASSOCIATED WITH AMPHETAMINE-INDUCED BEHAVIORAL 

SENSITIZATION 

 

Striatal-mediated pathological disease-states such as Obsessive-Compulsive 

Disorder (OCD), Parkinson’s Disease (PD), and psychostimulant drug addiction/abuse 

are coupled with distinct motor movement abnormalities. In addition, these disorders are 

associated with perturbed synaptic transmission. Proper synaptic transmission is critical 

for maintaining neuronal communication. Furthermore, in many striatal-dependent 

disease-states, the principle striatal neurons, medium spiny neurons (MSNs), exhibit 

differential perturbations in downstream signaling. Signal transduction pathways that are 

localized to the glutamatergic post-synaptic density (PSD) of GABAergic MSNs regulate 

protein phosphorylation in a tightly controlled manner. Alterations in the control of this 

phosphorylation in striatal MSNs are observed in myriad striatal pathological disease-

states and can give rise to perturbations in synaptic transmission. While serine/threonine 

kinases obtain substrate specificity, in part, by phosphorylating specific consensus sites, 

serine/threonine phosphatases such as protein phosphatase 1 (PP1) are much more 

promiscuous. To obtain substrate selectivity, PP1 associates with targeting proteins. The 

major targeting protein for PP1 in the PSD of striatal dendritic spines is spinophilin. 

Spinophilin not only binds PP1, but also concurrently interacts with myriad synaptic 

proteins. Interestingly, dopamine depletion, an animal model of PD, modulates 

spinophilin protein-protein interactions in the striatum. However, spinophilin function on 
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basal striatal-mediated motor behaviors such as the rotarod or under hyperdopaminergic 

states such as those observed following psychostimulant-induced behavioral sensitization 

are less well characterized. To elucidate spinophilin function more specifically, we have 

generated multiple transgenic animals that allow for cell type-specific loss of spinophilin 

as well as cell-specific interrogation of spinophilin protein interactions. Here, I report the 

functional role of spinophilin in regulating striatal mediated motor behaviors and 

functional changes associated with amphetamine-induced locomotor sensitization. In 

addition, we define changes in spinophilin protein-protein interactions that may mediate 

these behavioral changes. Furthermore, global loss of spinophilin abrogates 

amphetamine-induced sensitization and plays a critical role in striatal motor learning and 

performance. The data suggest that the striatal spinophilin protein interactome is 

upregulated in MSNs following psychostimulant administration. In addition, loss of 

spinophilin changes protein expression in myriad psychostimulant-mediated striatal 

adaptations. Taken together the data suggests that spinophilin’s protein-protein 

interactions in the striatum are obligate for appropriate striatal mediated motor function.    
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Chapter I: Introduction 

 

1.1 Basal Ganglia and Motor Function 

Movement can be categorized as either voluntary (intentional) or involuntary 

(unintentional). In all movement generation, myriad brain regions work together to 

eventually signal to peripheral muscle networks whose concentric and eccentric 

contractions give rise to coordinated movements. Although the descending motor 

pathway mediates the ultimate motor action outcome, there are networks within the 

central nervous system (CNS) that refine, modify, and influence final motor execution 

(Groenewegen, 2003). Brain regions such as the cerebellum, the cerebral cortex, and the 

basal ganglia form critical neural networks that give rise to proper motor function. The 

ability to interact with and respond to changes in our external environment are built upon 

appropriate voluntary motor actions. 

Voluntary movements are achieved when signals from the motor cortex propagate 

to the brain stem, which in turn project to the spinal cord, eventually transmitting signals 

that cause the muscles to contract. Brain regions such as the cerebellum and the basal 

ganglia work to influence and refine the final motor output signals of intentional 

movements (Bostan & Strick, 2018). Although cerebellum and basal ganglia outputs 

integrate information from many of the same cortical brain regions, up until recently, 

they were considered to be completely separate motor networks (Bostan & Strick, 2018). 

Currently, that the cerebellum and the basal ganglia may indirectly create an integrative 

functional network between the two structures at the subcortical level (Bostan & Strick, 

2018). There is sufficient evidence to suggest that both cerebellar and basal ganglia motor 
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networks work in concert to achieve complex motor movements; however, the basal 

ganglia is extremely important in mediating initiation and fine-tuning of voluntary 

movement planning and motor action. 

Skilled voluntary movements involve the synchronized actions from both sensory 

and motor networks (Dhawale et al., 2021; Schwartz, 2016); for example, when playing a 

fortissimo accented chord on a piano, the ability to press down on a piano key (motor 

function) with a certain amount of force (tactile/proprioception) to achieve a particular 

sound (auditory) which is critical feedback for fine-tuning the motor skill (Figure 1). The 

complex behavior of playing a piano is not only a learned motor action but requires 

repetition and motor fine-tuning along with proper timing to appropriately execute the 

skill (Figure 1). Execution of complex motor actions like playing the piano or even day-

to-day motor actions such as walking to a desired location are precise coordinated signals 

from CNS motor networks that, over time and with practice, become imprinted and 

produce motor memory. The basal ganglia play a crucial role in this imprinting and motor 

memory (Graybiel & Grafton, 2015). 

Throughout child development and into adulthood, complex motor movements 

such as walking, running, swimming, and playing a musical instrument have been refined 

into skilled motor movements. Skilled motor execution requires that brain regions such as 

the basal ganglia maintain proper function. Understanding the anatomical and functional 

connectivity within the basal ganglia aids in the elucidation of, and provides fundamental 

insight into, the etiology of diseases that cause motor action related dysfunction. 
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Figure 1: Basal Ganglia Function Mediates Voluntary Movement. The Basal Ganglia 

is critical for interacting with our environment. Playing an instrument involves the 

integration of both sensory and motor networks, that require fine-tuning and appropriate 

timing of motor sequences and actions.  The Basal Ganglia is known to mediate these 

functions. Created with BioRender.com. 
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1.2 Basal Ganglia Anatomy 

The basal ganglia brain regions are subcortical neuronal networks that work in 

concert with one another to mediate higher order brain function such as executive 

planning (Lai et al., 2018; Lanciego et al., 2012), the fine-tuning of movement (Aldridge 

et al., 2004; DeLong et al., 1984; Hauber, 1998; Klaus et al., 2019), motivation 

(Courtemanche & Cammalleri, 2019; Ikemoto et al., 2015), and reward processing (Doya 

& Kimura, 2014; Hikosaka et al., 2014; Schultz, 2016). The brain regions within the 

basal ganglia of humans and rodents consist of the substantia nigra (SN), striatum 

(rodents) caudate/putamen (humans), subthalamic nucleus (STN), and pallidum (Figure 

2). Each basal ganglia structure is distinguishably different based on either subnuclei, 

afferent/efferent projections, or cytochemical characteristics. To better understand the 

basal ganglia, we will first discuss the anatomical and cytochemical diversity and 

homogeny within this network per brain region. Understanding where the basal ganglia 

structures reside within the brain and each structure’s different neuronal and biochemical 

components conveys the true complexity of the network. 

 

1.2.1 Substantia Nigra 

The SN is a midbrain structure and considered one brain region; however due to 

cytological differences and the fact that there are two distinct areas within the SN that 

send and receive inputs to/from different brain regions, the SN is divided into two 

subregions: the substantia nigra pars compacta (SNc) and the substantia nigra pars 

reticulata (SNr) (Figure 2). The SNc is mainly comprised of densely packed  
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Figure 2: Basal Ganglia Anatomy. Sagittal view of basal ganglia brain regions within 

the rodent brain. Adopted from mouse.brain-map.org sagittal level [10-12], with lateral 

thickness of 1.725mm – 2.15mm (Dong, 2008) . Created with BioRender.com. 
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dopaminergic neurons. L-3,4-dihydroxyphenylalanine (L-DOPA), a precursor to 

dopamine and neuromelanin, is highly concentrated in the SNc. The neuromelanin causes 

the cell-bodies in the SNc to appear darker (Fabbri et al., 2017). The SNr consists mainly 

of tonically active gamma-aminobutyric acid (GABA)-ergic neurons; however, the 

neurons are structurally very similar to neurons that reside in the internal segment of the 

dorsal pallidum. 

 

1.2.2 Subthalamic Nucleus 

The STN is considered part of the ventral thalamus (Figure 2). The STN is 

located adjacent to the cerebral peduncle (Kita et al., 2014). The STN consists mainly of 

glutamatergic neurons and GABAergic interneurons that are immunoreactive for calcium 

binding proteins such as parvalbumin (Emmi et al., 2020). 

 

1.2.3 Globus Pallidum 

The dorsal pallidum, also known as the globus pallidus, consists of an external 

and internal segment, globus pallidus external (GPe) or globus pallidus internal (GPi), 

respectively, and is located caudally adjacent to the striatum (Figure 2). The GPe 

consists mainly of GABAergic cells that are of two distinct types. The arkypallidal 

neurons, which account for nearly ~25% of the neurons within the GPe and express 

preproenkephalin (Abdi et al., 2015), and the prototypic GABAergic interneurons which 

either contain parvalbumin (~30-40%) or are tonically firing interneurons that also 

express transcription factors Lhx-6 and Nkx2-2 (~34%) (Abdi et al., 2015; Gittis et al., 

2014). The GPi consists of GABAergic neurons that sustain high-frequency discharges 
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(Nambu, 2007). Much like the GPe and the SNr, GPi neurons are sparsely spined with 

low dendritic branching (Yelnik et al., 1984). 

 

1.2.4 Striatum 

The striatum is the major input hub into the basal ganglia and the initial output 

hub to other parts of the basal ganglia. The human striatum is comprised of the caudate 

nucleus, putamen, and nucleus accumbens, with the latter commonly referred to as the 

ventral striatum in rodents. One major feature in the human striatum is that the caudate 

and putamen are separated by the white matter brain tracts known as the internal capsule 

(Báez-Mendoza & Schultz, 2013; Chuhma et al., 2017). In rodents there is no 

anatomically discernable difference between the caudate and putamen and these two 

structures are considered the dorsal striatum, although there is some level of division 

within the dorsal striatum based on behavioral function and innervation. Furthermore, the 

ventral striatum consists of the nucleus accumbens and the olfactory tubercle in rodents 

(Chuhma et al., 2017). 

Currently, despite minor anatomical differences, the rodent and human basal 

ganglia’s overall functional output are extremely similar. The principal output neurons 

(~95%) within the striatum are GABAergic medium spiny neurons (MSNs), also 

sometimes referred to as spiny projection neurons. Interestingly, although very small in 

number, the striatum has over ten different classes of GABAergic interneurons which 

make up ~5% of the cells, including neuropeptide Y-expressing, tyrosine hydroxylase-

expressing, and calretinin-expressing interneurons (Tepper & Koós, 2016). However, the 

two major interneuron classes that have been implicated in striatal movement regulation 
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are parvalbumin-expressing and cholinergic interneurons (Gritton et al., 2019). The 

anatomical and cytochemical differences within basal ganglia structures suggest specific 

functional roles that work together to achieve appropriate basal ganglia function. 

Exploring the functional connectivity of the basal ganglia will provide critical insight into 

how the basal ganglia influences appropriate and pathological motor behavior. 

 

1.3 Basal Ganglia Connectivity 

To achieve proper motor function, it is imperative that the intrinsic connectivity 

of the basal ganglia is intact. The basal ganglia consist of glutamatergic, GABAergic and 

dopaminergic projection interconnectivity that allows for precise signaling between the 

brain structures (Figure 3). Multiple regions within the basal ganglia show inversely 

related activity, in that activation of one region can inhibit another, and vice versa 

(Figure 3). We will focus on the cortico-striatal-thalamic (CST) connectivity and 

examine the role that the basal ganglia play in motor function. Within the CST, cortical 

and thalamic excitatory projections integrate in the striatum with dopaminergic inputs 

arising from the SNc (Figure 4) to either increase or decrease activity from cortical 

inputs that aid in facilitating striatal-mediated motor actions.  

The SNr and GPi are innervated by dopamine class-1 receptor (D1R)-containing 

MSNs from the striatum. D1R-MSNs directly innervate the SNr/GPi (direct pathway)- 

which innervate the thalamus (Figure 4) (Gerfen & Bolam, 2010). Direct pathway D1R-

MSNs (dMSNs) release the neurotransmitter GABA (Figure 3, Figure 4) onto the 

tonically active GABAergic inhibitory neurons within the SNr/GPi (Figure 3),  
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Figure 3: Cortico-Striatal-Thalamic Excitatory and Inhibitory Circuitry. The cortex, 

thalamus, and STN project glutamatergic afferents to multiple basal ganglia structures 

while the pallidum and striatum send GABAergic projections to several regions 

promoting an excitatory/inhibitory balance within the basal ganglia. Subthalamic Nucleus 

(STN), Globus Pallidus external (GPe), Globus Pallidus internal (GPi), Substantia Nigra 

Pars Reticulata (SNr). Created with BioRender.com.  
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Figure 4: Cortico-Striatal-Thalamic Circuit Loop: Motor Modulation. dMSNs 

innervate the GPi/SNr directly disinhibiting thalamic activity (direct pathway) allowing 

an increase in glutamatergic drive in the cortex. iMSNs indirectly inhibit thalamic 

activity (indirect pathway) by innervating the GPe disinhibiting STN activity. STN 

activity increases GPi/SNr activity which inhibits thalamic activity, decreasing 

glutamatergic drive in the cortex. Green/Red/Blue (neurotransmitters), Subthalamic 

Nucleus (STN), Globus Pallidus external (GPe), Globus Pallidus internal (GPi), 

Substantia Nigra Pars Reticulata (SNr), Substantia Nigra Pars Compacta (SNc). Created 

with BioRender.com. 
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driving inhibition of activity and output. Inhibition of SNr/GPi drives disinhibition of the 

thalamus and increases thalamic activity (Lee et al., 2016), thereby increasing activity in 

cortical regions that mediate movement (Freeze et al., 2013).  

In contrast to the actions of dMSNs, dopamine class-2 receptor (D2R)-containing 

MSNs (D2R-MSNs) indirectly modulate SNr/GPi activity via GPe innervation (Figure 4) 

(indirect pathway) (Gerfen & Bolam, 2010). Indirect pathway D2R-MSNs (iMSNs) 

innervate the GPe and inhibit the tonically active GABAergic neurons (Figure 3, Figure 

4). Inhibition of GPe activity disinhibits the glutamatergic neurons within the STN. STN 

projections synapse onto the SNr/GPi, releasing the neurotransmitter glutamate (Figure 

3, Figure 4), causing an increase in activity of the SNr/GPi. The SNr/GPi mainly projects 

to  the thalamus (Figure 3), and the superior colliculus (Lee et al., 2011). Increased 

activation of the SNr/GPi increases inhibitory tone within the thalamus (Lee et al., 2016), 

decreasing thalamic glutamatergic drive to the cortex, thus resulting in decreased 

movement (Freeze et al., 2013).  

One of the key components of voluntary movement regulation within the basal 

ganglia is the presence of the neuromodulatory neurotransmitter dopamine that arises 

from the SNc and innervates the striatum, synapsing on MSNs (Liang et al., 2008). The 

SNc consist of mainly a densely packed group of dopaminergic neurons that sends 

dopaminergic projections to the dorsal striatum (Sonne J, 2020). The SNc modulates 

striatal motor control and key components that influence movement such as procedural 

learning, shifting attention, and components of the temporal processing of learned 

interval-related tasks (Jahanshahi et al., 2006; Lanciego et al., 2012; Leisman et al., 

2014). 
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Many classical diseases and disorders that exhibit motor dysfunction such as 

Parkinson’s Disease (PD), Huntington’s Disease, Autism Spectrum Disorder, Obsessive 

Compulsive Disorder (OCD), Substance Abuse, and Attention Deficit Hyperactivity 

Disorder (ADHD) have all been linked to perturbations in basal ganglia functional 

connectivity (Abdi et al., 2015; Daniela S. Andres & Olivier Darbin, 2018; Gremel & 

Lovinger, 2017; Subramanian et al., 2017; Welter et al., 2011). In the upcoming section 

we will discuss how improper basal ganglia function mediates, in part, motor dysfunction 

presented in a subset of the disorders listed above. 

 

1.4 Basal Ganglia Mediated Motor Perturbations 

Diseases/disorders listed in the previous section are commonly known to affect 

the basal ganglia, and these diseases are coupled with motor abnormalities. In addition, 

one of the classical characterizations of basal ganglia dysfunction is motor movement 

abnormalities (Ring & Serra-Mestres, 2002). Many basal ganglia-mediated movement 

perturbations manifest such that there is: an inability to facilitate appropriate/desired 

movements, for instance in PD, failure to prevent unwanted movements, like in OCD, or 

even something much more nuanced like psychostimulant substance abuse that displays a 

combination of both (Albin et al., 1989; DeLong, 1990; Gremel & Lovinger, 2017; Mink, 

1996; Natarajan & Yamamoto, 2011). A prevailing thought within the basal ganglia field 

is that investigating the manifestation of motor perturbations associated with certain 

disease states can undoubtedly give rise to novel mechanistic insights that will aid in 

disease modifying therapeutics. We will briefly discuss our current understanding of how 
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the basal ganglia may mediate a subset of diseases/disorders with distinct motor 

abnormalities.  

  

1.4.1 Parkinson’s Disease 

Parkinson’s Disease (PD) is characterized by the loss of dopaminergic neurons 

innervating the basal ganglia (Neumann et al., 2018; Redgrave et al., 2010). A 

pathological hallmark is the presence of a-synuclein-containing Lewy bodies which 

accumulate in midbrain structures such as the SNc (Figure 2). A classical movement-

related PD clinical feature is bradykinesia, which manifests as a reduction in movement 

amplitude and speed along with difficulty in initiating a motor sequence (McGregor & 

Nelson, 2019; Redgrave et al., 2010). The loss of dopaminergic neurons from the SNc 

drives aberrant dopaminergic signaling, which perturbs striatal signaling to other basal 

ganglia structures and is thought to mediate the primary motor symptoms presented in PD 

(McGregor & Nelson, 2019). Abnormal cellular and circuit function within the basal 

ganglia have been reported in several models of PD. Neuronal firing rates in the STN, 

striatum, and globus pallidum have all been reported to change in either frequency and/or 

pattern in parkinsonian models.  

In parkinsonian models, there are increased neuronal firing rates within the STN 

(Benazzouz et al., 2002). In the globus pallidum, there are changes in both the firing 

pattern and frequency. Neurons within the GPe demonstrate a decrease in firing rate and 

asynchronous patterns, whereas neurons within the GPi exhibit aberrant bursting activity 

in human PD patients and/or in animal models of PD (Mallet et al., 2012; Mallet et al., 

2008; Muralidharan et al., 2016; Soares et al., 2004; Starr et al., 2005). In the striatum, 
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both iMSNs and dMSNs have bidirectional changes in firing rates, such that iMSNs 

increase in Parkinsonian models when compared to healthy controls, while dMSNs 

decrease in firing rates when compared to healthy controls (Kita & Kita, 2011; Ryan et 

al., 2018; Sagot et al., 2018). The blunting and/or loss of dopaminergic signaling within 

the striatum drives perturbations in other basal ganglia structures, as the striatum sends 

projections to the globus pallidum (Figure 4). In addition, the interconnectedness in the 

circuity of the striatum, STN, and globus pallidum (Figure 3) demonstrate just how 

perturbations in the striatum could affect the activity other regions. In the upcoming 

sections, we will discuss how aberrant dopaminergic signaling can alter neuronal 

transmission within the striatum.  

 

1.4.2 Obsessive Compulsive Disorder 

Obsessive Compulsive Disorder (OCD) has been defined as a neuropsychiatric 

disorder that manifests as repetitive ruminations and/or stereotyped physical routines 

coupled with extreme anxiety (Ahmari et al., 2013; Burguière et al., 2015; Graybiel, 

2008; Graybiel & Grafton, 2015; Schilman et al., 2010). Conventionally, there is 

evidence to suggest that in OCD pathology, the CST circuitry loop is dysregulated 

(Ahmari et al., 2013; Saxena et al., 2001). Using the CST model (Figure 4) we see the 

net effect of competing motor programs (direct vs indirect), in that the direct pathway 

drives hyperkinetic motor behavior and the indirect pathway drives hypokinetic motor 

behavior (Mink, 1996); during presentations of repetitive/stereotyped routines, the direct 

pathway is plausibly overactive. Interestingly, humans with Huntington’s Disease (HD) 

have a higher prevalence of also presenting with OCD like symptoms in the early stages 
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of HD (Beglinger et al., 2007). In fact, there have been studies indicating that some 

individuals with OCD were first diagnosed with Huntington’s disease (Scicutella, 2000). 

Both the chorea that we observe in Huntington’s and the repetitive nature of 

inappropriate movements, such as tics, present in OCD phenotypes involve a failure to 

prevent unintended motor behaviors. However, it is very difficult to fully understand the 

pathophysiology of OCD in humans, as imaging studies can provide some information 

but lack mechanistic certainty and cell type specificity. 

Animal grooming models are therefore exemplary translational models for 

repetitive behavior dysfunction. Rodent self-grooming involves repetitive stereotyped 

motor behaviors (Kalueff et al., 2016). In a subset of OCD populations, pathological self-

grooming is a key clinical presentation (Ahmari et al., 2013; Kalueff et al., 2007; Kalueff 

et al., 2016). In rodent models, the striatum is a focal point for OCD-like phenotypes as 

the striatum mediates the execution of complete motor sequences, and mechanistic 

insight into how the striatum regulates such behavior could be promising for translational 

interventions into repetitive motor presentations associated with OCD-like phenotypes 

(Ahmari et al., 2013; Kalueff et al., 2007; Kalueff et al., 2016; Shmelkov et al., 2010). 

Interestingly, self-grooming can be modulated pharmacologically using dopamine D1 

receptor agonists or dopamine D2 receptor antagonists (Berridge & Aldridge, 2000; 

Kalueff et al., 2016; Taylor et al., 2010). Moreover, D1 receptor-lacking mice have 

disruptions in self-grooming bouts and micro-grooming sequences (Cromwell et al., 

1998). Another line of evidence that implicates dopaminergic signaling being an 

obligatory player in mediating OCD-like phenotypes is dopamine transporter (DAT) 

genetic knockdown mice (DAT-KD). DAT-KD causes hyper-dopaminergic tone within 
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myriad brain regions and behaviorally we see an increase in what researchers have 

deemed a super-stereotypy (Berridge & Aldridge, 2000; Berridge et al., 2005) 

Furthermore, striosomes (chemically compartmentalized areas/ ‘striatal bodies’) within 

the striatum are highly activated after states of hyper-dopaminergic tone, the increased 

activation of striosomes has been linked to increases in repetitive motor behavior 

(Canales & Graybiel, 2000; Crittenden & Graybiel, 2011; Kalueff et al., 2016). In 

addition, striatal dMSNs and iMSNs contain D1- or D2-dopamine receptors respectively. 

Taken together, aberrant dopamine signaling may disrupt the activity balance in dMSN 

and/or iMSN function which may mediate, in part, OCD-like phenotypes. 

 

1.4.3 Psychostimulant Addiction 

 Psychostimulant drugs such as amphetamine-type stimulants (amphetamine and 

methamphetamine) and cocaine were ranked second as the most used illicit drugs 

globally according to a 2011 report released by United Nations Office on Drugs and 

Crime (UNDOC). Furthermore, in the United States, the Center for Disease Control and 

Prevention reported a 37% increase in psychostimulant overdoses from 2016 to 2017. 

Although psychostimulant use is widespread and overdoses are increasing, unlike opioid 

addiction there are no pharmacological interventions, such as methadone maintenance 

programs, meeting the conditions for regulatory approval that may improve outcomes in 

individuals with psychostimulant substance use disorders (Phillips et al., 2014). 

Currently, the primary intervention for psychostimulant addiction is cognitive 

behavioral therapy approaches. Pharmacological interventions have been challenging and 

have remained stagnant due, in part, to the inadequate understanding of the 
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pathophysiology and lack of knowledge of specific neuronal substrates that mediate the 

disease/disorder (Phillips et al., 2014). Myriad evidence suggests that psychostimulants’ 

central action is aberrant modifications to dopaminergic neurotransmission and 

perturbations in glutamatergic neuroplasticity (Dela Peña et al., 2015; Kalivas, 2007; 

Rebec, 2006). One of the prominent effects of psychostimulants is the production of 

increased motor behaviors (Asser & Taba, 2015). In addition, the increase in abnormal 

transient motor behaviors has been directly linked to increases in dopaminergic tone 

within the striatum (Asser & Taba, 2015). The dopaminergic neuron terminals that 

synapse on GABAergic MSNs within the striatum are postulated to mediate many of the 

reinforcing and behavioral effects of psychostimulants through dysregulated release of 

the dopamine neurotransmitter (Lobo & Nestler, 2011; Rebec, 2006; Salery et al., 2020; 

Yager et al., 2015). Much of the research conducted using psychostimulants and 

observing the striatum is done within the ventral striatum; however, there is also evidence 

that psychostimulants alter dendritic spine dynamics such as shape and density within the 

dorsal striatum (Jedynak et al., 2007). In addition, chronic psychostimulant exposure 

gives rise to enhanced dorsal striatum activity (Schneck & Vezina, 2012). Taken 

together, the dorsal striatum is a key brain region in which psychostimulants exert their 

effects. A better understanding of how psychostimulants alter dorsal striatal MSN 

function may uncover novel, disease-modifying therapeutics that will allay the 

deleterious social and personal effects of psychostimulant abuse/addiction. In the 

upcoming section we will further examine striatal anatomy and biochemistry as detailing 

the organization of the striatum will provide mechanistic insight into how the striatum 



 

 18 

mediates movement. This understanding can act as a bridge to determining how diseases 

such as psychostimulant misuse/addiction manifest. 

 

1.5 Striatal Anatomy and Movement 

One chief commonality amongst the different disease states discussed above is 

that the disease-induced motor perturbations are in part due to striatal dysfunction. 

Understanding striatal anatomy and function is essential in understanding the 

pathophysiology of the disease states discussed earlier. Here we discuss key striatal 

anatomy features and function that contribute to movement. The functional anatomy of 

the striatum can be subdivided into the ventral and dorsal striatum. The ventral striatum 

can be further divided into the nucleus accumbens (NAc) with sub-divisions (core and 

shell), and the olfactory tubercle (OT). The dorsal striatum is subdivided into the dorsal 

medial striatum (DMS) and the dorsal lateral (DLS) striatum. The subdivisions within the 

dorsal striatum are postulated to control various functions; the DMS mainly mediates 

associative tasks thereby modulating goal-directed behavior, whereas the DLS controls 

sensorimotor function mediating habitual motor actions (Balleine & O'Doherty, 2010; 

Burton et al., 2015; Stalnaker et al., 2012). Together, the dorsal striatum is critical for 

decision making, and is paramount in delineating how the striatum mediates/influences 

movement. Furthermore, neurodegenerative diseases with major movement perturbations, 

PD and HD, the dorsal striatum is a critical brain region. Specifically, loss of 

dopaminergic innervation in PD begins in loss of neurons from the SN that innervate the 

dorsal striatum. Moreover, neurodegeneration present in HD happens mainly in the dorsal 

striatum (Burrus et al., 2020; Chen et al., 2020; Fernández-García et al., 2020; Hanganu 
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et al., 2015; Kish et al., 1988). We will now examine the sub-populations of MSNs 

(dMSNs and iMSNs) and how modulation of their function can impact striatal mediated 

motor behaviors.  

 

1.6 Medium Spiny Neurons 

MSNs are the principal neurons in the striatum. As their name implies, MSNs 

contain an abundance of dendritic spines, which contain organized synaptic signaling 

components to respond to presynaptic glutamate release. Intrinsic signaling at MSN 

dendritic spine synapses drive striatal mediated behaviors (Kreitzer & Malenka, 2008). 

Glutamatergic inputs arising from the cortex and dopaminergic inputs arising from the 

SN synapse on striatal MSN dendritic spines and are major contributors to striatal MSN 

signaling. MSNs are subdivided into two classes: D1R-containing dMSNs and D2R-

containing iMSNs and are associated with increased motor activity when stimulated 

(Korchounov, 2008; Waszczak et al., 2002). Molecular characterization of striatal MSNs 

is one of the most efficient ways to distinguish the two MSN populations. Molecular 

markers such as D1R (Drd1), dynorphin (Pdyn), and substance P (Tac1) are enriched in 

and used as markers of dMSNs; while the D2R (Drd2), enkephalin (Penk), and adenosine 

2a receptors (Adora2a) are enriched in and used as markers of iMSNs (Gerfen, 1992; 

Gerfen et al., 2013; Heiman et al., 2008). Both dMSNs and iMSNs are in all anatomical 

domains of the striatum and are amalgamated in such a way that there are no true 

physical demarcations that would differentiate between the two neuronal populations. 

However, recently there is growing evidence that may suggest there are some distinct 

morphological combined with electrophysical features that may parse out some 
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differences, such as dendritic length and organization, with iMSNs having smaller 

dendritic trees (Gagnon et al., 2017; Gertler et al., 2008). Furthermore, it is postulated 

that the morphological differences coupled with differential molecular signaling 

parameters may explain the electrophysiological differences found between dMSNs and 

iMSNs mediating differential plastic responses from each cell-type. For example, iMSNs 

are basally more excitable (Ding et al., 2008; Gertler et al., 2008; Kravitz et al., 2010). 

Molecular contributions to the electrophysiological differences between dMSNs and 

iMSNs were thought to be due to differential modulation of signaling downstream of 

muscarinic-1 receptor (M1R) activation (Shen et al., 2007). The activation of cholinergic 

interneurons stimulates M1Rs in both MSN populations; however, downstream signaling 

of M1Rs downregulates inward rectifier potassium family, subtype 2 (Kir2) channels 

within iMSNs, but no change in dMSNs (Shen et al., 2007). However, research now 

suggests that changes in M1R activation alone do not completely explain the disparities 

between dMSN and iMSN excitability (Gertler et al., 2008). The evidence suggesting 

dichotomous function between dMSNs and iMSNs beyond differential connectivity and 

discrepancies in molecular changes such as the regulation of Kir2 channels is still 

unclear. However, appropriate striatal function requires competent molecular signaling 

from both iMSNs and dMSNs. To ensure competent signaling, MSN post-synaptic 

signaling molecules must be able to respond appropriately to environmental change such 

as neurotransmitter release. Specifically, signaling molecules must be temporally and 

spatially organized to appropriately propagate downstream signaling that drives or 

inhibits MSN activity. In the upcoming section we will discuss post-synaptic signaling 

molecules within striatal MSNs that contribute to MSN activity. 
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1.6.1 Striatal MSN Post-synaptic Signaling Molecules 

 Proper post-synaptic neuronal signaling is maintained by the targeting of specific 

kinases and phosphatases within striatal MSNs regardless of sub-type. Mammalian 

kinases add a phosphate group (PO4) on the polar side chain of serines, threonines, and 

tyrosines at specific consensus sites whereas phosphatases remove the PO4. 

Subsequently, adding the PO4 switches the hydro-polarity of said protein to a more 

hydrophilic polarity, in turn driving conformational changes which allow the 

phosphorylated protein to interact with additional molecules (Ardito et al., 2017). Myriad 

protein substrates have kinase- and phosphatase-specific sites that can bidirectionally 

modulate said protein function, giving rise to molecular plasticity via a process known as 

reversible protein phosphorylation. Within the post-synapse these changes mediate 

synaptic plasticity(Woolfrey & Dell'Acqua, 2015). Here we will examine how 

coordination of phosphorylation states can influence signaling dynamics of myriad post-

synaptic proteins within striatal MSNs. Protein kinases and phosphatases work 

synergistically to mediate multifaceted molecular signaling responses at targeted 

substrates. Specifically, reversible protein phosphorylation can impact the magnitude, 

timing, or localization of a specific molecular response. The balance of kinase and 

phosphatase activity gives rise to appropriate plastic cellular responses. Moreover, while 

not always the case, many post-synaptic proteins are maintained in a dephosphorylated 

state due to higher levels of basal phosphatase activity, whereas glutamatergic and 

dopaminergic signaling can shift the balance towards kinases which promote 

phosphorylation and activity of specific substrates. In striatal MSNs, both glutamatergic 

and dopaminergic signaling contribute greatly to striatal synaptic plasticity.  
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1.6.2 Glutamatergic Signaling within Striatal MSNs 

Glutamatergic afferents from both the thalamus and the cortex (Figure 3) synapse 

on the dendritic spines of striatal MSNs. Glutamatergic synaptic transmission is 

facilitated by ionotropic glutamate receptors N-methyl-D-aspartate (NMDA)- and AMPA 

receptors (NMDARs and AMPARs, respectively) localized to the post-synaptic density 

(PSD) of the synapse. Functional NMDARs are heterotetramers that consist of at least 

two obligatory GluN1subunits and two GluN2 subtype (GluN2A-D) or two GluN3 

subtype (GluN3A/B) subunits (Karakas & Furukawa, 2014; Paoletti et al., 2013). 

AMPARs become functional with the assembly of either hetero- or homotetramers 

composed of four subunits (GluA1-4). NMDARs and AMPARs play critical roles in 

modulating MSN dendritic spine synaptic strength. Precisely, excitatory synapses can 

undergo long-lasting alterations via molecular neuroadaptations in response to either 

sustained or diminished glutamatergic synaptic transmission, forms of synaptic plasticity 

defined as either long-term potentiation (LTP) or long-term depression (LTD) 

respectively (Bear & Malenka, 1994; Malenka & Bear, 2004; Woolfrey & Dell'Acqua, 

2015). Furthermore, in the striatum, LTD and LTP are strongly correlated with motor 

learning and performance in the dorsal striatum (Giordano et al., 2018; Hawes et al., 

2015; Perrin & Venance, 2019; Rothwell et al., 2015; Xiong et al., 2015; Yin et al., 

2009). Specifically, in the DMS, in which researchers trained mice on a T-maze, LTP but 

not LTD was present in the early phase of skill acquisition, while LTD was present 

during the late phase (learned skill switches to optimization of performance) in the DLS 

(Hawes et al., 2015). In addition, increased and decreased AMPA/NMDA ratios are a 

hallmark correlate of synaptic plasticity as this phenomena is characterized by changes in 
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the surface expression and modulation of synaptic transmission by glutamatergic 

receptors (Kerchner & Nicoll, 2008). Indeed, synaptic plasticity within the striatum 

appears to be task and region specific (Rothwell et al., 2015; Shan et al., 2014). In 

addition, within the DMS the acquisition of goal directed tasks was shown to increase 

AMPA/NMDA ratios in dMSNs, while decreasing AMPA/NMDA ratios in iMSNs (Shan 

et al., 2014). In addition, in a task in which subjects had to learn serial tasks, the ability to 

learn the sequencing order correlated with the increase of AMPA/NMDA ratios in the 

DLS (Rothwell et al., 2015). Together striatal mediated behaviors depend on appropriate 

glutamatergic signaling. Many of the changes in glutamatergic transmission are 

meditated by downstream signaling of kinases and phosphatases, whose activation was 

initiated by glutamatergic signaling. For example, when NMDARs are stimulated by 

glutamate and its co-agonist, glycine or d-serine, calcium (Ca2+) (a critical second 

messenger) enters the MSN and can activate kinases such as Ca2+/calmodulin (CaM)-

dependent protein kinases (CaMKs) and protein kinase C (PKC), along with 

phosphatases such as calcineurin (PP2B) (Figure 5) (Rajadhyaksha et al., 1998). These 

signaling molecules go on to phosphorylate or dephosphorylate additional proteins within 

the MSN (Figure 5), including AMPARs which can further enhance glutamatergic 

synaptic transmission or decrease transmission (respectively). The phosphorylation of 

AMPARs within the striatum has been well characterized. Specifically, phosphorylation 

at serine 845 (S845), a protein kinase A (PKA) site, and serine 831 (S831), a CaMKII 

and PKC site, on the GluA1 subunit modulate AMPAR function (Jenkins & Traynelis, 

2012; Xue et al., 2017). Specifically, phosphorylation of S845 and S831 has been shown 

to promote glutamatergic  
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Figure 5: NMDA Receptors Modulate Kinase and Phosphatase Activity Through 

Ca2+ Influx. Simple schema demonstrating how prominent kinases such as PKC and 

CaMK and phosphatase, PP2B are regulated via Ca2+ influx through NMDA receptors. 

Created with BioRender.com. 
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transmission through increased surface expression via trafficking and enhanced 

conductance (Carvalho et al., 2000; Jenkins & Traynelis, 2012; Wang et al., 2005). 

Moreover, these sites are extremely important for striatal function as GluA1 subunits are 

found on all MSNs within the striatum (Bernard et al., 1997; Xue et al., 2017). These data 

taken together explicitly demonstrate that glutamatergic transmission is a critical 

regulator of striatal function. In addition, dysregulated phosphorylation states of NMDA 

and AMPA receptors have been implicated in several disease states associated with 

striatal dysfunction (Kalivas et al., 2009; Ohtsuka et al., 2008; Paoletti et al., 2013; 

Ravenscroft & Brotchie, 2000). 

 

1.6.3 Dopaminergic Signaling within Striatal MSN 

D1Rs and D2Rs are highly abundant dopamine subtypes within the striatum. 

MSNs expressing D1Rs (dMSNs) or expressing D2Rs (iMSNs) are correlated with 

striatonigral (direct pathway) or striatopallidal (indirect pathway), respectively, output 

neurons (Xue et al., 2017). The dopamine receptors are G protein-coupled receptors, in 

which D1Rs are coupled to (Gas) and D2Rs are coupled to (Gai/o) which modulates 

protein kinase A (PKA) activity through their production or inhibition of cAMP, 

respectively. Specifically, D1Rs promote cAMP production whereas D2Rs limit cAMP 

production, via increasing or decreasing adenylyl cyclase activity, respectively (Creese et 

al., 1983; Surmeier et al., 2010; Xue et al., 2017). It is thought that in many striatal-

mediated disease states (e.g. PD, HD, Psychostimulant Abuse/Addiction), aberrant 

neuroadaptations within the striatum caused by alterations in dopaminergic and 

glutamatergic signaling are the prominent causes of classical motor abnormalities 
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observed. Dopaminergic and glutamatergic signaling dysfunction physically manifest as 

motor perturbations, and the motor deficits gradually exacerbate in correlation to 

dopaminergic tone within the striatum as either diminished (e.g. PD) or excessive (e.g. 

psychostimulant-induced hyperlocomotion) motor outputs (Bernheimer et al., 1973; 

Rajadhyaksha et al., 1998). Interestingly, dopaminergic signaling within the striatum can 

also directly or indirectly reinforce synaptic changes via modification of glutamatergic 

transmission though downstream signaling cascades (Figure 6). Activation of D2Rs is 

essential for high frequency stimulation-induced (HFS)-LTD by enhancing the retrograde 

endocannabinoid signaling pathway which limits presynaptic glutamate release, 

indirectly decreasing post-synaptic glutamatergic transmission (Calabresi et al., 1997; 

Kreitzer & Malenka, 2005; Tang et al., 2001; Yin & Lovinger, 2006). In addition, D2 

stimulation can drive decreases in AMPA receptor currents by attenuating NMDAR 

signaling (Cepeda et al., 1993; Hernández-Echeagaray et al., 2004; Nieto Mendoza & 

Hernández Echeagaray, 2015). Furthermore, activation of D1Rs increases PKA signaling 

which targets phosphorylation of AMPAR GluA1 subunit at S845 (Allen et al., 2006; 

Price et al., 1999; Snyder et al., 2000; Xue et al., 2017). In addition, blocking D1Rs in the 

dorsal striatum permits endocannabinoid mediated LTD which attenuates glutamatergic 

transmission through blocking presynaptic glutamate release (Shen et al., 2008). In 

addition, dopaminergic and glutamatergic transmission can converge on single molecules 

driving reversible phosphorylation. For instance, within the striatum, the phosphorylation 

or dephosphorylation of dopamine and cyclic AMP-regulated phosphoprotein of 32 kDa 

(DARPP-32) at threonine 34 (Thr34) is regulated by D1R signaling and NMDAR 

signaling. Specifically, increases in PKA signaling via D1R activation can promote 
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Figure 6: Dopaminergic Signaling Mediates Glutamatergic Transmission via Kinase 

Activity. Here we show that dopaminergic signaling can modulate glutamatergic 

transmission via changes in kinase activity. Phosphorylation changes in glutamatergic 

receptors can drive receptor transmission dynamics via trafficking and conductance. 

Created in BioRender.com. 
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phosphorylation of DARPP-32 at Thr34, creating a potent PP1 inhibitor and furthering 

PKA signaling actions, while activation of NMDARs can drive dephosphorylation by 

increased calcineurin activity at the same Thr34 site on DARPP-32 (Figure 7) 

(Greengard et al., 1999; Lindskog et al., 2006; Nishi et al., 2017; Yger & Girault, 2011). 

The Thr34 site on DARPP-32 is incredibly important in striatal function as it is a potent 

inhibitor of protein phosphatase 1 (PP1) which is a critical regulator of MSN synaptic 

signaling (Greengard et al., 1999). PP1 is a major Ser/Thr phosphatase within the 

dendritic spines of MSNs and dephosphorylates myriad proteins that mediate 

glutamatergic and dopaminergic transmission, and dendritic spine formation and shape 

(Allen et al., 1997; Colbran et al., 1997; Foley et al., 2021; Ouimet et al., 1995; Strack et 

al., 1999).  

Interestingly, Ser/Thr phosphatases such as PP1 are promiscuous and associate 

with targeting proteins to attain substrate specificity which prevents indiscriminate 

dephosphorylation of interacting proteins (Heroes et al., 2013). Specifically, PP1 has 

~200 interacting proteins, making the regulation of PP1activity critical for proper 

function (Bollen et al., 2010; Heroes et al., 2013). The major targeting protein for PP1 in 

MSN dendritic spines is spinophilin, a neuronal scaffolding protein (Allen et al., 1997; 

Colbran et al., 1997). Moreover, spinophilin is required for proper glutamatergic synaptic 

transmission and dendritic spine morphology due to its interaction with actin and PP1 

(Feng et al., 2000). In the next section we will examine spinophilin’s function within the 

striatum. 
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Figure 7: Reversible Phosphorylation Through Dopaminergic and Glutamatergic 

Signaling Convergence on DARPP-32. Stimulation of dMSNs increase PKA signaling 

which can phosphorylate DARPP-32 at Thr34, inhibiting PP1 and further potentiating 

PKA signaling. Ca2+ influx through NMDARs increase calcineurin activity which 

dephosphorylates DARPP-32 at Thr34. Created in BioRender.com 
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1.7 Striatal Spinophilin Molecular Function 

The PPP1R9B (spinophilin) gene consists of 10 exons and is positioned on 

chromosome 17 at 17q21.33, a region enriched with tumor suppressor genes (Porter et 

al., 1994; Sarrouilhe et al., 2006; Verdugo-Sivianes & Carnero, 2022). Indeed, 

spinophilin was found to function as a tumor suppressor gene (Verdugo-Sivianes & 

Carnero, 2022). We will not focus spinophilin’s tumor suppressing function, but instead 

on how spinophilin functions within the CNS. 

Neurabin-2, better known as spinophilin was first described by multiple research 

groups in the late 1990s. One group identified a novel PP1 targeting protein that was 

enriched in the PSD of dendritic spines, thus the moniker ‘SPINO-philin’ (Allen et al., 

1997). Other groups independently recognized an actin-binding protein that was similar 

to another protein, neurabin-1, that was enriched in the PSD of rat brain and at adherens 

junctions within the rat liver (MacMillan et al., 1999; Satoh et al., 1998). Briefly, 

neurabin-1 is considered a homolog of spinophilin, it also acts as a PP1 targeting protein 

and is highly expressed in dendritic spines (Kelker et al., 2007; MacMillan et al., 1999; E. 

Chris Muly et al., 2004). Spinophilin was found to be expressed in myriad brain regions 

such as the olfactory blub, hippocampus, cerebellum, striatum, olfactory tubercle, 

thalamus, hypothalamus, and cortex, with a particularly high concentration in dendritic 

spines that had excitatory synapses, like that of the dendritic spines of striatal MSNs 

(Allen et al., 1997; Ouimet et al., 1995; Sarrouilhe et al., 2006; Satoh et al., 1998). 

Spinophilin was also found in prefrontal cortex of primates, specifically macaques, 

demonstrating again that spinophilin is highly concentrated in the PSD of dendritic spines 

at excitatory synapses (E. C. Muly et al., 2004). Spinophilin was also found to be 
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expressed in other organs such as the lungs and pancreas (Allen et al., 1997; Ruiz de 

Azua et al., 2012).  

 

1.7.1 Actin Binding Domains 

Spinophilin is a highly conserved, multi-modular domain, neuro-scaffolding 

protein that consist of 817 amino acids (aa) (Figure 8) (Sarrouilhe et al., 2006; Verdugo-

Sivianes & Carnero, 2022). At the N-terminal region, spinophilin has two F-actin binding 

domains from 1-154aa (actin-binding D1) and 164-282aa (actin-binding D2) (Figure 8) 

in which there are multiple kinase consensus sequences that enable spinophilin 

phosphorylation, modulating spinophilin-actin interactions. Phosphorylation at Ser100, 

and Ser116 by CaMKII (Figure 8)  reduces spinophilin’s ability to bind F-actin 

(Grossman et al., 2004). When spinophilin is phosphorylated at Ser97 by PKA (Figure 

8), the phosphorylated spinophilin was found to be in greater abundance within the 

cytosol and less likely to be in the PSD using subcellular fraction (Hsieh-Wilson et al., 

2003). Moreover, a study found the stoichiometry between spinophilin-actin interaction 

to be greatly reduced when Ser97 was phosphorylated by PKA suggesting a disruption 

spinophilin-actin interaction (Hsieh-Wilson et al., 2003). It has also been demonstrated 

that spinophilin within the actin-binding domain can be phosphorylated by ERK2 at 

Ser15 and S205 and by cyclin-dependent protein kinase-5 (CDK5) at Ser17 (Figure 8) 

(Futter et al., 2005). The modulation of spinophilin-actin interactions can determine 

where the spinophilin-PP1 complex is anchored within the spine, having implications in 

synaptic signaling, and dendritic spine morphology (Futter et al., 2005; Grossman et al., 

2004; Hsieh-Wilson et al., 2003).  
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Figure 8: Spinophilin Modular Domains and Interacting Proteins Schema. Simple 

schema of spinophilin’s modular domains, motifs, and protein interactions. Illustration 

adapted from (Carnero, 2012; Sarrouilhe et al., 2006; Verdugo-Sivianes & Carnero, 

2022). Created in BioRender.com. 
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1.7.2 SH3 Binding Domain 

Spinophilin also contains three proline rich regions that create a Src homology 3 

(SH3) binding domain spanning 8-14aa, 137-143aa and 281-287aa (Figure 8) (Allen et 

al., 1997; Mayer & Eck, 1995; Sarrouilhe et al., 2006). Interestingly, very little research 

has been done on the functional role having a SH3 binding domain plays on spinophilin. 

However, a recent study did identify spinophilin as an interacting protein with the 

Nervous wreck (Nwk) protein in Drosophila using mass spectrometry (Ukken et al., 

2016). Moreover, Nwk is a F-BAR protein that binds to SH3 domains and mediates 

synaptic growth and physiology (Ukken et al., 2016). 

 

1.7.3 G-protein Coupled Receptor Binding Domain 

Spinophilin has a G-protein coupled receptor (GPCR) binding domain positioned 

at 151-444aa (Figure 8) that interacts with the third intracellular (3i) loop of D2 receptors 

and alpha2A (a2A) adrenergic receptors (Richman et al., 2001; Smith et al., 1999). 

Spinophilin also co-immunoprecipitates µ opioid receptors (MORs) (Charlton et al., 

2008), b-cell M(3) muscarinic acetylcholine receptors (M3Rs) (Ruiz de Azua et al., 

2012), and metabotropic glutamate receptor subtype 5 (mGLUR5) receptors (Di 

Sebastiano et al., 2016; Morris et al., 2018) We will explore spinophilin’s function in D2 

containing MSNs in the upcoming chapters. 

 

1.7.4 PDZ Binding Domain 

Spinophilin also contains a PSD-95/Discs Large/ZO-1 (PDZ) binding domain that 

stretches from 492-583aa (Figure 8) (Sarrouilhe et al., 2006; Verdugo-Sivianes & 
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Carnero, 2022). PDZ domains are one of the most common interaction domains for 

transmembrane receptors like AMPARs and NMDARs and synaptic proteins within the 

PSD ((Erlendsson et al., 2019; Ye & Zhang, 2013; Zhu et al., 2016). Spinophilin was 

shown to interact with both NMDA and AMPA receptors via the PDZ domain (Kelker et 

al., 2007). 

 

1.7.5 Leucine/isoleucine Zipper and Coiled-coil Domain 

 Spinophilin has a leucine/isoleucine zipper (LIZ) that forms coiled coils stretching 

from 485-510aa (Figure 8) (Sarrouilhe et al., 2006; Verdugo-Sivianes & Carnero, 2022). 

The LIZ region is an alpha helical motif that allows for the targeting of phosphatases 

such as PP1 to other proteins such as ion channels (Kass et al., 2003; Sarrouilhe et al., 

2006). In addition, spinophilin also has a coiled-coil domain at the carboxyl-terminus that 

is positioned from 664-814aa (Figure 8). The coiled-coil domain permits the 

dimerization of spinophilin with itself or its homolog neurabin-1 (Baucum et al., 2010; 

Sarrouilhe et al., 2006). In addition, the coiled-coil domain has been shown to interact 

with other post-synaptic proteins such as densin-180, CaMKII and doublecortin-like 

kinases (Baucum et al., 2012; Baucum et al., 2010; Shin et al., 2013; Verdugo-Sivianes & 

Carnero, 2022). 

 

1.7.6 PP1 Binding Domain 

 Arguably one the most important binding regions on spinophilin is the PP1 

binding domain that spans from 417-494aa (Figure 8). PP1 binding occurs through a 

RVxF motif and spinophilin has a pentapeptide motif sequence (R/K-R/K-V/I-X-F) 
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positioned between 447aa and 451aa that allows for PP1 binding (Peti et al., 2013; 

Sarrouilhe et al., 2006). However, there are other regions on spinophilin that bind to 

different regions of PP1, extending PP1 interactions from 417-583aa, increasing the type 

of protein interactions with PP1 (Figure 8) (Ragusa et al., 2011).  

Functionally, PP1 mediates myriad cellular processes including transcription, 

mitosis, DNA repair, cytoskeleton organization, and synaptic transmission (Cannon, 

2010; Foley et al., 2021; Oliver et al., 2002; Peti et al., 2013; Rebelo et al., 2015). PP1 

has four different isoforms (PP1a, PP1b, PP1g1 and PP1g2) that are found in various 

tissues (Peti et al., 2013). Although all isoforms are found in the nucleus, the expression 

of PP1 isoforms can vary depending on the type of tissue or location within the cell. For 

example, PP1g2 is exclusively found in the testes (Chun et al., 1994). In addition, PP1a, 

PP1b, and PP1g1 are all found in neurons; however, PP1b has a greater abundance in the 

soma of a neuron whereas PP1a, and PP1g1 have a higher abundance in the dendritic 

spine (MacMillan et al., 1999; Terry-Lorenzo et al., 2002). 

 

1.8 Striatal Spinophilin Function and MSN Synaptic Plasticity 

 Changes in post-synaptic protein expression, protein-protein interactions, and 

ionotropic/metabotropic receptor signaling within dendritic spines can modify MSN 

synaptic plasticity both structurally and molecularly. Indeed, spinophilin can regulate 

dendritic spine morphology through its interactions with actin, which is modulated by 

several phosphorylation sites within the actin-binding domain of spinophilin (Figure 8) 

(Feng et al., 2000; Verdugo-Sivianes & Carnero, 2022). Moreover, loss of spinophilin 

promotes increased glutamatergic synaptic transmission presumably due to blunted PP1 
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targeting of specific AMPA and NMDA subunits (Feng et al., 2000; Westphal et al., 

1999; Yan et al., 1999). In addition, loss of spinophilin drives deficits in cortico-striatal 

HFS-LTD and is rescued by the D2R agonist, quinpirole (Allen et al., 2006). 

Interestingly, spinophilin has been shown to directly interact with D2Rs on the 3i loop 

(Smith et al., 1999). These data taken together position spinophilin as a key mediator in 

dopaminergic and glutamatergic signaling, and the regulation of other synaptic protein 

interaction events that occur within the MSN mediating synaptic plasticity. Moreover, 

striatal mediated motor actions are facilitated, in part, by proper signaling within the 

striatal MSN (Kravitz & Kreitzer, 2012). Thus, understanding how spinophilin 

participates in striatal mediated motor actions is critical in understanding the motor 

perturbations exhibited in striatal mediated disease states. 

 

1.9 Hypothesis 

Given that 1) molecular signaling changes within dendritic spines, such as 

reversible phosphorylation, are paramount in maintaining and balancing striatal MSN 

function and synaptic plasticity, 2) phosphatases are gatekeepers for limiting protein 

phosphorylation, 3) spinophilin is the major PP1 targeting protein within the PSD of 

MSN dendritic spines, and 4) functional and structural plasticity within MSNs is 

mediated through spinophilin’s interaction with PP1 and critical post-synaptic proteins, 

we hypothesize that spinophilin is critical in facilitating striatal-mediated motor 

behaviors such as motor learning/performance and amphetamine-induced behavioral 

sensitization in a cell type-specific manner by promoting changes in protein substrate 

phosphorylation and protein expression in myriad post-synaptic striatal molecules.  
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Chapter II:  Spinophilin Mediates Striatal Facilitated Motor Function 

 

2.1 Introduction 

The striatum is one of the chief brain regions within the basal ganglia network 

which mediates motor control. Motor coordination, learning and performance are 

mediated in part by the dorsal striatum, more specifically the DLS (Balleine & 

O'Doherty, 2010; Durieux et al., 2009; Durieux et al., 2012; Stalnaker et al., 2012). In 

neurodegenerative disease states in which the striatum is greatly affected, such as PD and 

HD, dysregulated hypokinetic and hyperkinetic movements are observed (Bernheimer et 

al., 1973; McGregor & Nelson, 2019; Redgrave et al., 2010). In both cases, dopaminergic 

signaling dysfunction has been implicated as a critical determinant of the motor 

perturbations and strongly affect the DLS (Bernheimer et al., 1973; Burrus et al., 2020; 

Fernández-García et al., 2020; Kish et al., 1988). Thus, striatal MSN signaling is 

paramount for proper function within the DLS. Proper PP1 function is critical in 

maintaining appropriate MSN signaling. In addition, global loss of spinophilin, the major 

PP1 targeting protein at the postsynaptic density (Colbran et al., 1997), enhances the 

sedative effects of alpha2-adrenergic agonists (Lu et al., 2010). However, how loss of 

spinophilin impacts motor learning and performance using a rotarod motor-learning 

paradigm is unclear. Furthermore, the MSN subtype that may mediate spinophilin-

dependent motor dysfunction within the striatum is also unknown. Here we demonstrate 

that whole body spinophilin knockout (KO) mice demonstrate motor learning and motor 

performance deficits during the rotarod task. In addition, using a novel conditional 
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spinophilin KO, we determined that loss of spinophilin in iMSNs, drives the motor 

impairments previously established in a rotarod task. 

  

2.2 Materials and Methods 

2.2.1 Animals 

Adult (3-5.5 month) old whole-body spinophilin knock-out ((B6N(Cg)-

Ppp1r9btm1.1(KOMP)Vlcg/J) (KO), wild-type (WT) C57BL/6, and adult (7-8 week old) Drd1-

Cre (036916-UCD B6.FVB(Cg)-Tg(Drd1a-cre)FK150Gsat/Mmucd) (D1Cre); Adora2a-

Cre (MMRRC strain 036158-UCD, B6.FVB(Cg)-Tg(Adora2a-cre)KG139Gsat/Mmucd) 

(A2Acre) (Gerfen et al., 2013; Gong et al., 2007); and mice expressing loxp sites around 

Exon 3 of spinophilin (spinophilinFl/Fl) were used in these studies. SpinophilinFl/Fl were 

crossed with either D1- or A2A-Cre lines to selectively knock-out spinophilin in either 

dMSNs (SpinoDdMSN) or iMSNs (SpinoDiMSN), respectively. All mice were maintained on 

a C57BL/6 background. Male and female mice were used for all experiments; however, 

sex was not considered as a biological variable in the behavioral studies.  

2.2.2 Generation and Validation of Conditional Spinophilin KO Mice 

Conditional mice were generated at the university of Michigan Transgenic Animal Model 

Core. Embryonic stem cells (ESCs) containing a targeted insert with a beta-gal reporter 

and neomycin selection cassette encased by FRT sites as well as loxP sites flanking exon 

3 of spinophilin were generated by the European Conditional Mouse Mutagenesis 

Program (EuCoMM) and validated using a long-range PCR. These ES cells were 

obtained from the European Mouse Mutant Cell Repository (EuMMCR) and directly sent 

to the University of Michigan where karyotyping was performed. Initial chimeras were 
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produced by microinjecting the ES cells into blastocysts obtained from the mating of 

C57BL/6-BrdCrHsd-Tyrc females with B6(cg)-Tyr<c2J>/J males. Chimeras were bred 

with C57Bl/6 mice and pups from these crosses were transferred to our laboratory. We 

then crossed these mice with a mouse line containing FlpO (Jackson laboratories 

B6.129S4-Gt(ROSA)26Sortm2(FLP*)Sor/J; Stock#012930). After crossing the newly 

generated mice with mice expressing FLP recombinase, only the loxP sites surrounding 

exon 3 of spinophilin remained. Functional validation of spinophilinFl/Fl was performed 

via targeted genotyping in the laboratory and by selectively breeding spinophilinFl/Fl or 

spinophilinFl/+ mice with mice that contained a tamoxifen-inducible Cre recombinase 

under the control of the chicken beta-actin promoter coupled with the cytomegalovirus 

(CMV) immediate early enhancer, (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J (CagCreER; 

Jackson #004682) which resulted in a conditional whole-body spinophilin KO 

(CagCreERspinophilin floxed) (Figure 9). Immunoprecipitation of spinophilin from striatal 

tissue lysate along with immunoblotting was performed to validate the absence of 

spinophilin. The conditional spinophilinFl/Fl mice were backcrossed to the C57BL/6 

background for at least six generations before studies were performed in order to ensure 

pure C57Bl6/J background and to eliminate any off-target mutations from the blastocyst 

injection. We acknowledge and thank Wanda Filipiak & Galina Gavrilina for preparation 

of transgenic mice as well as the entire Transgenic Animal Model Core (in particular, 

Anna LaForest, Elizabeth Hughes, Corey Ziebell, and Dr. Thomas Saunders) and the  

University of Michigan’s Biomedical Research Core Facilities for generation of the 

SpinophilinFl/Fl mice. 
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Figure 9: Preliminary Validation of Conditional Spinophilin Floxed Mouse. (A) 

Preliminary validation of spinophilinFl/Fl was performed by crossing spinophilinFl/Fl or 

spinophilinFl/+ mice with mice that contained a tamoxifen-inducible Cre recombinase 

under the control of the chicken beta-actin promoter coupled with the cytomegalovirus 

(CMV) immediate early enhancer (CagCreER) which resulted in a conditional whole-

body spinophilin KO (CagCreERspinophilin floxed). (B) Immunoprecipitation and 

immunoblotting of spinophilin from striatal tissue collected from tamoxifen or vehicle 

treated progeny of spinophilin floxed and CagCreER at 10- or 22-days post tamoxifen 

injections. Spinophilin in the striatum was shown to be reduced by at least 90-95%. In 

addition, after 22-days post injection PP1a and PP1g1 was not detected in the spinophilin 

immunoprecipitates. Created in BioRender.com. 
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2.2.3 Animal Husbandry 

Mice were provided food and water ad libitum. All sustenance was monitored 

daily by either laboratory or Science Animal Research Center (SARC) personnel and 

cages were changed weekly or bi-weekly. Animals were group housed with no more than 

five animals per cage and provided bedding and house nestlets. Cages and enrichment 

materials were changed weekly or bi-weekly. All animal experiments were approved by 

the School of Science Institutional Animal Care and Use Committee (SC270R, SC310R) 

and performed in accordance with the Guide for the Care and Use of Laboratory Animals 

and under the oversight of Indiana University-Purdue University, Indianapolis (IUPUI). 

 

2.2.4 Animal Behavior: Rotarod 

Mice were challenged for three consecutive days on an accelerating rotarod (4-40 

rpm in 300 seconds) task, that is 3 cm in width (Rotamex-5, Columbus Instruments). 

Mice underwent three successive inter-session trials for three consecutive days, as 

previously described (Figure 10) (Edler et al., 2018). Conditional cell-specific 

spinophilin floxed mice were challenged using a modified version of the rotarod test, in 

which the test was extended to a total testing of 5 days (Figure 11) all other parameters 

did not change and was carried out as previously described (Edler et al., 2018). A series 

of photocell beams located above the rotating rod with a temporal resolution of 0.1 rpm 

(0.1 cm/sec) detects when the mouse is no longer on the rod. To circumvent any false fall 

recordings, any mouse that was able to grip the rod and rotate with the rod for two 

rotations or greater was also considered to have failed the trial and the data was not used. 



 

 42 

Figure 10: Striatal Motor Output Behavior Paradigm. Animals were challenged on an 

accelerating rotarod task as described by (Edler et al., 2018). Latency to fall was 

documented for each subject. Following training on the accelerating rotarod, subjects 

were given a rest period of one week and were then challenged with a sensitizing regimen 

of d-amphetamine as previously described (Morris et al., 2018) distance traveled was 

measured for 60-minutes and documented. Created with BioRender.com. 
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Figure 11: Modified Striatal Motor Output Behavior Paradigm. Animals were 

challenged on a modified accelerating rotarod task in which the number of days were 

extended to five; with other aspects of the protocol performed as previously described 

(Edler et al., 2018). Latency to fall was documented for each subject. Following training 

on the accelerating rotarod, subjects were given a rest period of one week and were then 

challenged with a sensitizing regimen of d-amphetamine previously described (Morris et 

al., 2018) distance traveled was measured for 60-minutes and documented using the 

Noldus Phenotyper Cages (30 cm X 30 cm X 30 cm) system. Created with 

BioRender.com.  

 

 

 



 

 44 

Latency to fall was documented for each mouse, and a 120–180 s rest was given to all 

mice before the next trial. 

 

2.2.5 Brain Tissue Lysis  

Whole striatum was dissected from mice after live decapitation. Striatal tissue was 

homogenized and sonicated in 1.25 mLs of ice-cold, low ionic strength lysis buffer 

containing 2 mM Tris-HCl, 1 mM DTT, 2 mM EDTA, 1% Triton X-100, 1X protease 

inhibitor cocktail (Bimake, Houston, TX, USA), and phosphatase inhibitors (20 mM 

sodium fluoride, 20 mM sodium orthovanadate, 20 mM β-glycerophosphate, and 10 mM 

sodium pyrophosphate; Sigma-Aldrich or ThermoFisher Scientific), as previously 

described (Watkins et al., 2019, 2018). 

 

2.2.6 Immunoprecipitation 

Whole striatal lysates were immunoprecipitated with 4 µg of sheep spinophilin 

polyclonal antibody (ThermoFisher Scientific, PA5-48102) and were incubated at 4 °C 

with 800 µL (80%) of total striatal lysate on a rotating mixer overnight. The next day 

protein G magnetic beads (DynaBeads, ThermoFisher Scientific) were added, and the 

mixture was incubated for 2 h. Beads were washed three times by magnetic separation in 

an immunoprecipitation wash buffer (50 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.5% (v/v) 

Triton X-100). Samples were then placed in -20 °C until immunoblotting. 
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2.2.7 Immunoblotting  

Immunoprecipitates and inputs were separated by SDS-PAGE and blotted with 

the following primary antibodies: rabbit-spinophilin (Cell Signaling Technology, 

14136S), sheep-spinophilin (Thermo; PA5-48102), goat-PP1g1 (SantaCruz; sc-6108), 

mouse-PP1a (SantaCruz; sc-7482). Infrared secondary antibodies were used (Donkey 

anti goat, donkey anti rabbit, donkey anti mouse or donkey anti sheep conjugated to 

Alexa Fluor 690 or 780; ThermoFisher and Jackson Immunologicals) and imaged using 

Odyssey CLX and fluorescence intensity measurements were made using Image Studio 

(LI-COR Biosciences, Lincoln, NE). All primary antibodies were used at a (1:1000) 

dilution and secondaries at a (1:10,000) dilution. Immunoblotting was performed as 

previously described (Edler et al., 2018; Morris et al., 2018; Watkins et al., 2018). 

 

2.2.8 Drug Administration 

CagCreERspinophilin floxed mice were given 100µL tamoxifen concentrated at 

24mg/mL via intraperitoneal (i.p) injections that was dissolved in sesame seed oil daily 

for five consecutive days. Mouse brains were harvested and processed for spinophilin 

deletion using immunoprecipitation and immunoblotting either 10 days or 22 days post-

injection. 

2.2.9 Statistics 

Two-way analysis of variance (ANOVA) tests followed by Sidak’s multiple 

comparison post-hoc tests were performed to determine if loss of spinophilin in either 

whole-body spinophilin KO or cell-specific spinophilin KO subjects had an effect on 

rotarod performance and learning when comparing across all trials. For experiments with 
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whole-body spinophilin KO, animals comparing the average of the three trials per day, a 

two-way ANOVA followed by a Sidak’s multiple comparison post-hoc was performed. 

However, for the experiments with cell-specific conditional spinophilin floxed animals 

comparing the average of the three trials per day, a Mixed-effects analysis with Geisser-

Greenhous correction was performed followed by a Dunnett’s multiple comparison post-

hoc test where all groups were compared to the control group. All values represent mean 

± SEM. Statistical analyses and graphing were performed using Prism 9.3.1 (GraphPad, 

LaJolla, CA).  

 

2.3 Results 

 

Global Loss of Spinophilin Mediates Deficits in Rotarod Learning and Performance. 

Loss of spinophilin has been shown to effect rotarod tests of sedation behavior 

(Lu et al., 2010; Wang et al., 2004). However, the basal effects of loss of spinophilin on a 

standard accelerating rotarod test was unclear. Here we have taken global spinophilin KO 

mice and wild-type (WT) controls through an accelerating rotarod test (Methods and 

Materials). Three trials per day for three consecutive days were performed, and the 

latency to fall was recorded (Edler et al., 2018). When comparing across all trials for a 

two-way ANOVA followed by a Sidak’s multiple comparison post-hoc test revealed a 

significant trial effect (F(8,90) = 2.093; p = 0.0444) and a significant effect of genotype 

(F(1,90) = 54.08; p < 0.0001) with no interaction effect (Figure 12B). When comparing 

the average of the three trials per day a two-way ANOVA was performed followed by a 

Sidak’s multiple comparison posthoc test using day and genotype as variables also 



 

 47 

revealed a significant day effect (F(2,30) = 3.619; P = 0.0391) and a significant effect of 

genotype (F(1,30) = 30.57; p < 0.0001) with no interaction effect (Figure 12C). These 

data taken together suggest that global loss of spinophilin affects striatal mediated 

behaviors such as the rotarod task.  

 

Loss of Spinophilin in iMSNs Mediates Deficits in Rotarod Performance and Learning. 

Activation of striatal MSNs are differentially correlated with either increased or 

decreased movement, where increased activity in dMSNs is associated with an increase 

in movement and increased iMSN activation a decrease in movement (Lee et al., 2016). 

Although, our global spinophilin KO animals demonstrated deficits in rotarod tasks, it is 

unclear if striatal MSNs are mediating this response. We crossed the spinophilin floxed 

mouse with mice containing Cre recombinase under the control of a D1R or A2A 

receptor promoter, which will delete spinophilin specifically from either dMSNs (D1 

Cre) or iMSNs (A2A Cre). We performed a more robust rotarod learning paradigm in 

which we extended the number of days of the test to five (Figure 13A). When comparing 

across trials (Figure 13B), a two-way ANOVA followed by a Sidak’s multiple 

comparison post-hoc test revealed a significant trial effect (F(14,675) = 20.47; p < 

0.0001). Furthermore, there was a significant effect of genotype (F(2,675) = 34.56; p < 

0.0001) with no interaction effect (Figure 13B). When comparing the average of each 

three trials per day a Mixed-effects analysis with the Geisser-Greenhouse correction was 

performed on the average trial data shown (day and genotype as variables), followed by a 

Dunnett’s multiple comparison post-hoc test where all groups were compared to the 

control group (Figure 13C). 
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Figure 12: Rotarod Deficits in Spinophilin KO Mice. (A) Adult (3-5.5 month) old 

whole-body spinophilin KO ((B6N(Cg)-Ppp1r9btm1.1(KOMP)Vlcg/J) (red) and appropriate 

wild-type control mice (blue) were placed on an accelerating rotarod apparatus. Three 

trials per day for three consecutive days were performed, and the latency to fall was 

recorded (Edler et al., 2018). (B) All trials are shown: A two-way ANOVA followed by a 

Sidak’s multiple comparison posthoc test was performed to compare across trials. A 

significant trial effect (F(8,90) = 2.093; p = 0.0444) and a significant effect of genotype 

(F(1,90) = 54.08; p < 0.0001) with no interaction effect. (C) The average of trials for 

each day. A two-way ANOVA was performed on the average trial data shown (day and 

genotype as variables). A significant day effect (F(2,30) = 3.619; P = 0.0391) and a 

significant effect of genotype (F(1,30) = 30.57; p < 0.0001) with no interaction effect. All 

values represent mean ± SEM. Modified/Adopted Figure from (Edler et al., 2018) 

Created with BioRender.com. 
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Figure 13: Rotarod Deficits in iMSN Spinophilin KO Mice. (A) Adult (7-8 week old) 

mice were placed on an accelerating rotarod apparatus. Three trials per day for five 

consecutive days were performed, and the latency to fall was recorded (modified 

methodology) (Edler et al., 2018). (B) All trials are shown- A two-way ANOVA 

followed by a Sidak’s multiple comparison posthoc test was performed to compare across 

trials. There were significant trial (F(14,675) = 20.47; p < 0.0001) and genotype 

(F(2,675) = 34.56; p < 0.0001) effects with no interaction effect. (C) The average of trials 

for each day. A Mixed-effects analysis with the Geisser-Greenhouse correction was 

performed on the average trial data shown (day and genotype as variables), followed by a 

Dunnett’s multiple comparison post-hoc test where all groups were compared to the 

control group. There was a significant day (F(2.966,133.5) = 37.79; p<0.0001, Geisser-

Greenhouse’s epsilon 0.7416) and genotype effect (F(2,45) = 8.953; p < 0.0005) with no 

interaction effect. All values represent mean ± SEM. Created with BioRender.com. 
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There was a significant day effect (F(2.966,133.5) = 37.79; p<0.0001, Geisser-

Greenhouse’s epsilon 0.7416) and significant genotype effect (F(2,45) = 8.953; p < 

0.0005) with no interaction effect (Figure 13C). These data taken together suggest that 

loss of spinophilin in iMSNs is critical for rotarod motor learning and performance. 

 

2.4 Discussion 

 

Global Loss of Spinophilin Mediates Rotarod Behavioral Task  

In our current understanding using the classical CST model (Figure 4), striatal 

projections innervate the globus pallidum which goes on to affect thalamic activity. It is 

possible that spinophilin mediates key molecular signaling events within the striatum 

through its ability to target PP1 to specific substrates, in response to environmental 

change within the MSN. In addition, spinophilin may also act as a PP1 inhibitor towards 

certain substrates and can thereby also reducing PP1-dependent dephosphorylation, 

thereby promoting increased substrate phosphorylation (Ragusa et al., 2010; Salek et al., 

2019). Much like in animal models of PD, perturbations in dopaminergic and 

glutamatergic signaling have been shown to modulate rotarod performance (Ayton et al., 

2013; Ogura et al., 2005). Specifically in 6-hydroxydopamine (6-OHDA) lesioned 

animals, a model of PD in which dopaminergic degeneration drives decreased 

dopaminergic tone within the striatum, deficits in rotarod performance and impairments 

to working memory are observed (Campos et al., 2013; Ogura et al., 2005). Furthermore, 

cAMP/PKA/DARPP-32 signaling mediates, in part, motor skill learning and performance 

and this pathway can be modulated via dopamine signaling (Qian et al., 2015). 



 

 51 

Researchers found that inhibiting DARPP-32 activity at Thr34 diminished motor learning 

and skilled performance (Qian et al., 2015). In addition, PP1 has been shown to modulate 

glutamatergic signaling by its colocalization with spinophilin and AMPARs (Yan et al., 

1999). The phosphorylation state of specific serine subunits on GluA1 mediate receptor 

trafficking, conductance, and expression (Carvalho et al., 2000; Jenkins & Traynelis, 

2012; Wang et al., 2005). These data taken together suggest that it is likely loss of 

spinophilin disrupts PP1 regulation of several synaptic proteins. The aberrant changes in 

phosphorylation states can drive deficits in motor skill learning and performance (Qian et 

al., 2015).  In addition, the rotarod motor learning has distinct phases (skill learning 

associated with the early phase and performance associated with the late phase) (Costa et 

al., 2004; Luft & Buitrago, 2005). Loss of spinophilin may dysregulate AMPA/NMDA 

ratios via PP1 dysregulation, which are critical in striatal-mediated motor skill learning 

and performance (Hawes et al., 2015; Rothwell et al., 2015; Shan et al., 2014). The 

rotarod deficits demonstrated with the global spinophilin KO indicate that spinophilin 

plays a role; however, how spinophilin functions cell-specifically will aid in unmasking 

specific mechanisms that mediate the motor skill learning and performance deficits 

demonstrated in the rotarod task.  

 

Loss of Spinophilin within iMSNs Mediates Some Rotarod Performance Perturbations 

Global loss of spinophilin mediated rotarod deficits (Figure 12B-C). However, 

using a novel conditional spinophilin floxed mouse, we were able to demonstrate that loss 

of spinophilin in iMSNs also produce deficits in the rotarod task (Figure 13B-C). The 

indirect pathway in the CST model (Figure 4) is associated with decreases in movement 
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(Calabresi et al., 2014; Hauber, 1998; Lee et al., 2016; Wang et al., 2015). In addition, 

recently Augustin et al. revealed that loss of D2Rs within iMSNs drive deficits in motor 

skill learning, more specifically rotarod tasks (Augustin et al., 2020). It is possible that 

disruptions in spinophilin and PP1 interactions specifically impair iMSN signaling while 

dMSNs may have a compensatory mechanism allowing for proper signaling during a 

rotarod challenge. Furthermore, spinophilin directly binds D2Rs at the third intercellular 

loop (IC3) (Smith et al., 1999). Interestingly, D2Rs also have a phosphorylation-

dependent mechanism that mediates receptor internalization on several serine/threonine 

sites at the second intracellular loop (IC2) and a threonine site on IC3 (Cho et al., 2010). 

Thus, loss of spinophilin in iMSNs may increase the internalization of D2Rs, which are 

expressed in iMSNs, but not dMSNs. Furthermore, striatal cAMP signaling is limited in 

iMSNs by D2Rs (Augustin et al., 2014; Augustin et al., 2020). The cAMP/PKA signaling 

pathway increases phosphorylation of DARPP-32 at Thr34, inhibiting PP1 actions 

(Greengard et al., 1999; Yger & Girault, 2011). Thus, loss of spinophilin in iMSNs could 

drive D2R internalization and further limit PP1 regulatory actions indirectly, by 

increasing cAMP/PKA signaling. Furthermore, typical activation of D2Rs decrease 

AMPA receptor currents (Cepeda et al., 1993; Hernández-Echeagaray et al., 2004). Loss 

of spinophilin in iMSNs may be compounding AMPA receptor current dysregulation 

causing increased glutamatergic synaptic transmission increasing iMSN function which is 

correlated with decreases in movement (Lee et al., 2016). In addition, late phase of the 

rotarod task  has the greatest deficit, suggesting that loss of spinophilin in the DLS is 

critical to properly perform the tasks. Indeed, D2Rs are critical for habitual actions in the 

DLS (Shan et al., 2015). However, loss of spinophilin in iMSNs did not fully recapitulate 
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what was observed in the global spinophilin KO animals. In the global KOs there was a 

significant difference in performance of the task starting on day 1 (Figure 12C). A 

significant difference in the iMSN spinophilin KO mice was not observed until day 3 

(Figure 13C). Due to no significant deficits in the dMSN spinophilin KO animals, the 

reason for the basal deficits in the global spinophilin KOs may be due to perturbations in 

function in other brain regions. For instance, using multimodal MRI imaging, the 

hippocampus and frontal cortex show an increase in volume in mice that have been 

trained on the rotarod task, demonstrating these brain regions to play a critical role in 

motor skill learning tasks like the rotarod (Scholz et al., 2015). In addition, motor 

dexterity and forelimb reaching is critical to motor skill learning and task performance 

such as the rotarod, and cerebello-thalamic circuitry is critical in accomplishing such task 

(Sakayori et al., 2019). Indeed, spinophilin is expressed in the hippocampus, frontal 

cortex, cerebellum, and the thalamus (Allen et al., 1997; E. C. Muly et al., 2004) and 

additional studies are warranted to detail spinophilin function within cell types in these 

brain regions. 
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2.5 Conclusion 

Global loss of spinophilin drives performance deficits in the rotarod task as 

evidenced when mice were challenged to perform a rotarod motor learning task. When 

spinophilin was knocked out cell type-specifically in either D1-containing MSNs 

(dMSNs) or A2A-containing MSNs (iMSNs), rotarod deficits were only observed in 

iMSN spinophilin KOs. These data together suggest that spinophilin’s regulatory actions 

and protein-protein interactions are critical for appropriate striatal-mediated behaviors. In 

addition, spinophilin function within the dorsal striatum aids in facilitating striatal-

mediated motor actions. Furthermore, spinophilin appears to mediate the rotarod task in a 

cell-specific manner.  
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Chapter III: Spinophilin Mediates Amphetamine-Induced Striatal Motor 

Adaptations 

 

3.1 Introduction 

Psychostimulant drugs of abuse, such as methamphetamine, amphetamine, and 

cocaine, are associated with dopamine (DA) dysfunction, improper cortico-striatal 

synaptic transmission, and other neuronal perturbations, such as enhanced DA receptor 

sensitization that may lead to psychostimulant abuse and the transition from abuse to 

addiction (Burke & Miczek, 2014; Gerdeman et al., 2003; Holder et al., 2015; Sanchez-

Ramos, 2015; Yager et al., 2015). Repeated psychostimulant exposure over time gives 

rise to psychostimulant sensitization, predominantly via increased responsivity to striatal 

dopaminergic transmission (Peter W. Kalivas & Jane Stewart, 1991; Robinson & Becker, 

1986; Steketee & Kalivas, 2011). Psychostimulant-induced sensitization can be observed 

behaviorally and the striatum is a critical brain region for mediating behaviors associated 

with psychostimulant sensitization and addiction (Hooks et al., 1992). Behavioral 

sensitization can be characterized as the process by which there is augmented motor 

responses that are in concert with intermittent psychostimulant administration (Figure 

14) (Peter W. Kalivas & Jane Stewart, 1991; Robinson & Becker, 1986; Steketee & 

Kalivas, 2011). It is important to note that psychostimulant sensitization is not a direct 

correlate to psychostimulant addiction; however, both phenomena may share conserved 

overlapping neural mechanisms, which makes elucidating the mechanisms by which 

psychostimulant sensitization is mediated in the striatum promising for a better 

understanding of the disease (Vezina, 2007). Due to the rewarding and reinforcing effects  
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Figure 14: Psychostimulant-Induced Behavioral Sensitization. Simple schema of 

psychostimulant-induced behavioral sensitization. Repeated treatment of 

psychostimulants can cause incremental increases in locomotor activity. Eventually, the 

increase in locomotion plateaus. Created with BioRender.com.  
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of psychostimulants, much of the literature has focused on ventral striatal function in the 

context of psychostimulant addiction; however, emerging research suggests that the 

dorsal striatum plays an essential role in psychostimulant-induced behavioral responses, 

which is a major contributor to relapse (Volkow et al., 2006). 

In addition to behavioral responses, molecular neuroadaptations in MSNs are 

thought to mediate psychostimulant sensitization, in that there are distinct interactions 

involving dopaminergic and glutamatergic transmission via kinase signaling pathways 

that give rise to the behavioral response (Figure 15) (Allichon et al., 2021; Bateup et al., 

2010; Lobo & Nestler, 2011; Salery et al., 2020; Valjent et al., 2006). Furthermore, a 

sensitizing regimen of amphetamine was shown to increase striatal spinophilin expression 

(Boikess & Marshall, 2008; Boikess et al., 2010). Moreover, global loss of spinophilin 

enhances cocaine-induced behavioral responses (Allen et al., 2006). It is unclear how loss 

of spinophilin affects amphetamine-induced locomotor sensitization. Here we 

demonstrate that global loss of spinophilin abrogates amphetamine-induced locomotor 

sensitization and that loss of spinophilin from either dMSNs or iMSNs alone does not 

recapitulate what is observed in the global spinophilin KOs. 
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Figure 15: Psychostimulants Increase Dopaminergic Signaling and Modulate 

Glutamatergic Signaling. Psychostimulants increases the neuromodulator DA within the 

synaptic cleft driving sustained dopaminergic transmission. Sustained signaling from 

DARs drives changes in kinase activity which go on to modulate glutamatergic 

transmission via changes in conductance, and trafficking. Created with BioRender.com. 
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3.2 Materials and Methods 

 

3.2.1 Animals 

Adult (3-5.5 month) old whole-body spinophilin knock-out ((B6N(Cg)-

Ppp1r9btm1.1(KOMP)Vlcg/J) (KO), wild-type (WT) C57BL/6, and adult (7-8 week old) Drd1-

Cre (036916-UCD B6.FVB(Cg)-Tg(Drd1a-cre)FK150Gsat/Mmucd) (D1Cre); Adora2a-

Cre (MMRRC strain 036158-UCD, B6.FVB(Cg)-Tg(Adora2a-cre)KG139Gsat/Mmucd) 

(A2Acre) (Gerfen et al., 2013; Gong et al., 2007) and mice expressing loxp sites around 

Exon 3 of spinophilin (spinophilinFl/Fl) mice were used in these studies. SpinophilinFl/Fl 

were crossed with either D1- or A2A-Cre lines to selectively knock-out spinophilin in 

either dMSNs (SpinoDdMSN) or iMSNs (SpinoDiMSN) respectively. All mice were 

maintained on a C57BL/6 background. Male and female mice were used for all 

experiments; however, sex was not considered as a biological variable in the behavioral 

studies. 

 

3.2.2 Generation and Validation of Conditional Spinophilin KO Mice 

Conditional mice were generated at the university of Michigan Transgenic 

Animal Model Core. Embryonic stem cells (ESCs) containing a targeted insert with a 

beta-gal reporter and neomycin selection cassette encased by FRT sites as well as loxP 

sites flanking exon 3 of spinophilin were generated by the European Conditional Mouse 

Mutagenesis Program (EuCoMM) and validated using a long-range PCR. These ES cells 

were obtained from the European Mouse Mutant Cell Repository (EuMMCR) and 

directly sent to the University of Michigan where karyotyping was performed. Initial 
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chimeras were produced by microinjecting the ES cells into blastocysts obtained from the 

mating of C57BL/6-BrdCrHsd-Tyrc females with B6(cg)-Tyr<c2J>/J males. Chimeras 

were bread with C57Bl/6 mice and pups from these crosses were transferred to our 

laboratory. We then crossed these mice with a mouse line containing FlpO (Jackson 

laboratories B6.129S4-Gt(ROSA)26Sortm2(FLP*)Sor/J; Stock#012930). After crossing the 

newly generated mice with mice expressing FLP recombinase, only the loxP sites 

surrounding exon 3 of spinophilin remained. Functional validation of spinophilinFl/Fl was 

performed via targeted genotyping in the laboratory and by selectively breeding 

spinophilinFl/Fl or spinophilinFl/+ mice with mice that contained a tamoxifen-inducible Cre 

recombinase under the control of the chicken beta-actin promoter coupled with the 

cytomegalovirus (CMV) immediate early enhancer, (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J 

(CagCreER; Jackson #004682) which resulted in a conditional whole-body spinophilin 

KO (CagCreERspinophilin floxed) (Figure 9). Immunoprecipitation of spinophilin from 

striatal tissue lysate along with immunoblotting was performed to validate the absence of 

spinophilin. The conditional spinophilinFl/Fl mice were backcrossed to the C57BL/6 

background for at least six generations before studies were performed in order to ensure 

pure C57Bl6/J background and to eliminate any off-target mutations from the blastocyst 

injection. We acknowledge and thank Wanda Filipiak & Galina Gavrilina for preparation 

of transgenic mice as well as the entire Transgenic Animal Model Core (in particular, 

Anna LaForest, Elizabeth Hughes, Corey Ziebell, and Dr. Thomas Saunders) and the  

University of Michigan’s Biomedical Research Core Facilities for generation of the 

SpinophilinFl/Fl mice. 
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3.2.3 Animal Husbandry 

Mice were provided food and water ad libitum. All sustenance was monitored 

daily by either laboratory or Science Animal Research Center (SARC) personnel and was 

changed weekly or bi-weekly. Animals were group housed with no more than five 

animals per cage and provided bedding and house nestlets. Cages and enrichment 

materials were changed weekly or bi-weekly. All animal experiments were approved by 

the School of Science Institutional Animal Care and Use Committee (SC270R, SC310R) 

and performed in accordance with the Guide for the Care and Use of Laboratory Animals 

and under the oversight of Indiana University-Purdue University, Indianapolis (IUPUI). 

 

3.2.4 Animal Behavior: Amphetamine Induced Behavioral Sensitization 

A sensitizing regimen of d-amphetamine (3 mg/kg) were administered every 24 

hours for five days, similar to previously described (Morris et al., 2018). Whole-body 

spinophilin KO and WT mice were tested using the VersaMax Animal Activity 

Monitoring System (Accuscan Instruments Inc., Columbus, OH). The 40 × 40 cm test 

chamber was equipped with evenly spaced intersecting photocell beams along the walls 

of the test chamber. Interruptions in intersecting photocell beams detected locomotor 

activity. Sound attenuating test chambers were situated in a 53 cm across x 58 cm deep x 

40 cm high chamber with a house light and fan for ventilation and background noise as 

previously described in (Boehm et al., 2008; Morris et al., 2018). While D1-Cre and 

A2A-Cre; spinophilinFl/Fl, spinoDdMSN and SpinoDiMSN were tested using individually 

housed Noldus Phenotyper Cages (30 cm X 30 cm X 30 cm) that were concealed to 

prevent mice from visualizing each other. Briefly, mice were given an intraperitoneal 
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(i.p.) injection of 3.0 mg/kg of d-amphetamine or saline vehicle (10 mL/kg). d-

Amphetamine was administered once every 24 hours for five consecutive days. 

Immediately after injection, mice were placed in either the VersaMax apparatus (Figure 

10) or the Noldus Phenotyper Cages (Figure 11). The VersaMax apparatus is interfaced 

with a Dell computer and software that is programed to track consecutive photocell beam 

interruptions that could be translated into distance traveled (cm). Data was collected in 1-

minute intervals for 60 minutes. The Noldus Phenotyper Cages are interfaced with a 

stand-alone Dell computer in which visualization software (EthoVision XT) is used to 

track locomotion (distance traveled). Immediately upon placing animals in the 

phenotyper cages the software calibrated the subject’s body to a single identifier localized 

to detect the center of the mouse’s body. Data was collected in 1-second intervals for 60 

minutes. 

3.2.5 Drugs 

d-amphetamine hemisulfate salt was purchased from Sigma-Aldrich, (St. Louis, 

MO, USA) 

 

3.2.6 Statistics  

Two-way analysis of variance (ANOVA) tests followed by either a Tukey or 

Sidak post-hoc test was performed to determine if loss of spinophilin in whole-body 

spinophilin KO would affect amphetamine mediated behavioral sensitization. Three-way 

ANOVA tests with repeated measures were performed to determine if there were 

significant affects to amphetamine mediated behavioral sensitization with loss of 
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spinophilin in either dMSNs or iMSNs. In, addition Three-way ANOVA tests with 

repeated measures were performed on A2A- and D1-Cre controls. All values represent 

mean ± SEM. Statistical analyses and graphing were performed using Prism 9.3.1 

(GraphPad, LaJolla, CA). 

 

3.3 Results 

Global Loss of Spinophilin Abrogates Amphetamine-induced Behavioral Sensitization 

Repeated amphetamine administration is known to induce locomotor sensitization 

in concert with myriad protein expression changes within the striatum (Boikess & 

Marshall, 2008; Boikess et al., 2010; Schmidt et al., 2010). Here we administered a 

sensitizing amphetamine regimen of amphetamine to either WT or spinophilin KO 

animals and measured the total distance travelled for 1 hour (Figure 16A). A Two-Way 

ANOVA shows a significant genotype effect (F(1,4) = 8.827; P = 0.0411), and a 

significant interaction (Genotype and Day) effect (F(4,16) = 18.80; P<0.0001) (Figure 

16B). A Tukey post-hoc test comparing the means within each genotype across days 

shows a significant increase in locomotion in WT amphetamine treated animals at days 2 

−5 compared to day 1 (* symbols) (Figure 16B). In contrast, there is no difference in 

locomotor activity in the spinophilin KO mice at days 2–4, and a significant decrease at 

day 5 (# symbol), compared to day 1(Figure 16B). Furthermore, a Sidak post-hoc test 

across genotypes of amphetamine-treated animals at each day revealed significant 

differences in locomotion between WT and KO animals at days 3–5 (* symbols) (Figure 

16B). Together the data suggest that loss of spinophilin attenuates the behavioral 

sensitization associated with repeated amphetamine exposure. 
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Figure 16: Attenuation of Amphetamine-dependent Behavioral Sensitization in 

Spinophilin KO Mice. (A) Adult (3-5.5 month) old whole-body spinophilin KO 

((B6N(Cg)-Ppp1r9btm1.1(KOMP)Vlcg/J) and appropriate wild-type control mice were given an 

intraperitoneal (i.p.) injection of 3.0 mg/kg of d-amphetamine (Sigma) or the saline 

volume equivalent to the control groups once every 24 hours for five consecutive days. 

Immediately after each i.p. injection, mice were placed in a VersaMax Animal Activity 

Monitoring System (40 cm x 40 cm x 40 cm) sound attenuating test chambers. Distance 

travelled was collected for 1 hour. (B) Two-Way ANOVA shows a significant genotype 

effect (F(1,4) = 8.827; P = 0.0411), and a significant interaction (Genotype and Day) 

effect (F(4,16) = 18.80; P<0.0001). A Tukey post-hoc test comparing the means within 

each genotype across days shows a significant increase in locomotion in WT 

amphetamine treated animals at days 2 −5 compared to day 1 (* symbols). In contrast, 

there is no difference in locomotor activity in the spinophilin KO mice at days 2–4, and a 

significant decrease at day 5(# symbol), compared to day 1. Furthermore, a Sidak post-
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hoc test across genotypes of amphetamine-treated animals at each day revealed 

significant differences in locomotion between WT and KO animals at days 3–5 (* 

symbols). All values represent mean ± SEM. Modified/Adopted Figure from (Morris et 

al., 2018) Created with BioRender.com.   
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Amphetamine-induced Behavioral Sensitization is Intact in Animals with MSN Cell Type-

specific Loss of Spinophilin 

Global loss of spinophilin attenuates psychostimulant-induced locomotor 

sensitization (Figure 16) (Areal et al., 2019; Morris et al., 2018). Loss of spinophilin in 

iMSNs displayed striatal mediated motor-skill learning and performance deficits (Figure 

13). However, if cell-specific loss of striatal spinophilin mediates the ablation of 

amphetamine-induced locomotor sensitization exhibited in the global spinophilin KOs is 

unclear. We treated control (D1-Cre or A2A-Cre lines), spinophilinFl/Fl, spinoDdMSN, or 

spinoDiMSN mice with either saline or a sensitizing regimen of amphetamine and found 

that locomotor sensitization was intact in all groups (Figures 17-20). These data taken 

together suggest spinophilin signaling in at least one MSN subtype is sufficient to 

achieve locomotor sensitization with a sensitizing regimen of amphetamine.  

 

3.4 Discussion 

 

Spinophilin Whole Body KO Mice do not Undergo Amphetamine-induced Sensitization  

 Here we demonstrate for the first time that amphetamine-induced behavioral 

sensitization is ablated in whole-body spinophilin KO animals (Morris et al., 2018). In 

fact, a year later Areal et al. showed that cocaine-induced behavioral sensitization was 

also lost in whole-body spinophilin KOs (Areal et al., 2019). Thus, regardless of 

psychostimulant type, spinophilin plays a critical role in behavioral sensitization. 

Mechanisms that mediate psychostimulant-induced locomotor sensitization are not fully  
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Figure 17: Intact Amphetamine-dependent Behavioral Sensitization in dMSN 

Spinophilin KO Mice. (A) 8-9 week old male and female spinoDdMSN along with 

appropriate control mice underwent an amphetamine-induced behavioral sensitization 

regimen, as previously described (Morris et al., 2018). Immediately after each injection, 

mice were placed in a Noldus Phenotyper Cage (30 cm x 30 cm x 30 cm). Each subject’s 

distance travelled was recorded for 1 hour. (B) A three-way ANOVA with repeated 

measures were performed to determine effects that loss of spinophilin in dMSNs have on 

amphetamine-induced locomotor sensitization. Analysis found a significant day (F (4, 

144) = 29.73, p<0.0001), and treatment effect (F (1, 36) = 81.49, p<0.0001), but no day x 

genotype (F (4, 144) = 0.9587, p=0.43) or treatment x genotype (F (1, 36) = 0.4640, 

p=0.50) interaction. All values represent mean ± SEM. Created with BioRender.com.   
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Figure 18: Intact Amphetamine-dependent Behavioral Sensitization in D1Cre 

Controls. (A) 8-9 week old male and female D1-Cre mice along with appropriate control 

mice, spinophilinFl/FL, underwent an amphetamine-induced behavioral sensitization 

regimen, as previously described (Morris et al., 2018). Immediately after each injection, 

mice were placed in a Noldus Phenotyper Cage (30 cm x 30 cm x 30 cm). Each subject’s 

distance travelled was recorded for 1 hour. (C) A three-way ANOVA analysis 

determining the effects of D1 Cre only on amphetamine-induced locomotor sensitization 

showed a significant day (F (4, 84) = 14.97, p<0.0001) and treatment (F (1, 21) = 31.63, 

p<0.0001) effect on distance traveled, but no day x genotype (F (4, 84) = 1.151, p=0.33) 

or treatment x genotype (F (1, 21) = 0.1531, p=0.69) effect. All values represent mean ± 

SEM. Created with BioRender.com.   
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Figure 19: Intact Amphetamine-dependent Behavioral Sensitization in iMSN 

Spinophilin KO Mice. (A) 8-9 week old male and female spinoDiMSN along with 

appropriate control mice underwent an amphetamine-induced behavioral sensitization 

regimen, as previously described (Morris et al., 2018). Immediately after each injection, 

mice were placed in a Noldus Phenotyper Cage (30 cm x 30 cm x 30 cm). Each subject’s 

distance travelled was recorded for 1 hour. (B) A three-way ANOVA with repeated 

measures were performed to determine effects that loss of spinophilin in iMSNs have on 

amphetamine-induced locomotor sensitization. Analysis found a significant day (F 

(3.009, 117.4) = 28.46, p<0.0001), and treatment effect (F (1, 39) = 116.5, p<0.0001), but 

no day x genotype (F (4, 156) = 0.6937, p=0.59) or treatment x genotype (F (1, 39) = 

0.7199, p=0.40) interaction. All values represent mean ± SEM. Created with 

BioRender.com.   
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Figure 20: Intact Amphetamine-dependent Behavioral Sensitization in A2A Cre 

Controls. (A) 8-9 week old male and female A2A-Cre along with appropriate control 

mice spinophilinFL/FL underwent an amphetamine-induced behavioral sensitization 

regimen, as previously described (Morris et al., 2018). Immediately after each injection, 

mice were placed in a Noldus Phenotyper Cage (30 cm x 30 cm x 30 cm). Each subject’s 

distance travelled was recorded for 1 hour. (B) A three-way ANOVA analysis 

determining the effects of A2ACre only on amphetamine-induced locomotor sensitization 

showed a significant day (F (4, 120) = 2.859, p=0.026) and treatment (F (4, 120) = 260.4, 

p<0.0001) effect on distance traveled, but no day x genotype (F (4, 120) =0.4149, 

p=0.79) or treatment x genotype (F (1, 120) = 0.02898, p=0.86) effect. All values 

represent mean ± SEM. Created with BioRender.com.   
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understood. However, myriad research suggests that striatal signaling dysregulation 

through dopaminergic and glutamatergic signaling are major contributors (Dela Peña et 

al., 2015; Kalivas, 2007; Kalivas et al., 2009; Peter W. Kalivas & Jane Stewart, 1991). 

PP1, the major spinophilin targeting protein, is a regulator of MSN synaptic signaling, 

and has been shown to regulate glutamatergic synaptic transmission and dendritic spine 

modulation, both of which are dysregulated with psychostimulant administration 

(Allichon et al., 2021; Hu et al., 2008; Jedynak et al., 2016; Jedynak et al., 2007; Munton 

et al., 2004). Furthermore, spinophilin anchors PP1 to glutamatergic targets, such as 

NMDARs and AMPARs, known mediators of glutamatergic synaptic transmission and 

dendritic spine dynamics via its PDZ binding domain (Feng et al., 2000; Salek et al., 

2019; Sarrouilhe et al., 2006; Yan et al., 1999). The initial acute response to 

amphetamine on day 1 was normal when compared to the WT controls (Figure 16), 

suggesting that basal MSN responsivity to psychostimulants was unaltered. However, 

amphetamine administration gives rise to increased spinophilin expression (Boikess & 

Marshall, 2008; Boikess et al., 2010). Indeed, we began to see deficits starting at day 2 of 

amphetamine administration (Figure 16). These data together suggest that with repeated 

administration of psychostimulants, appropriate PP1-mediated signaling could be 

disrupted due to the absence of spinophilin giving rise to aberrant glutamatergic 

signaling. In addition, sensitization is coupled with plastic changes in myriad post-

synaptic proteins; however, loss of spinophilin may prevent the molecular 

neuroadaptations needed to permit sensitization. 
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Loss of Spinophilin in dMSNs or iMSNs is not sufficient to abrogate amphetamine-

induced sensitization 

 Repeated psychostimulant exposure inducing behavioral-sensitization has been 

associated with increased dMSN signaling (D'Souza, 2015), while disruptions in iMSN 

signaling in the DLS ablates psychostimulant-induced locomotor responses (Durieux et 

al., 2009; Durieux et al., 2012). In addition, our previous findings suggest that loss of 

spinophilin in iMSNs can mediate, in part, striatal-mediated motor behaviors (Figure 13). 

It is generally accepted that kinase and phosphatase signaling is critical for the proper 

integration of dopaminergic and glutamatergic transmission in MSNs; for example, the 

phosphorylation status of DARPP-32 can either inhibit phosphatase signaling or increase 

kinase signaling (Figure 7)  (Fernandez et al., 2006; Yger & Girault, 2011). In addition, 

increases in dopaminergic signaling via psychostimulants can tip the balance of DARPP-

32 phosphorylation cell type-specifically favoring the increase of PKA actions (Bateup et 

al., 2008). Indeed, psychostimulants drive bidirectional changes in the phosphorylation 

status of DARPP-32 at Thr34 (Bateup et al., 2008). Taken together the data suggest 

psychostimulants induce cell type-specific changes in the striatum, driving MSN 

signaling imbalances that give rise to neuroadaptations that permit psychostimulant 

sensitization. However, our data suggest that if these changes are occurring, intact 

spinophilin signaling in at least one MSN subtype is sufficient to achieve locomotor 

sensitization with a sensitizing regimen of amphetamine (Figure 17-20). Interestingly, 

given that the global spinophilin KOs did not undergo amphetamine sensitization and 

spinophilin loss from either MSN cell-type did not reproduce the global KO data, a 

higher order organization of circuitry or cell-type may be responsible. Certainly, although 
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interneurons account for less than ~5% of the neurons within the striatum, they play a 

major role in organizing MSN output (Gritton et al., 2019; Tepper & Koós, 2016). 

Specifically, parvalbumin interneurons mediate motor actions by fine-tuning striatal 

MSN output during motor execution, while cholinergic interneurons consolidate and 

organize MSN signaling output that signal the termination of a motor action (Gritton et 

al., 2019). Intriguingly, loss of D2Rs in cholinergic interneurons nullified 

psychostimulant-induced behavioral sensitization (Lewis et al., 2020). Specifically, the 

activation of D2Rs on cholinergic interneurons inhibit cholinergic activity thus permitting 

sustained locomotor activity demonstrated in psychostimulant-induced sensitization 

(Lewis et al., 2020). Furthermore, spinophilin has been shown to be expressed in cortical 

parvalbumin-containing interneurons, but no data has been shown for cholinergic 

interneurons (E. Chris Muly et al., 2004). However, spinophilin has been shown to 

directly bind to D2Rs on the IC3 loop via its GPCR binding domain (Sarrouilhe et al., 

2006; Smith et al., 1999). Furthermore, the phosphorylation status at a Thr site on the IC3 

loop of D2Rs mediate surface expression via a receptor internalization mechanism (Cho 

et al., 2010). Together these data position spinophilin as a potential mediator of D2R 

signaling dynamics within the cholinergic interneuron. It is possible that loss of 

spinophilin in cholinergic interneurons may recapitulate the global KO data or more 

likely a combination of spinophilin deletion in iMSN and cholinergic interneurons. 

 

3.5 Conclusion 

A sensitizing regimen of amphetamine did not induce the appropriate behavioral 

response in the global spinophilin KO mice, such that they did not demonstrate locomotor 



 

 74 

sensitization (Figure 16) (Morris et al., 2018). In addition, loss of spinophilin in either 

iMSNs or dMSNs did not recapitulate the deficits observed in the global spinophilin KOs 

and instead amphetamine-induced locomotor sensitization was intact (Figure 17-20). The 

hyperlocomotion induced by psychostimulants is mediated by increases in dopaminergic 

tone within the striatum (Asser & Taba, 2015; Barbera et al., 2016; Beaulieu et al., 2006; 

Durieux et al., 2012; Ikemoto, 2002; Natarajan & Yamamoto, 2011). In addition, the 

stimulation of both D1Rs and D2Rs produce robust locomotion (Asser & Taba, 2015; 

Korchounov, 2008; Waszczak et al., 2002). However, global loss of spinophilin still 

produced an initial hyperlocomotion on par with control mice, but the global spinophilin 

knockout mice did not sensitize to amphetamine (Figure 16) (Morris et al., 2018). These 

data suggest that loss spinophilin in other cell-types within the striatum may play a 

critical role in amphetamine-induced sensitization. Further research is needed to 

understand which cell type or cell types are regulating the whole-body spinophilin KO 

data.   
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Chapter IV: Molecular Mechanisms Underlying Psychostimulant-Mediated Striatal 

Spinophilin Function  

 

4.1 Introduction 

Psychostimulant drug abuse is becoming increasingly popular and costly globally 

(Ashok et al., 2017; Degenhardt & Hall, 2012). Psychostimulant drugs of abuse, such as 

methamphetamine, amphetamine, and cocaine, have been associated with dopamine (DA) 

receptor dysfunction, improper synaptic transmission, and other neuronal perturbations 

that may contribute to addiction pathology (Burke & Miczek, 2014; Centonze et al., 

2002; Chiodi et al., 2014; Gerdeman et al., 2003; Sanchez-Ramos, 2015; Ungless et al., 

2001). Psychostimulants drive hyper-dopaminergic signaling within the striatum by 

increasing DA concentrations and enhancing DA transmission (Cass et al., 1992; Dela 

Peña et al., 2015; Di Chiara & Imperato, 1988; Siviy et al., 2015; Volkow et al., 1999). 

When low doses of psychostimulants are administered chronically, response to the drug 

also increases, causing progressive potentiation of motor programs which eventually 

plateau, a process known as behavioral sensitization (Figure 14) (P. W. Kalivas & J. 

Stewart, 1991; Robinson & Becker, 1986; Steketee & Kalivas, 2011). Thus, DA plays a 

critical role in basal ganglia regulated motor programs (Bostan & Strick, 2018; Gremel & 

Lovinger, 2017; Groenewegen, 2003; Natarajan & Yamamoto, 2011). 

The striatum is thought to play a significant role in mediating psychostimulant 

drug addiction/abuse (Gremel & Lovinger, 2017; Yager et al., 2015). The striatum is 

divided into two regions either the dorsal or ventral striatum (which includes the 

olfactory tubercle as an extension of the ventral striatum). Furthermore, the ventral 
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striatum is thought to mediate the rewarding features of psychostimulants (Ikemoto, 

2002, 2003, 2007; Ikemoto et al., 2005). The dorsal striatum is subdivided into the dorsal 

medial striatum (DMS) and the dorsal lateral (DLS) striatum. The DMS is postulated to 

mediate associative tasks (DMS) thereby modulating goal-directed behavior, whereas the 

DLS regulates sensorimotor function mediating motor and habitual actions (Balleine & 

O'Doherty, 2010; Burton et al., 2015; Stalnaker et al., 2012). Together, the dorsal 

striatum is critical for decision making and is paramount in delineating how the striatum 

mediates/influences movement. The dorsal striatum is innervated by dopaminergic 

projections arising from the SN and has been functionally described as a modulator of 

motor domains specifically involving action selection and initiation (Balleine & 

O'Doherty, 2010; Graybiel, 2008; Graybiel & Grafton, 2015). However, studies also 

suggest that there is significant overlap in motor and reward functional domains within 

the striatum (Belin & Everitt, 2008; Kravitz & Kreitzer, 2012). Approximately 90–95% 

of the neuronal populations within the striatum are GABAergic MSNs. There are two 

MSN subtypes within the striatum that are characteristically distinct based on 

physiological and structural properties, as well as differential expression of DA receptor 

subtypes and neuropeptide hormones (Gerfen et al., 1990; Gerfen & Young, 1988; 

Lanciego et al., 2012). Differential expression of DA receptors allows for differential 

signaling within striatal MSNs and studies have shown that characteristics and behaviors 

associated with striatal specific pathological maladies can occur when there is an 

imbalance in the activity and/or signaling between the two MSN classes (Allichon et al., 

2021; Bertran-Gonzalez et al., 2008; Lobo & Nestler, 2011). Activation of dMSNs 

increase PKA signaling (Figure 6) and act to enhance basal ganglia related motor 
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programs (Allen et al., 2006; Bateup et al., 2010; Mink, 1996; Price et al., 1999; Snyder 

et al., 2000; Xue et al., 2017). Conversely, iMSNs decrease PKA signaling (Figure 6) 

and are thought to inhibit inappropriate motor actions (Bateup et al., 2010; Durieux et al., 

2009; Mink, 1996). Thus, modulation of dopaminergic signaling can drive the opposing 

functions of dMSNs and iMSNs (Bateup et al., 2010; Durieux et al., 2012; Surmeier et 

al., 2007; Surmeier et al., 2010). 

Proper MSN signaling is facilitated by reversible protein phosphorylation is 

which contributes to competent neuronal signaling, communication, and synaptic 

plasticity. To achieve proper signaling, serine/threonine kinases phosphorylate substrates 

utilize specific consensus sites; however, serine/threonine phosphatases, such as PP1, 

associate with targeting proteins to attain specificity (Foley et al., 2021; Peti et al., 2013; 

Woolfrey & Dell'Acqua, 2015). The most abundant targeting protein for PP1 in the PSD 

is spinophilin (Kelker et al., 2007; MacMillan et al., 1999; E. Chris Muly et al., 2004). 

Spinophilin acts as a scaffolding protein by targeting PP1 to specific substrates (Figure 

8); however, spinophilin can also inhibit the activity of PP1, driving changes in synaptic 

strength and plasticity (Allen et al., 1997; Foley et al., 2021; Morishita et al., 2001; 

Ragusa et al., 2010; Yan et al., 1999). Furthermore, spinophilin is enriched in the PSD of 

dendritic spines, and is essential for proper dendritic spine function by regulation of 

critical dendrite properties (Allen et al., 1997; Feng et al., 2000; E. Chris Muly et al., 

2004; E. C. Muly et al., 2004). Changes in MSN dendritic spine density and morphology, 

perturbations in synaptic transmission, and concomitant aberrant dopaminergic signaling 

are all major contributors to striatal disease states such as psychostimulant drug addiction 

(Allichon et al., 2021; Areal et al., 2019; Surmeier et al., 2007; Surmeier et al., 2010; 
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Yager et al., 2015). In addition, psychostimulant administration, which drives hyper-

dopaminergic responses was shown to increase spinophilin expression in the striatum 

(Boikess & Marshall, 2008; Boikess et al., 2010). Dopaminergic signaling regulates 

kinase activity (Figure 6), such as PKA and CaMKII. Spinophilin can be phosphorylated 

by PKA and CaMKII within its actin-binding domain (Figure 8) and phosphorylated 

spinophilin is known to decrease its binding to F-actin and potentially limit its coupling 

to the PSD (Grossman et al., 2004; Hsieh-Wilson et al., 2003). DA depletion, which 

decreases dopaminergic signaling in the striatum, decreases spinophilin interactions 

within the striatum. Specifically, there were increases in spinophilin binding to PP1; 

however, the interactions of spinophilin with a plurality of spinophilin-associated 

proteins (SpAPs) were decreased (Brown et al., 2008; Hiday et al., 2017). Previously, we 

showed that whole-body spinophilin knockout (KO) mice do not undergo d-

amphetamine-induced behavioral sensitization (Morris et al., 2018). However, how 

excessive DA signaling, as occurs following psychostimulant sensitization, modulates 

spinophilin interactions is unclear. Here we show that in contrast to DA depletion, 

amphetamine sensitization increases a majority of striatal spinophilin interactions after a 

sensitizing regimen of amphetamine. Moreover, in our preliminary studies using a novel 

transgenic mouse line that allows for Cre-dependent expression of a hemagglutinin (HA)-

tagged form of spinophilin, we observed both pan-MSN and putative cell type-specific 

alterations in spinophilin interactions following amphetamine treatment. In addition, 

global loss of spinophilin drives aberrant changes in the expression and phosphorylation 

state of critical post-synaptic proteins that facilitate proper MSN signaling. Together, 
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these data delineate alterations in direct and indirect spinophilin interactions that may 

contribute to psychostimulant-induced pathologies. 

 

4.2 Materials and Methods 

4.2.1 Animals 

(Proteomics) Adult (P59-P87) A2A- or D1Cre HA-tagged spinophilin mice were 

used for mass spectrometry (Table 1). (Immunoblotting Studies) Adult (P85–P120) mice 

were used for immunoblotting analysis of HA spinophilin or Adult (P56-P64) old whole-

body spinophilin knock-out ((B6N(Cg)-Ppp1r9btm1.1(KOMP)Vlcg/J) (KO), and wild-type 

(WT) C57BL/6 mice were used to investigate protein expression changes in sensitized 

animals. In addition, one adult P90 WT and one adult spinophilin KO mouse was used to 

validate a subset of spinophilin interactions for the proteomics data specifically. 

 

4.2.2 Generation of cell-specific HA-tagged spinophilin mice 

A human, HA-tagged spinophilin construct (Hiday et al., 2017) containing a P2A 

sequence and the mNeptune 3 protein were assembled into the pBigT vector between the 

ClaI and SacI restriction sites (Figure 21A). Gene files were assembled in SnapGene 

(GSL Biotech, Chicago, IL, USA) or Vector NTI (ThermoFisher Scientific, Waltham,  
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Table 1: Proteomics Subjects. Animals used for proteomics studies. Sex, genotype, 

weight of animals used for proteomics studies. Adopted/Modified from (Watkins et al., 

2018). Created with BioRender.com. 
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Figure 21: Generation and Characterization of Cre-expressing HA-tagged Human 

Spinophilin Mice. (A) A construct containing DNA encoding HA-tagged human 

spinophilin with a P2A sequence and mNeptune3 fluorescent protein was cloned into the 

pBIGT vector that contains a floxed-stop sequence. (B) The construct encoding the 

floxed-stop sequence and the HA-spinophilin-P2A-mNeptune 3 sequence was subcloned 

into the ROSA targeting vector pROSA_26.PA. (C) The modified ROSA vector was used 

for generation of the targeted transgenic mice. (D) Striatal cells were transfected without 

or with HA-tagged human spinophilin. Lysates were immunoprecipitated with either an 

HA or spinophilin antibody and immunoblotted with an HA antibody or a spinophilin 

antibody. HA-spinophilin was selectively detected when it was overexpressed. € Mice 

express HA-tagged spinophilin upon crossing with Cre recombinase expressed in the 

direct pathway (D1) or indirect pathway (A2A) medium spiny neurons. (F) Spinophilin 
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and protein phosphatase 1 immunoblots of inputs and HA-immunoprecipitates from HA 

spinophilin mice crossed with D1 or A2A Cre-recombinase-expressing mice. (G) Mice 

expressing HA-spinophilin had non-significant increases in total spinophilin expression. 

Modified/Adopted Figure from (Watkins et al., 2018) Created with BioRender.com. 
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MA, USA). The insert was then subcloned into the AscI/PacI sites on the pROSA26.PA 

vector (Figure 21B) for generation of targeted embryonic stem cells (ES) cells. 

pROSA26.PA vector was linearized with AscI and injected into SV129 ES cells by the 

Vanderbilt Transgenic Mouse/ESC Shared Resource. These ES cells were transferred 

into pseudo-pregnant C57Bl6/J females and chimeric pups were born from two of these 

clones (2D4 and 2E12). Chimeras were transferred from the Vanderbilt Transgenic 

Mouse/ESC Shared Resource to the mouse colony at IUPUI. One clone was maintained 

in house. Mice were backcrossed at least six generations onto a C57Bl6/J background. 

Mice were subsequently crossed with either the Drd1a-Cre line or onto an A2A-Cre line 

(Gerfen et al., 2013; Gong et al., 2007) that were on the C57Bl6/J background. For 

proteomics, mice expressing a single copy of spinophilin knocked-in to the ROSA locus 

were used. For immunoblotting, mice expressing HA-spinophilin knocked into one or 

both copies of the ROSA locus were used. For those expressing a single copy of 

spinophilin, the other ROSA allele was either WT or had a flox-stop tdTomato reporter 

sequence inserted (Jackson laboratories Stock #007914, Bar Harbor, ME, USA). All 

animal studies were performed in accordance with the Guide for the Care and Use of 

Laboratory Animals as disseminated by the U.S. National Institutes of Health and were 

approved by Indiana University-Purdue University School of Science Animal Care and 

Use Committees (Approval #SC270R). 

 

4.2.3 Brain Tissue Lysis 

Whole mouse striatum (including both dorsal and ventral (accumbens) striatum or 

olfactory tubercle) was dissected from mice after live decapitation. Striatal tissue was 
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homogenized and sonicated in either 1mL (Proteomics) or 1.25mL (Immunoblotting) of 

ice cold low ionic strength lysis buffer containing 2 mM Tris-HCl, 1 mM DTT, 2 mM 

EDTA, 1% Triton X-100, 1X protease inhibitor cocktail (Bimake, Houston, TX, USA), 

and phosphatase inhibitors (20 mM sodium fluoride, 20 mM sodium orthovanadate, 20 

mM β-glycerophosphate, and 10 mM sodium pyrophosphate; Sigma-Aldrich or 

ThermoFisher Scientific (Waltham, MA, USA)). Homogenates were incubated for 15 

min at 4 °C and then centrifuged at 13,600× g for 10 min. The collected supernatant was 

mixed with Laemmli sample buffer to generate the inputs or subjected to 

immunoprecipitation. 

 

4.2.4 Transfections 

Mouse STHdhQ7/7 striatal cell line (a kind gift from Dr. Gunnar Kwakye, 

Oberlin College, Oberlin, OH, USA) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) that contained 10% fetal bovine serum, 1% 

GlutaMAXTM (ThermoFisher Scientific), 400 μg/mL G418-Sulfate (Geneticin) 

(ThermoFisher Scientific), 100 U/mL penicillin, and 100 μg/mL streptomycin. Culture 

plates were incubated at a constant 33 °C and 5% CO2 in myTemp Mini CO2 digital 

incubator (Benchmark Scientific; Edison, NJ, USA). Cells were transfected overnight 

with 2 μg of HA-tagged human spinophilin and PolyJet reagent (SignaGen Laboratories, 

Gaithersburg, MD, USA) per the manufacturers’ instructions. Cells were lysed in the 

low-ionic strength Tris buffer. 
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4.2.5 Immunoprecipitations 

Striatal lysates were immunoprecipitated with an HA-epitope antibody or 

spinophilin antibody. 3 µg of goat HA polyclonal antibody (Bethyl Laboratories, 

Montgomery, TX, USA, A190-238A) or 5 µg goat spinophilin polyclonal antibody 

(Santa Cruz Biotechnology, Dallas, TX, USA, SC14774) were incubated at 4 °C with 

750–800 µL (75–80%) of total striatal lysate overnight. Striatal cell lysates were 

immunoprecipitated with 1.6 µg of a sheep spinophilin antibody (ThermoFisher 

Scientific). The following day, protein G magnetic beads (DynaBeads, ThermoFisher 

Scientific) were added, and the mixture was incubated for 2 h. Beads were washed three 

times by magnetic separation in an immunoprecipitation wash buffer (150 mM NaCl, 50 

mM Tris-HCl pH 7.5, 0.5% (v/v) Triton X-100). For immunoblotting, beads were 

resuspended in 2X sample buffer. For Tandem Mass Tag (TMT) labeling, beads were 

subsequently washed three times in PBS by centrifugation. Washed beads were submitted 

for tryptic digestion and each sample was labeled with an isobaric tandem mass tag to 

allow for quantitation. 

 

4.2.6 Immunoblotting  

Immunoprecipitates and inputs were separated by SDS-PAGE and blotted with 

specific primary or secondary antibodies (Table 2). Immunoblots were imaged using 

either Odyssey CLX or Odyssey M and fluorescence intensity measurements were made 

using Image Studio or Imperia respectively (LI-COR Biosciences, Lincoln, NE). 

Immunoblotting was performed as previously described (Edler et al., 2018; Morris et al., 

2018; Watkins et al., 2018). 
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Antibody Dilution  Source Identifier 
Primary Antibodies 

CAMKIIa (6G9) Ms 1:1000 Santa Cruz 
Biotechnology 

sc-32288 

D2 (B-10) Ms 1:1500 Santa Cruz 
Biotechnology 

SC-5303 

DARP 32 (19A3) Rb 1:1000 Cell Signaling 
Technology 

2306S 

GluA1 (D4N9V) Rb 1:1000 Cell Signaling 
Technology 

13185S 

GluA2 (E1L8U) Rb 1:1000 Cell Signaling 
Technology 

13607S 

GluN1 (D65B7) Rb 1:1000 Cell Signaling 
Technology 

5704S 

GluN2A Rb 1:1000 Cell Signaling 
Technology 

4205S 

GluN2B (D8E10) Rb 1:1000 Cell Signaling 
Technology 

14544S 

HA Gt (discontinued) (IP) *see 
methods 

Bethyl Laboratories A190-
238A 

HA Rb 1:500 Bethyl Laboratories A190-
208A 

mGluR5 Rb 1:1000 Millipore Sigma AB5675 
mGluR5, clone N75/33 Ms 1:1500 Millipore Sigma MABN540 
Neurabin I Rb (discontinued) 1:1000 Sigma-Aldrich* N 4412 
Phospho-CaMKII (22B1) Ms 1:1000 Santa Cruz 

Biotechnology 
sc-32289 

Phospho-DARPP-32 (Thr34) 
(D27A4) Rb 

1:1000 Cell Signaling 
Technology 

12438S 

Phospho-GluA1 (A5O2P) 
Ser831 Rb 

1:1000 Cell Signaling 
Technology 

75574S 

Phospho-GluA1 (D10G5) 
Ser845 Rb 

1:1000 Cell Signaling 
Technology 

8084S 

Phospho-GluN2B S1284 1:1000 Cell Signaling 
Technology 

5355S 

PP1alpha (E-9) Ms 1:1000 Santa Cruz 
Biotechnology 

sc-7482 

PP1gamma (C-19) Gt 1:1000 Santa Cruz 
Biotechnology 

sc-6108 

PSD-95 (D27E11) XP Rb 1:1000 Cell Signaling 
Technology 

3450S 

SAP102 (A7R8L) Rb 1:1000 Cell Signaling 
Technology 

47421S 
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Antibody Dilution Source Identifier 

Spinophilin (A-20) Gt 
(discontinued) (IP) 

*see 
methods 

Santa Cruz 
Biotechnology 

sc-14774 

Spinophilin (E1E7R) Rb 1:500 Cell Signaling 
Technology 

14136S 

Spinophilin Sheep *see 
methods 

ThermoFisher 
Scientific 

PA5-
48102 

Secondary Antibodies 
Donkey anti-rabbit (H+L) 
Alexa Fluor 790 

1:10,000 Jackson 
Immunoresearch 

711-655-
152 

Donkey anti-mouse (H+L) 
Alexa Fluor 790 

1:10,000 Jackson 
Immunoresearch 

715-655-
151 

Donkey anti-sheep (H+L) Alexa 
Fluor 790 

1:10,000 ThermoFisher 
Scientific 

A11374 

Donkey anti-goat (H+L) Alexa 
Fluor 680 

1:10,000 ThermoFisher 
Scientific 

A21084 

Donkey anti-mouse (H+L) 
Alexa Fluor 680  

1:10,000 ThermoFisher 
Scientific 

A10038 

Table 2: Antibody List. Antibodies (primary and secondary), dilution, purchased 

company and catalog identifier. 
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4.2.7 d-Amphetamine Sensitization 

Mice received daily intraperitoneal (i.p) injections of d-amphetamine at 3.0 mg/kg 

(Sigma-Aldrich, St. Louis, MO, USA) or saline (10 mL/kg) for five consecutive days and 

returned to their home cage. Mice were then sacrificed and striata dissected 48-72 h after 

the last injection. 

 

4.2.8 Proteomics 

Following washes, immunoprecipitated samples on beads were reduced with 5 

mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and alkylated with 10 mM 

chloroacetamide (CAM). Beads were then incubated with Trypsin Gold (Promega) at 37 

°C overnight. Digested samples were cleaned up using a Waters Sep-Pak C18 plate per 

manufacturer’s instructions. 

For TMT labeling, tryptic peptides from each individual condition were labeled 

with eight different isobaric TMT tags using 8 of a 10-plex TMT kit (ThermoFisher 

Scientific) and following manufacturer’s instructions. Following individual labeling, 

samples were mixed and separated by HPLC and subjected to mass spectrometry. 

For HPLC and mass spectrometry analysis, digested peptides were loaded onto an 

Acclaim PepMap C18 trapping column and eluted on a PepMap C18 analytical column 

with a linear gradient from 3% to 35% acetonitrile (in water with 0.1% formic acid) over 

120 min in-line with an Orbitrap Fusion Lumos Mass Spectrometer (ThermoFisher 

Scientific). Raw files generated from the run were analyzed using Thermo Proteome 

Discoverer (PD) 2.2. SEQUEST HT (as a node in PD 2.2) was utilized to perform 
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database searches as previously described (Smith-Kinnaman et al., 2014) with a few 

modifications: Trypsin digestion, two maximum missed cleavages, precursor mass 

tolerance of 10 ppm, fragment mass tolerance of 0.8 Da, fixed modifications of +57.021 

Da on cysteine, +229.163 on lysines and peptide N-termini, and a variable modification 

of +15.995 Da on methionine. The spectral false discovery rate (FDR) was set to ≤1% as 

previously described (Mosley et al., 2011). The FASTA database used was a mouse 

proteome downloaded from Uniprot on January 9, 2017, with the addition of 72 common 

contaminants.  

 

4.2.9 Pathway Analysis 

Proteins that were increased in HA-spinophilin immunoprecipitates isolated from 

amphetamine treated animals were analyzed using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) Bioinformatics Resource (version 6.8; 

https://david.ncifcrf.gov/, National Cancer Instutitue at Frederick, MD, USA 69 70). 

Proteins were analyzed using the Kyoto encyclopedia of genes and genomes (KEGG) and 

gene ontology (GO) pathway databases. In addition, (Search Tool for the Retrieval of 

Interacting Genes/Proteins) STRING database (http://www.string-db.org) was used to 

display KEGG pathway protein networks. 

 

4.2.10 Statistics 

To compare saline to amphetamine treatment across all groups combined, a t-test 

was performed to compare spinophilin abundance in the amphetamine vs. saline treated 
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samples. A non-adjusted t-test and a t-test adjusted for multiple comparisons (using the 

Holm-Sidak method) were performed to compare the abundance of the proteins isolated 

from amphetamine compared to saline-treated samples both non-normalized and 

normalized. For normalization for PCA analysis and protein abundance, we divide the 

abundance of the individual protein in the individual sample by the total peptide or total 

spinophilin abundance detected in that sample. Given that there was an N of 1 in some of 

the sub-categories (e.g., A2A male and D1 female) the study was not powered nor 

intended to make statistical conclusions and these results are a qualitative display of sex- 

and cell-specific protein interactions. For immunoblotting, Two-way ANOVA with 

repeated measures was performed to determine effect of loss of spinophilin on 

amphetamine treated subjects compared with appropriate controls. A post-hoc Tukey or 

Šídák’s multiple comparison test was performed when genotype, treatment, or interaction 

had a p-value > 0.05. If p > 0.05, multiple comparisons were only performed within 

columns and/or rows that had a significant ANOVA effect. 

 

4.3 Results 

Generation of HA-Tagged Spinophilin Mice 

We created constructs that encoded HA-tagged human spinophilin (Hiday et al., 

2017) along with a P2A sequence and a far-red fluorescent protein (mNeptune3 (Chu et 

al., 2014)). Mice were generated from these constructs by the Vanderbilt Transgenic 

Mouse/ESC Shared Resource (see methods). When crossed with Cre-expressing mice, 

these animals express HA-tagged human spinophilin under control of the ROSA 

promoter (Figure 21C). When crossed with mice expressing Cre recombinase under 
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control of the Drd1a gene or the Adora2a gene, we were able to detect HA signal in HA 

immunoprecipitates by immunoblotting (Figure 21D,E). Furthermore, we were able to 

detect known spinophilin interacting proteins PP1 and GluN2B (Allen et al., 1997; 

Baucum et al., 2013; Baucum et al., 2010; Colbran et al., 1997) in the HA 

immunoprecipitates isolated from Cre-expressing lines (Figure 21E). Less PP1 and 

GluN2B co-precipitated from the Cre-negative animals (Figure 21E). Moreover, a 

spinophilin antibody also detected a band in the HA immunoprecipitates isolated from 

Cre-expressing, but not Cre-negative mice (Figure 21D,F). Of note, we detected a 

doublet in the HA-immunoprecipitates when immunoblotting for spinophilin isolated 

from the HA-spinophilin expressing mice, as well as a striatal cell line transfected with 

an HA-spinophilin construct (Figure 21F). This is not surprising as spinophilin is 

thought to homo-dimerize and this suggests that the human HA-spinophilin is 

complexing with the endogenous, mouse spinophilin. However, there was no significant 

difference in the amount of total spinophilin in the mice expressing HA-spinophilin, 

suggesting a low overexpression of spinophilin (Figure 21G). Moreover, given the low 

expression of epitope tagged spinophilin and fluorescent protein, we were unable to 

detect either HA-tagged protein or fluorescent protein by immunohistochemistry (data 

not shown). 

 

Amphetamine Modulates Spinophilin Expression and Interactions 

DA signaling within the striatum modulates MSN activity and signaling (Gerfen & 

Surmeier, 2011; Hu & Wang, 1988). Amphetamine increases the release of DA at 

dopaminergic terminals synapsing on MSNs (Dela Peña et al., 2015; Di Chiara & 



 

 92 

Imperato, 1988; Siviy et al., 2015). Our previous studies show that DA depletion alters 

the spinophilin interactome (Hiday et al., 2017) and that spinophilin KO mice do not 

undergo amphetamine-induced locomotor sensitization (Morris et al., 2018). However, 

how spinophilin normally contributes to synaptic changes associated with amphetamine-

dependent striatal changes is unclear. As spinophilin targets PP1 to regulate synaptic 

protein phosphorylation, in order to identify potential spinophilin-dependent synaptic 

protein targets that are regulated by spinophilin following amphetamine sensitization, we 

utilized our HA-tagged spinophilin mice (Figure 21) to measure spinophilin interactions 

in saline- or amphetamine-treated mice expressing spinophilin in D1 DA or A2A 

adenosine-receptor containing neurons of the striatum. Mice were injected with 3 mg/kg 

amphetamine every day for five days and sacrificed 72 h after the final amphetamine 

treatment. Striatal lysates were immunoprecipitated with an HA antibody, digested with 

trypsin, labeled with TMTs, and analyzed by mass spectrometry (Figure 22A). A total 

TMT abundance for spinophilin was detected in all conditions. As human and mouse 

spinophilin differ by fewer than 30 amino acids and as spinophilin homo-dimerizes we 

searched only the mouse database. Forty-eight spectral counts matching spinophilin were 

detected across all eight samples. Based on the unnormalized abundance of the TMT tag 

from the different samples, we observed more spinophilin in the amphetamine-treated 

compared to control treated samples (Figure 22B). A principal component analysis from 

all proteins (1454) of the individual samples, normalized to total peptide amount, 

revealed that 46.2% of the total variability is due to amphetamine treatment (Figure 

22C). We next evaluated changes in the TMT tag abundance ratios (amphetamine/saline)  
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Figure 22: Quantitation of Spinophilin Complexes isolated from MSNs using TMT 

Analysis. (A) Striatal lysates isolated from male or female mice expressing HA 

spinophilin under the control of D1 or A2A promoters and treated with saline or 

amphetamine were immunoprecipitated with an HA antibody, digested with trypsin, 

labelled with eight different TMT tags, mixed and analyzed by mass spectrometry 

(MS/MS). (B) A higher intensity of TMT reporter abundance matching spinophilin was 

observed in amphetamine-treated compared to saline treated animals (t-test; * p < 0.05). 

(C) Principal component analysis of individual samples normalized to total peptide 

amount within each sample. (D) A volcano plot showing a majority of the protein have 

increased abundance in HA immunoprecipitates isolated from amphetamine treated 

animals. Adopted/Modified from (Watkins et al., 2018). Created with BioRender.com. 
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of the spinophilin interacting proteins. For this, we eliminated all contaminant proteins 

and only included those proteins detected in all eight samples (e.g., with all eight 

tags).This led to the detection of 984 total proteins in the HA-spinophilin 

immunoprecipitates. We plotted these unnormalized values using a volcano plot with 

Log2 abundance ratio on the X-axis and −log10 p-value (t-test, non-adjusted) on the Y-

axis (Figure 22D). All but two proteins showed an increased abundance in spinophilin 

immunoprecipitates isolated from amphetamine compared to saline treated samples. 

 

Regulation of Spinophilin Interactions by Amphetamine 

Given that spinophilin abundance was increased in immunoprecipitates isolated 

from amphetamine treatment compared to saline-treated samples, to determine if the 

increased association of spinophilin with interacting proteins was due exclusively to 

increased spinophilin levels, we normalized the abundance of each individual interacting 

protein to the abundance of spinophilin in the corresponding sample. Moreover, we only 

used those proteins that contained at least eight peptide spectral matches (PSMs) as these 

would average 2 PSMs per condition. We detected 423 total proteins across all conditions 

that met these criteria. Of these proteins, 134 were unchanged (Log2 ratio −0.5 to +0.5), 

three had a decreased association (<Log2 Ratio −0.5), and 286 had an increased 

association (>Log2 Ratio +0.5) with spinophilin. Those proteins with a decreased 

interaction ratio of <−0.5 and increased interaction ratio of >1.0 are shown in (Table 3). 

We performed a second PCA analysis of the data normalized to spinophilin for those 

peptides having eight PSMs or more (Figure 23A). This mode of analysis decreased the 
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Table 3: Spinophilin interacting proteins that had altered abundance following 

amphetamine treatment. HA spinophilin was immunoprecipitated from saline and 

amphetamine-treated D1 Cre and A2A Cre mice. The abundance of the individual 

proteins was normalized to the abundance of spinophilin. A ratio of the abundance of 

proteins isolated from the amphetamine treated over the saline treated mice was 

generated. A subset of spinophilin interacting proteins that had at least eight spectral 

counts (PSMs) and had a decreased (<0.5) or increased (≥1.00) log2 ratio is shown. 

Adopted/Modified from (Watkins et al., 2018). Created with BioRender.com. 
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Figure 23: Greater Abundance of Spinophilin Interacting Proteins in 

Amphetamine-treated Animals Occurs Across Sexes and Cell-types. (A) Principal 

component analysis of individual samples normalized to spinophilin abundance within 

each sample and filtered for eight or more PSMs. (B) A volcano plot showing a majority 

of the proteins have increased abundance in HA immunoprecipitates isolated from 

amphetamine treated animals when normalized to the amphetamine-dependent increase 

in spinophilin abundance. (C) A plot of the abundance of spinophilin interacting proteins 

isolated from male, D1 Cre expressing animals and normalized for spinophilin expression 

and quantified from treated (Y-axis) or control (X-axis) samples. Left panel shows mean 

± standard deviation, the right panel just shows the mean of the two values. (D) A plot of 

the abundance of spinophilin interacting proteins isolated from female, D1 Cre 

expressing animals and normalized for spinophilin expression and quantified from treated 

(Y-axis) or control (X-axis) samples. € A plot of the abundance of spinophilin interacting 

proteins isolated from female, A2A-Cre expressing animals and normalized for 
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spinophilin expression and quantified from treated (Y-axis) or control (X-axis) samples. 

Adopted/Modified from (Watkins et al., 2018). Created with BioRender.com. 
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variability within the amphetamine treatment group but increased the variability in the 

saline treatment group. We plotted these normalized values using a volcano plot with 

log2 abundance ratio on the X-axis and −log10 P-value (t-test, non-adjusted) on the Y-

axis (Figure 23B). Therefore, even when normalized to spinophilin there is a higher 

number of proteins with an enhanced association with spinophilin compared to a 

decreased or no change in association. 

We next evaluated the spinophilin interacting proteins from the different cell 

types and sexes. It is important to note that evaluation of these sub-categories (sex and 

genotype) are qualitative and no statistical inference can be made; however, these 

preliminary studies denote the importance of evaluating different sexes and cell types. 

We plotted the abundance of the amphetamine treated samples on the Y-axis and the 

abundance of the saline-treated samples isolated from D1 males (Figure 23C), D1 

females (Figure 23D) and A2A females (Figure 23E). All data were normalized to 

spinophilin abundance. All three sets had a slope greater than 1, suggesting that there was 

greater abundance in the amphetamine treatment compared to the saline treatment. Of 

note, the D1 females had the greatest slope (M = 2.554), suggesting the greatest increased 

association in this group compared to the D1 males (M = 1.267) or A2A females (M = 

1.269). Together, our data suggest that amphetamine treatment enhances synaptic protein 

interactions with spinophilin across multiple sexes and cell types. 

To begin to delineate amphetamine-dependent regulation of specific spinophilin 

interactors in the different Cre lines, we generated a ratio of the abundance ratios from 

the D1 Cre animals to the A2A Cre animals. As stated above, it is important to note that, 

given the N of 1 in the A2A animals, these ratios are qualitative and no statistical 
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inference can be obtained; however, these data will inform novel lines of inquiry in future 

cell-specific studies. Those proteins with this ratio of ratios greater than 2 are shown in 

(Table 4). No interactions with a ratio of less than 0.5 (2-fold decrease) were detected. 

 

Pathway and GO Analysis of Spinophilin Interacting Proteins Enhanced by Amphetamine 

Using the DAVID Bioinformatics resource (Huang da et al., 2009; Huang et al., 

2009), we performed the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

analysis on the 286 proteins that had an increased association with spinophilin across all 

samples. 283 total proteins were detected from the list. A total of 94 pathways were 

detected including pathways associated with striatal function, including amphetamine 

addiction. The top 10 pathways also include other disease states associated with striatal 

dysfunction, such as Parkinson disease and Huntington disease (Table 5). We also used 

accession Uniprot ID for identified proteins from HA immunoprecipitates and inputted 

the data in bioinformatics STRING database (http://www.string-db.org) and analyzed 

using KEGG enrichment pathway mapping to reveal molecular interactions that overlap 

(Figure 24). We next evaluated these increased interactions in DAVID using gene 

ontology terms (GO). We evaluated Biological Processes (BP), Cellular Components 

(CC), and Molecular Function (MF). We detected a total of 247 BPs, 154 CCs, and 127 

different MFs in the increased spinophilin interactors. Of these, 33, 55, and 31, 

respectively, were significantly enriched. For BPs, we observed a large number of 

metabolic processes, including ATP and NADH metabolism. We also observed vesicle 

trafficking processes, including synaptic vesicle endocytosis, vesicle-mediated transport, 

and endocytosis. For CCs, we observed known areas where spinophilin is enriched,  
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Table 4: Spinophilin interacting proteins that had altered abundance ratios in D1-

Cre animals compared to A2A-Cre Animals. HA spinophilin was immunoprecipitated 

from saline and amphetamine-treated D1-Cre and A2A-Cre mice. The abundance of the 

individual proteins was normalized to the abundance of spinophilin. A ratio of the 

abundance of proteins isolated from amphetamine-treated divided by saline-treated mice 

was generated. A second ratio comparing the amphetamine/saline ratios identified in the 

3 D1 samples and the 1 A2A sample was generated. Those D1/A2A ratios ≥ 2.00 are 

shown. Adopted/Modified from (Watkins et al., 2018). Created with BioRender.com.  
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Table 5: Top 10 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 

associated with proteins that have amphetamine-dependent increases in spinophilin. 

The 286 proteins that had an increased association with spinophilin (log2 ratio ≥ 0.5) 

were input into the DAVID Bioinformatics resource and analyzed using KEGG pathway 

analysis. The top 10 enriched pathways are shown. Adopted/Modified from (Watkins et 

al., 2018). Created with BioRender.com. 
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Figure 24: Amphetamine-dependent Striatal Spinophilin Interactome. The accession 

Uniprot ID for identified proteins from HA immunoprecipitates were inputted in 

bioinformatics STRING database (http://www.string-db.org) and analyzed using KEGG 

enrichment pathway.  Selected proteins were ≥ 0.5 in abundance ratios 

(Treatment/Control) using (log2) scale after being normalized to total spinophilin. 

Created with BioRender.com. 
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including membrane, postsynaptic density, dendrite, dendritic spine, and cytoskeleton. In 

addition, we matched other localizations where spinophilin has been implicated, such as 

synaptic vesicle membrane (Muhammad et al., 2015). For MFs, we observed known roles 

for spinophilin as a scaffold binding, protein complex binding, protein kinase binding, 

and actin filament binding. In addition, we observed novel putative roles for spinophilin, 

including GTPase binding, ATP binding, and syntaxin-1 binding. The top 10 pathways 

for BP, CC, and MF are shown in (Table 6). 

 

Interactome Analysis of Spinophilin Interacting Proteins Enhanced by Amphetamine 

We next wanted to organize spinophilin interacting proteins that were enhanced 

by amphetamine based on interactions and functional classifications. To do this, we 

utilized the string-db program (Szklarczyk et al., 2015; Szklarczyk et al., 2017). This 

allows for the pictorial representation of proteins and their interactions. To reduce the 

complexity of the submitted proteins, we used a high stringency confidence score (0.900) 

and removed any proteins that were not connected. We next grouped proteins into 12 

categories based on known function and these interactions (Figure 25). These categories 

are: Metabolism, ATPases, vesicle trafficking, synaptic signaling, cytoskeleton, 

ribosomal and nuclear, scaffolding, heatshock, G-proteins and GTPases, semaphorin 

signaling, BBSome, and other. 
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Table 6: Top 10 GO, BP, CC, and MF pathways associated with proteins that have 

amphetamine-dependent increases in spinophilin. The 286 proteins that had an 

increased association with spinophilin (log 2 ratio ≥ 0.05) were input into the DAVID 

Bioinformatics resource and analyzed using GO BP, CC, and MF pathway analyses. The 

top 10 enriched pathways are shown. Adopted/Modified from (Watkins et al., 2018). 

Created with BioRender.com. 
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Figure 25: Graphical Representation of Spinophilin Interactors. Proteins with greater 

abundance in HA immunoprecipitates isolated from amphetamine-treated animals were 

input into the string-db program (www.string-db.org) and separated by hand based on 

function. To reduce the complexity of this map, only those proteins that had at least 1 

interaction at a confidence of 0.9 (highest confidence). Adopted/Modified from (Watkins 

et al., 2018). Created with BioRender.com. 
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Alteration and Validation of Novel Spinophilin Interacting Proteins 

While some of the proteins isolated using the HA spinophilin antibody are known 

spinophilin interactors (e.g., PP1, glutamate receptors, actin), some have not been 

previously validated. Therefore, we wanted to validate some of the proteins that had an 

altered association with spinophilin that are involved in different processes. We chose 

SAP102 (Dlg3), src kinase inhibitor protein 1 (Srcin1), and clathrin heavy chain (Cltc) as 

proteins involved in synaptic scaffolding, signaling, and vesicle trafficking, respectively. 

To determine if these proteins interact with spinophilin in a specific manner, we dissected 

out total (dorsal and ventral (e.g., accumbens)) striatum (Str) and olfactory tubercle (OT), 

a further ventral portion of the striatum from wildtype and whole-body spinophilin KO 

animals. We chose these regions based on their roles in psychostimulant sensitization 

(Durieux et al., 2009; Flanigan & LeClair, 2017; Ikemoto, 2007). We 

immunoprecipitated striatal and tubercle lysates with a spinophilin antibody and 

immunoblotted for spinophilin, SAP102, Srcin1, and clathrin heavy chain. Spinophilin 

was only detected in WT and not KO samples (Figure 26). Moreover, spinophilin 

interactions were only detected in WT and not KO animals. These data suggest that these 

proteins are specific interactors with spinophilin. Future studies will be needed to fully 

validate that the amphetamine-dependent increased association with spinophilin is direct 

protein-protein interactions.  
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Figure 26: Validation of spinophilin interactions. WT or spinophilin KO striatal (STR) 

or olfactory tubercle (OT) lysates were immunoprecipitated with a spinophilin antibody. 

Lysates or immunoprecipitates were immunoblotted for spinophilin and three interacting 

proteins that were detected in the HA immunoprecipitates that had a decreased (SAP102) 

or increased (Clathrin heavy chain and SRCIN1) interaction with spinophilin in 

amphetamine-treated animals. Spinophilin and all associated proteins were detected in 

the spinophilin immunoprecipitates from WT animals but were absent in 

immunoprecipitates isolated from KO animals. Adopted/Modified from (Watkins et al., 

2018). Created with BioRender.com.  

 

 

 

 



 

 108 

Loss of Spinophilin Mediates Amphetamine Dependent Expression Changes in Myriad 

Post-Synaptic Proteins 

We next wanted to see if synaptic proteins critical for proper striatal signaling, 

and synaptic plasticity, would be affected by a sensitizing amphetamine regimen in 

spinophilin KO animals. Indeed, loss of spinophilin mediates amphetamine-dependent 

protein expression and phosphorylated protein expression in myriad synaptic proteins 

(Figure 27 and Figure 28). Loss of spinophilin prevented amphetamine-dependent 

increases in GluA1 (significant treatment effect (F (1, 49) = 5.3; P=0.0256) (Figure 

27E)), GluA2 (significant interaction effect (F (1, 49) = 7.6; P=0.0081) (Figure 27H)), 

neurabin (significant interaction effect (F (1, 46) = 11.71; P=0.0013)) (significant 

genotype effect (F (1, 46) = 15.32; P=0.0003)) (Figure 28C), SAP102 (significant 

interaction effect (F (1, 38) = 13.69; P=0.0007)) (significant genotype effect (F (1,38) = 

5.732; P=0.0217)) (Figure 28D) and CaMKIIa (significant interaction effect (F (1, 30) = 

7.719; P=0.0093)) (significant treatment effect (F (1, 30) = 4.201; P=0.0492) (Figure 

28H). Amphetamine restores protein expression of GluN2A (significant treatment effect 

(F (1, 37)  = 9; P=0.0046)) (Figure 27B), PSD-95 (significant interaction effect (F (1, 44) 

= 23.50; P<0.0001)) (Figure 28E) and DARPP-32 (significant treatment effect (F (1, 30) 

= 11.71; P=0.0018)) (Figure 28F) in spinophilin KOs like saline treated WT levels. 

Interestingly, loss of spinophilin prevented amphetamine-dependent expression decreases 

in GluA1 S845 (significant genotype effect (F (1, 50) = 5.5; P=0.0229)) (significant 

treatment effect (F (1, 50) = 4.2; P=0.0449)) (Figure 27G). However, saline treated 

spinophilin KOs were significantly lower than the saline treated WTs. 
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Figure 27: Effects of Amphetamine on Synaptic Proteins in Spinophilin KO. (A) 

Representative ponceau and immunoblot of NMDAR and AMPAR subunits. (B)  
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GluN2A- significant treatment effect on KOs (F (1, 37)  = 9; P=0.0046. (C) GluN2B- no 

significance (D) GluN2B S1284- no significance I GluA1- significant treatment effect (F 

(1, 49) = 5.3; P=0.0256) (F) GluA1 S831- no significance (G) GluA1 S845- significant 

genotype effect (F (1, 50) = 5.5; P=0.0229), and significant treatment effect (F (1, 50) = 

4.2; P=0.0449) (H) GluA2- significant interaction effect (F (1, 49) = 7.6; P=0.0081). All 

values represent mean ± SEM. Two-way ANOVA with Repeated Measures followed by 

Tukey or Šídák’s post-hoc, n= 9-15 per group. *p< 0.05, **p< 0.01 Created with 

BioRender.com. 
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Figure 28: Effects of Amphetamine on Synaptic Proteins in Spinophilin KO. (A) 

Representative revert-stain and immunoblot of synaptic proteins. (B)  GluN1- no 

significance. (C) Neurabin- significant interaction effect (F (1, 46) = 11.71; P=0.0013), 

and a significant genotype effect (F (1, 46) = 15.32; P=0.0003) (D) SAP102-  significant 

interaction effect (F (1, 38) = 13.69; P=0.0007 and a significant genotype effect (F (1,38) 

= 5.732; P=0.0217)  (E) PSD-95- significant interaction effect (F (1, 44) = 23.50; 

P<0.0001) (F) DARPP-32- significant treatment effect (F (1, 30) = 11.71; P=0.0018) (G) 

pDARPP-32 (Thr 34)- significant genotype effect (F (1, 30) = 17.91; P=0.0002) and 

significant treatment effect (F (1, 30) = 9.075; P=0.0052) (H) CaMKIIa-  significant 

interaction effect (F (1, 30) = 7.719; P=0.0093) and a significant treatment effect (F (1, 

30) = 4.201; P=0.0492. (I) p CaMKIIa-  no significance. All values represent mean ± 

SEM. Two-way ANOVA with Repeated Measures followed by Tukey or Šídák’s post-

hoc, n= 9-15 per group. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 Created with 

BioRender.com. 
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Furthermore, both the saline and amphetamine treated had similar protein expression 

levels in GluA1 S845 (Figure 27G). In addition, phosphorylated DARPP-32 at the Thr34 

site (pDARPP-32 (Thr 34)) expression was in enhanced in amphetamine treated 

spinophilin KOs (significant genotype effect (F (1, 30) = 17.91; P=0.0002)) (significant 

treatment effect (F (1, 30) = 9.075; P=0.0052)) (Figure 28G). Interesting, pDARPP-32 in 

saline treated spinophilin KOs were like WT amphetamine treated animals. Taken 

together, loss of spinophilin changes the expression of critical post-synaptic proteins that 

may give rise to the aberrant regulation of striatal signaling and mediated behaviors. 

 

4.4 Discussion 

Spinophilin Functional Localization 

Spinophilin is a highly abundant spine-enriched protein. We have previously 

found that loss of spinophilin modulates striatal behaviors. Specifically, loss of 

spinophilin decreases motor performance and motor learning on a rotarod apparatus 

(Edler et al., 2018). Moreover, we previously reported that spinophilin KO mice, in 

contrast to WT mice, do not undergo amphetamine-induced locomotor sensitization 

(Morris et al., 2018). In addition, others have observed alterations in the response of 

spinophilin KO mice in rotarod behaviors and following cocaine treatment (Allen et al., 

2006). Together, these data suggest that spinophilin is important in striatal based 

behaviors. However, how spinophilin contributes to these behaviors is unclear. As the 

major postsynaptic density-enriched PP1-interacting protein, spinophilin’s functional 

regulation of the above striatal behaviors may be due to its targeting of PP1 to synaptic 
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proteins such as glutamatergic receptor subunits to alter striatal signaling. Indeed, loss of 

spinophilin drives aberrant changes in glutamatergic subunits, such as GluA1 and 

GluN2A, AMAPR and NMDAR subunits, respectively, within the striatum (Figure 27). 

Interestingly, GluN2A is a major target for α-synuclein (SNCA), which can modulate 

synaptic transmission in the striatum by targeting GluN2A and α-synuclein was revealed 

as a spinophilin interacting protein (Durante et al., 2019). Furthermore, spinophilin 

regulates the phosphorylation of GluA1 S845 during dopaminergic modulation as evident 

in our western blot studies (Figure 27). The phosphorylation status of spinophilin 

modulates its interaction with actin and the modulation of spinophilin-actin interactions 

determines where the spinophilin-PP1 complex is anchored within the spine, modifying 

synaptic signaling, and dendritic spine morphology (Futter et al., 2005; Grossman et al., 

2004; Hsieh-Wilson et al., 2003). Moreover, while spinophilin, as its name implies, is 

enriched in dendritic spines, it is also present in dendrites, presynaptic terminals, and glial 

cells (E. Chris Muly et al., 2004; E. C. Muly et al., 2004). Therefore, spinophilin may 

have functions beyond just dendritic spines. 

 

Spinophilin Mediates Striatal Molecular Signaling Adaptations Following Amphetamine 

Sensitization 

To begin to identify cell-type specific spinophilin interactions that may be 

important in behavioral changes observed following psychostimulant abuse, we created 

mice that Cre-dependently overexpress an epitope-tagged (HA) form of human 

spinophilin. Using HA immunoprecipitation from different cell types and TMT labeling, 

we probed the spinophilin interactome in the striatum of saline compared to amphetamine 
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treated animals. As previously observed in rats (Boikess & Marshall, 2008; Boikess et al., 

2010), the amount of spinophilin detected (based on labeled peptide abundance) was 

increased following amphetamine treatment. Interestingly, across all samples the 

abundance of the different proteins was greater in the amphetamine-treated compared to 

the control treated lysates, even when normalizing to the increased spinophilin 

expression. This contrasts with what we observed previously in DA-depleted striatum (an 

animal model of Parkinson disease) (Hiday et al., 2017). In that previous study, 60 

proteins were decreased whereas 31 total proteins were increased across two different 

fractions. In contrast, in the current study, we only observed three proteins that were 

decreased and 286 proteins that were increased following amphetamine treatment. These 

data suggest that spinophilin interactions are decreased by DA depletion and increased by 

hyperdopaminergic signaling. However, it is critical to note that while specific, there are 

low levels of expression of the HA-tagged, human spinophilin and while we validated 

expression of the HA-tagged form of the human protein by WB and MS/MS, as well as 

the interactor, PP1, additional interacting proteins may be non-specifically interacting 

with the beads. Therefore, future studies will need to follow-up on these studies to 

delineate those interactions that are real and that are modulated by amphetamine. 

Regulation of DA leads to alterations in striatal medium spiny neuron spine 

density. Specifically, loss of DA decreases spine density (Day et al., 2006; Ingham et al., 

1989; Ingham et al., 1993) and psychostimulant treatment increases spine density (Lee et 

al., 2006; Li et al., 2003). Spinophilin is also known to regulate spine density, with acute 

knockdown of spinophilin decreasing spine density in hippocampal cultures (Evans et al., 

2015). Whole-body spinophilin KO animals do not have loss of dendritic spines in 
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adulthood (and have a paradoxical increase in young animals) (Feng et al., 2000). This 

lack of an effect may be due to compensatory changes, such as decreases in expression of 

PP1 (Lu et al., 2010). Furthermore, the dysregulation of PP1 directly impacts 

glutamatergic transmission in multiple brain regions (Foley et al., 2021). Previous studies 

have shown that loss of spinophilin attenuates PP1-mediated AMPAR current rundown 

(Feng et al., 2000). Indeed, our data shows that loss of spinophilin dysregulates AMPAR 

subunits (GluA1, GluA2) and GluA1 S845 appropriate expression in response to 

amphetamine sensitization (Figure 28 E,G-H). Furthermore, our data shows that loss of 

spinophilin disrupts normal psychostimulant-induced expression responses in multiple 

signaling molecules that participate in dendritic spine dynamics (Figure 29). Neuronal 

scaffolding proteins neurabin, PSD-95, and SAP102 expression responses to 

amphetamine are reversed in spinophilin KOs (Figure 29C-D). Interestingly, researchers 

have shown amphetamine-dependent increases in spinophilin expression (Boikess & 

Marshall, 2008; Boikess et al., 2010). In addition, our previous data show a lack of 

amphetamine-dependent locomotor sensitization (Morris et al., 2018). Taken together 

with the proteomics data presented, changes in spinophilin expression and/or interactions 

are critical for normal psychostimulant-induced behaviors. However, it is currently 

unclear if amphetamine-induced increases in spine density are also abrogated or 

modulated in spinophilin KO mice. 

 

Classes and Specific Spinophilin Protein Interactions are Modulated by Amphetamine 

Using GO and KEGG analysis along with hand annotation of altered interactions 

in string-db we detailed different classes of spinophilin interacting proteins that have an 
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increased interaction with amphetamine. These protein classes co-purify with spinophilin, 

including cytoskeletal and vesicle trafficking proteins (Baucum et al., 2010; Hiday et al., 

2017; Hsieh-Wilson et al., 2003; Satoh et al., 1998). Moreover, many of the pathways 

identified associate with protein binding, striatal function and diseases, and 

synaptic/postsynaptic protein organization. In addition to these known functions of 

spinophilin and striatum-dependent regulation by amphetamine, we observed novel/less 

well-characterized spinophilin interactions. Some of these may be non-specific. For 

instance, myelin sheath was one of the most abundant cellular components. Myelin 

sheath components may be non-specifically sticky and may not be specific interactions. 

Indeed, myelin sheath components are associated with the CRAPome (Mellacheruvu et 

al., 2013), a list of non-specific interactions that may non-specifically co-precipitate. 

However, even though some of these interactions may be non-specific, these pathways 

may be regulated by amphetamines. For instance, psychostimulant abuse in humans may 

be associated with altered neuron myelination (Berman et al., 2008). Therefore, while 

additional studies will need to detail specific spinophilin interactions, our data may 

delineate alterations in protein expression following amphetamine treatment. 

Another major class of altered spinophilin interacting proteins were vesicle 

trafficking proteins. For instance, the synaptic vesicle cycle was identified as being 

enriched in the KEGG pathway and we delineated multiple vesicle trafficking proteins. 

While not much is known about the role of spinophilin in vesicle trafficking, one study 

has detailed spinophilin as a regulator of presynaptic vesicle function (Muhammad et al., 

2015). We also validated a vesicle trafficking protein, clathrin heavy chain, as a specific 

interactor with spinophilin. Spinophilin may play a role in vesicle trafficking on 
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glutamatergic (or dopaminergic) presynaptic terminals or postsynaptic MSNs; however, 

given the enrichment of endogenous spinophilin in spines and a lack of detected 

presynaptic vesicle proteins (e.g., syntaxin, SNAP-25, synaptobrevin, etc.), we posit that 

this role is more postsynaptic; however, we cannot rule out a presynaptic role for 

spinophilin in striatum. 

We observed many metabolic proteins, including lactate and succinate 

dehydrogenases, and ATPases, that were increased in spinophilin immunoprecipitates 

following amphetamine treatment. Moreover, some of the pathways with altered protein 

expression included glycolytic process, ATP metabolism/hydrolysis/synthesis, 

tricarboxylic acid cycle, and Citrate (TCA) cycle. Spinophilin has been shown to 

associate with and regulate the membrane localization of the Na+-K+-ATPase (Kimura et 

al., 2007). Moreover, amphetamines may modify the activity of the Kreb’s cycle (King et 

al., 1975; Valvassori et al., 2013). However, how alterations in spinophilin interactions 

with metabolic proteins modulate response to amphetamines is an unexplored area. 

 

Direct and Indirect Pathway Striatal MSNs and Spinophilin Interactions 

By using mice expressing spinophilin Cre dependently, we were able to isolate 

complexes from dMSNs and iMSNs. We used a D1 DA receptor Cre line and an A2A 

adenosine receptor Cre line. These Cre lines were created as part of the GENSAT project 

(Gerfen et al., 2013; Gong et al., 2007). While D1 and A2A are enriched in striatal 

MSNs, there may be expression in other cell types and other brain regions. We observed 

some HA spinophilin expression in other brain regions, including the hippocampus and 
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prefrontal cortex (data not shown). While these Cre lines only minimally express in these 

other regions, it may be sufficient for driving expression of the HA spinophilin. 

Previous studies have observed persistent psychostimulant-dependent increases in 

spinophilin density in dMSNs (months), whereas in iMSNs these changes are more 

transient (days) (Lee et al., 2006). We found that there was a greater association of 

spinophilin with multiple proteins 72 h following amphetamine treatment and that this 

occurred in both Cre-driver lines. This suggests that amphetamine may be regulating 

interactions in both cell types. While our preliminary study suggests the level of increase 

was greater overall in the dMSNs compared to the iMSNs, it is unclear if these changes 

will persist in both populations and future studies will need to evaluate the persistence of 

these changes and the link between spinophilin and modulation of dendritic spine density. 

While most protein interaction changes were similar in the two cell types, the 

magnitude of the effect was different between the different cell types. However, there 

was a cell-specific effect of amphetamine treatment in two proteins that are known to be 

involved in striatal pathologies. We detected both α-synuclein and tau (MAPT) proteins in 

the HA-spinophilin immunoprecipitates. While additional work needs to determine if 

endogenous spinophilin associates with these proteins, it was interesting that 

amphetamine increased the association of spinophilin with both of these proteins, but this 

increase was only in the D1 Cre containing animals. These proteins were enriched 2.45-

fold (α-synuclein) and 1.85-fold (Tau) in the dMSNs compared to the iMSNs. These 

proteins play major roles in PD and AD, respectively, and amphetamine is known to 

increase α-synuclein and tau protein levels (Klongpanichapak et al., 2007; Straiko et al., 

2007). In addition, our data shows that amphetamine significantly decreases expression 
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of GluN2A (a target for α-synuclein) in spinophilin KOs (Durante et al., 2019). 

Moreover, phosphorylation of these proteins is important in modulating their function 

and aggregation potential, but if spinophilin plays a role in modulating this aggregation 

has, to our knowledge, not been evaluated. 

 

4.5 Conclusion 

Our data identify novel putative spinophilin interactions that are modulated by 

amphetamine using proteomics and several critical synaptic proteins that are affected by 

loss of spinophilin using immunoblotting methodology. Amphetamine increased 

spinophilin expression and enhanced spinophilin interaction in our proteomics data. 

Furthermore, loss of spinophilin affected myriad synaptic proteins that play a critical role 

in striatal function and revealed some of the neuroadaptations involved in amphetamine 

sensitization. While these changes may occur in both MSN cell types, this preliminary 

proteomics study suggests dMSNs appear to be more influenced by amphetamine. 

Indeed, in the western-blot data synaptic proteins such as CaMKII and phosphorylated 

DARPP-32 were affected by loss of spinophilin and are highly regulated in dMSNs 

following psychostimulant administration within the striatum. Future studies need to 

validate these interactions directly with the use of additional approaches that enhance 

cell-specific expression and interactions (e.g., viral transduction of Cre-dependent epitope 

tagged spinophilin or Cre-dependently epitope tag the endogenous locus of spinophilin). 

In addition, the evaluation of long-term amphetamine changes (e.g., 1-month) in the 

different striatal MSN subtypes as the immunoblot data show dysregulation of synaptic 

proteins that play a role in dendritic spine density. However, the current proteomics study 
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is the first to outline potential pathways of spinophilin interactors that are modulated by 

amphetamine. In addition, the whole-body spinophilin KO data further corroborate 

aberrant changes in expression of proteins that were revealed in the proteomics data, but 

also novel synaptic proteins that may be indirectly regulated by spinophilin. Moreover, 

we have begun to uncover differences in amphetamine-dependent spinophilin interactions 

in the different striatal cell types and signaling pathways that are affected. This 

knowledge will enhance our understanding of amphetamine-dependent regulation of cell-

specific striatal biology. 
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Chapter V: Dissertation Summary 

 

5. 1 Summary of Findings 

Whole-body spinophilin KO mice exhibit deficits in rotarod motor performance 

under sedation paradigms (Lu et al., 2010; Wang et al., 2004). In addition, spinophilin 

KO mice show an enhanced response to psychostimulant-induced conditioned place 

preference (Allen et al., 2006). Interestingly, both behaviors are mediated, in part, by 

striatal function. Here we show that global loss of spinophilin mediates basal 

performance deficits in striatal-mediated rotarod task (Figure 12) (Edler et al., 2018). 

Furthermore, we demonstrate that whole body spinophilin KO mice do not undergo 

amphetamine-induced sensitization (Figure 16), which has been recapitulated using 

another sensitizing psychostimulant regimen (cocaine) by Areal et al. (Areal et al., 2019; 

Morris et al., 2018). Taken together, these data suggest that global loss of  spinophilin 

regulates striatal-mediated motor behaviors.  

Global loss of spinophilin does not indicate whether the motor perturbations are 

regulated in a cell-specific manner within the striatum. To address if the deficits observed 

in the spinophilin global KO animals is cell-specific. We created a conditional 

spinophilin mouse in which spinophilin is floxed out Cre-dependently (Figure 9), we 

uncovered cell-specific mediation of the rotarod task. More specifically, loss of 

spinophilin in iMSNs was the major contributor to the deficits found in the rotarod task 

from the global spinophilin KO mice (Figure 13). However, to our surprise, loss of 

spinophilin in either dMSNs or iMSNs was sufficient to repeat the loss of locomotor 
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sensitization demonstrated in the global KOs (Figure 16, Figure 17, and Figure 19). 

Together, the data suggest that MSN cellular subtype-specific loss of spinophilin 

mediates some tasks (e.g. iMSNs in the rotarod), but loss of spinophilin in either dMSNs 

or iMSNs mediated another striatal-mediated motor behavior (amphetamine-induced 

locomotor sensitization). 

Previous studies have found that a sensitizing regimen of amphetamine increases 

spinophilin expression within the striatum (Boikess & Marshall, 2008; Boikess et al., 

2010). In addition, striatal dopamine depletion decreases spinophilin’s interaction with 

multiple post-synaptic proteins (Brown et al., 2008; Hiday et al., 2017). Thus, 

dopaminergic tone and signaling modulates spinophilin function. Using a Cre-dependent 

HA-epitope tagged spinophilin mouse, we show that not only is spinophilin expression 

increased following a sensitizing regimen of amphetamine, but that spinophilin 

expression is increased in both striatal iMSNs and dMSNs (Figure 22) (Watkins et al., 

2018). Furthermore, we demonstrate that there is increased association with spinophilin 

and myriad post-synaptic proteins in both iMSNs and dMSNs, in which dMSNs exhibit 

an overwhelming increase in spinophilin protein-protein interactions (Figure 23) 

(Watkins et al., 2018). Interestingly, using KEGG pathway analysis we uncovered a 

tripartite convergence within the spinophilin interactome in which kinase and 

phosphatase proteins were abundantly present between psychostimulant addiction, 

glutamatergic synapses, and dopaminergic synapses (Figure 26). Moreover, global loss 

of spinophilin dynamically changes the expression and phosphorylation states of some 

striatal glutamatergic receptors (Figure 27). Specifically, whole-body spinophilin KO 

limits the modulatory impact that amphetamine has on GluA1 and GluA2 expression, in 
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that there is no longer an increase of these receptor subunits (Figure 27E, H ). In 

addition, spinophilin KOs have a basal deficit of phosphorylated GluA1 S845 (a PKA 

site) (Price et al., 1999; Snyder et al., 2000) that is not downregulated by repeated 

amphetamine when compared to controls (Figure 27G). These changes suggest that loss 

of spinophilin may limit glutamatergic synaptic transmission through changes in AMPAR 

subunit expression and phosphorylation under repeated administration of 

psychostimulants. In addition, global loss of spinophilin dynamically reverses expression 

of myriad post-synaptic molecules critical for cytoskeleton integrity and PSD 

organization under an amphetamine-sensitizing regimen (Figure 28). Specifically, loss of 

spinophilin prevents amphetamine-dependent expression changes in synaptic proteins 

such as neurabin-1, PSD-95, and SAP102, limiting appropriate neuroadaptations that 

permit amphetamine sensitization (Figure 28). Given that spinophilin KOs do not display 

amphetamine-dependent behavioral sensitization but do show a similar initial response to 

the drug (Morris et al., 2018), loss of spinophilin may be preventing synaptic re-

organization induced by amphetamine that enhances the locomotor response to the 

psychostimulant over time. Furthermore, spinophilin KOs given repeated amphetamine 

administration modulate critical striatal signaling proteins like DARPP-32 and CaMKIIa. 

DARPP-32 expression is decreased in spinophilin KOs treated with amphetamine 

(Figure 28). In addition, phosphorylated Thr34 on DARPP-32 is increased basally in 

spinophilin KOs and further increased with amphetamine sensitization (Figure 29F). 

Loss of spinophilin prevents amphetamine-dependent increases in CaMKIIa expression 

(Figure 28H). Both DARPP-32 and CaMKIIa are relevant in striatal function and 

psychostimulant pathology (Bateup et al., 2008; Fernandez et al., 2006; Kourrich et al., 
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2012; Loweth et al., 2010; Pizzo et al., 2014; Svenningsson et al., 2005; Yger & Girault, 

2011). Taken together spinophilin expression is critical in coordinating and mediating 

specific phosphorylation and protein expression of striatal synaptic proteins that permit 

dynamic molecular responsivity to amphetamine-induced sensitization.  

 

5.2 Limitations and Future Directions 

 A major limitation within my studies is that our animal models do not target cell-

specific activity within a specific brain region. Future studies need to be done to reveal 

distinct mechanisms by which spinophilin directly impacts amphetamine-induced 

sensitization cell-specifically within the striatum. Here we have uncovered putative target 

signaling pathways and molecular interactions in which spinophilin may directly or 

indirectly impact amphetamine-induced sensitization. Furthermore, it is critical to 

understand that the neuroadaptations that permit sensitization are not fully understood 

and this research begins to implicate spinophilin function as a prominent player. 

However, as described below, addressing specific limitations in our study might help 

elucidate spinophilin’s role in amphetamine sensitization and further deepen our 

understanding of spinophilin function.   

 

Sex as a Biological Variable 

An important limitation of these studies is that sex as a biological variable was not 

considered. There is evidence to suggest that some striatal-mediated motor actions can be 

altered by estrogen (Meitzen et al., 2018). Specifically, locomotion was increased in 
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female rodents in which the dorsal striatum was lesioned (Studelska & Beatty, 1978). In 

addition, increases in rearing were present in dorsal striatum lesioned female rodents that 

received ovariectomies (Studelska & Beatty, 1978). In addition, MSN 

electrophysiological properties are influenced by sex and estrogen (Meitzen et al., 2018). 

Specifically, dorsal striatum MSN firing rates and sensitivity to DA were increased in 

ovariectomized female rodents that were given estradiol injections (Arnauld et al., 1981). 

A recent study demonstrated that 17b-estradiol (E2) can increase DA release and DA 

cellular activity in the striatum (Yoest et al., 2018). In addition, estrogen can increase 

spinophilin expression (Hao et al., 2003; Lee et al., 2004). We also uncovered that 

amphetamine increases spinophilin expression and its interaction with myriad associating 

proteins (Watkins et al., 2018).  Together these data may suggest that there could be sex 

differences in our behavioral studies. However, in our rotarod studies we did not detect 

any difference between males and females (Figure 29B-C), suggesting that either the 

task is not appropriate to illuminate sex differences in motor skills or simply, sex does not 

mediate the rotarod task. There was a trend toward reduced sensitization in the 

spinophilin floxed iMSN males (Figure 30B); however, it was not statistically 

significantly. These data together suggest, that there are no sex differences in the 

behavioral tasks conducted . However, because we did not sex match our studies such 

that we could directly compare males and females and in addition we did not synchronize 

estrous cycles within our female cohorts, we cannot deduce if there are sex differences, 

and if so mediated, in part, by hormonal changes in our behavioral tasks. 
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Figure 29: Cell-Specific Motor Skill Learning Deficits Male v Female. (A) Adult (7-8 

week old) mice were placed on an accelerating rotarod apparatus. Three trials per day for 

five consecutive days were performed, and the latency to fall was recorded (modified 

methodology) (Edler et al., 2018). (B-D) No significant sex differences in any group. 

Created with BioRender.com. 
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Figure 30: Amphetamine-dependent Behavioral Sensitization in iMSN Spinophilin 

KO Mice Male v Female. (A) 8-9 week old male and female spinoDiMSN along with 

appropriate control mice underwent an amphetamine-induced behavioral sensitization 

regimen, as previously described (Morris et al., 2018). Immediately after each injection, 

mice were placed in a Noldus Phenotyper Cage (30 cm x 30 cm x 30 cm). Each subject’s 

distance travelled was recorded for 1 hour. (B) There were no significant sex differences, 

but higher standard error of the mean in the amphetamine treated males. Created with 

BioRender.com. 
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Striatal Interneuron Motor Control 

Parvalbumin and cholinergic interneurons play a critical role in organizing MSN 

motor-mediated output (Gritton et al., 2019). Specifically, parvalbumin interneurons fine-

tune striatal MSN output during motor execution, while cholinergic interneurons 

amalgamate MSN motor output that signal extinction of motor actions (Gritton et al., 

2019). In addition, loss of dopaminergic signaling in cholinergic interneurons ablates 

cocaine-induced behavioral sensitization (Lewis et al., 2020). Specifically, the activation 

of D2Rs on cholinergic interneurons inhibit cholinergic activity, thus permitting 

sustained locomotor activity demonstrated in psychostimulant-induced sensitization 

(Lewis et al., 2020). Spinophilin binds to D2Rs via its GPCR binding domain (Sarrouilhe 

et al., 2006; Smith et al., 1999). Furthermore, spinophilin has been shown to be expressed 

in cortical parvalbumin-containing interneurons (E. Chris Muly et al., 2004). It is possible 

that spinophilin may be expressed in striatal interneurons. Preliminarily, we show that 

spinophilin may be expressed in cholinergic interneurons (CINs) using RNAScope 

(Figure 31A). Furthermore, the progeny of spinophilinFL/FL mice crossed with choline 

acetyltransferase (ChAT)-Cre animals, which presumably deletes spinophilin from 

cholinergic interneurons within the striatum, unmask a delay in amphetamine-induced 

behavioral sensitization (Figure 31B). These data together may suggest that spinophilin 

within CINs play a role in amphetamine-induced sensitization and further studies should 

be done to determine if that is indeed correct. Given that we see, although preliminarily, a 

delayed response to the initial dose of amphetamine in female rodents containing 

spinophilin floxed CINs, and the males have a blunted sensitization effect (although not 

significant) starting around day 3 in the iMSNs, these data together suggest that there 
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Figure 31: Evidence of Spinophilin in Cholinergic Interneurons. (A) RNAScope 

showing possible colocalization of spinophilin and ChAT a cholinergic interneuron 

marker. (B) Loss of spinophilin in cholinergic interneurons causes a delay in 

amphetamine-induced sensitization. Created with BioRender.com. 
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may be a sex by cell-type interaction. Interestingly, both cell-types (iMSNs and CINs) 

contain D2Rs. Ultimately, understanding how spinophilin interacts specifically with 

D2Rs may uncover spinophilin’s role in psychostimulant-induced behavioral 

sensitization. 

 

Alterations in Structural Plasticity 

The global western-blot data together with the cell-specific proteomic data also 

suggest perturbations in molecular reorganization of striatal synapses during 

amphetamine sensitization. Indeed, the expression of critical structural synaptic proteins 

such as PSD-95, SAP-102, and neurabin-1 did not undergo the appropriate amphetamine-

dependent neuroadaptations associated with amphetamine sensitization (Figure 28). In 

addition, many NMDAR and AMPAR subunits were also resistant to amphetamine 

dependent changes (Figure 27, and Figure 28). Furthermore, our proteomics data 

revealed that myriad proteins associated with spinophilin are generally upregulated in 

response to amphetamine sensitization (Figure 22D and Figure 23A-B). Given that the 

typical response for many spinophilin-associated proteins is an upregulation in expression 

and association, while loss of spinophilin produced a more rigid molecular response in 

protein expression of several proteins associated with structural change, suggesting that 

spinophilin is critical in facilitating amphetamine-dependent neuroadaptations. 

Psychostimulants are known to induce structural alterations to dendritic spine density and 

morphology within the striatum. Specifically, repeated injections of psychostimulants 

increase dendritic spine density within the striatum (Deng et al., 2010; Jedynak et al., 

2007; Lee et al., 2006). Furthermore, these increases can be long-lasting (Lee et al., 2006; 
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Singer et al., 2009). In addition, repeated exposure to psychostimulants increases F-actin, 

a critical protein for dendritic spine dynamics (Toda et al., 2006). Moreover, spinophilin 

binds actin directly which is essential to target spinophilin to other substrates within the 

dendritic spine (Grossman et al., 2002; Satoh et al., 1998). It is plausible that the global 

spinophilin KOs did not undergo amphetamine-induced behavioral sensitization due to 

the inability to adapt to synaptic structural changes to repeated amphetamine exposure. 

Taken together, although our studies do not directly address if loss of spinophilin 

mediates structural inflexibility, our data does suggest that loss of spinophilin prevents 

amphetamine-dependent protein expression neuroadaptations within the striatum (Figure 

27 and Figure 28). To better probe if loss of spinophilin regulates dendritic spine 

dynamics after repeated amphetamine exposure, an analysis of dendritic spine density 

and morphology can be done by injecting MSNs with an iontophoretic fluorescent dye 

(i.e. Lucifer Yellow) following a sensitizing regimen of amphetamine.  Then using 

confocal microscopy and imaging analysis software (i.e. NeuronStudio) the results will 

reveal if, in fact, loss of spinophilin prevents amphetamine-dependent dendritic spine 

dynamics, thus contributing to the impediment of amphetamine-dependent behavioral 

sensitization. 

 

Brain Region Specificity 

The brain region of interest in this work was the striatum; however, given that the 

cell-specific spinophilin floxed animal model did not fully recapitulate any of the global 

spinophilin KO behavioral data, it is plausible that there are other brain regions that may 

have contributed to the results displayed. Myriad brain regions express D1 or A2A 
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receptors on various cell-types. In addition, spinophilin is localized to several brain 

regions that have D1 and/or A2A receptors. For example, the primary motor cortex (M1) 

and the prefrontal cortex also express D1-and D2-containing neurons, and the prefrontal 

cortex also expresses low levels of A2A receptors. Spinophilin is expressed in both the 

motor cortex, and prefrontal cortex (Carretón et al., 2012; E. C. Muly et al., 2004). 

Moreover, dopamine signaling within M1 optimizes motor skill learning (Molina-Luna et 

al., 2009; Rioult-Pedotti et al., 2015). Taken together the cell-specific spinophilin floxed 

model was not limited to just striatal function, but also other critical brain regions that 

could affect the interpretation of the results. The global rotarod data display a basal 

performance deficit starting day 1 (Figure 12) and although the iMSN spinophilin floxed 

animals do indeed display rotarod deficits (Figure 13), the deficits did not start on day 1 

and did not recapitulate the global KOs. It is plausible that loss of spinophilin in M1 also 

contributed to the deficits demonstrated in the global KO and the A2A spinophilin floxed 

animals. In addition, psychostimulants affect the prefrontal cortex, as evident by the 

increase in dendritic spine density after repeated IP injections of amphetamine (Singer et 

al., 2009). We could not recapitulate the loss of amphetamine-induced behavioral 

sensitization observed in the global spinophilin KOs with our cell-specific spinophilin 

floxed model. Taken together, loss of spinophilin may be necessary in both cell-types and 

in multiple brain regions such as M1, prefrontal cortex and the striatum to reproduce the 

behavioral sensitization impairment. To address these concerns creating mice in which 

spinophilin is lost in both dMSNs and iMSN may immediately recapitulate the global KO 

data. However, to probe if the behavioral results are brain region specific, we could 

utilize recombinant adenoassociated viral vectors that express Cre recombinase and 
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deliver via stereotaxic surgery, knocking out spinophilin in a brain region-specific 

manner. Ultimately, understanding how spinophilin functionally contributes to motor 

actions such as rotarod and psychostimulant-induced behavioral sensitization can lay the 

groundwork for novel mechanisms in myriad striatal-mediated disease states. 
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