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ABSTRACT 

 

The long-lasting deterioration of motor output in Parkinson’s disease (PD) is thought to 

arise from the degeneration of midbrain dopamine neurons and the subsequent loss of dopamine 

signaling in the striatum. While much is already known about dopaminergic modulation of 

striatal activity, few studies have directly linked aberrant synaptic plasticity to PD motor 

symptoms. Here, I examine the striatal synaptic plasticity mechanisms that contribute to 

parkinsonian motor behaviors. To establish a technique for examining plasticity ex vivo, I first 

characterize an in vitro optogenetic long-term depression (LTD) protocol that induces 

postsynaptic corticostriatal depression in D2 dopamine receptor (D2R)-expressing medium spiny 

neurons (MSNs). Unlike previously reported forms of striatal LTD, this light-mediated LTD is 

cannabinoid type 1 receptor (CB1R)-independent and does not alter presynaptic glutamate 

release. Moreover, I show that it does not require the activation of N-methyl-D-aspartate 

(NMDA) receptors or metabotropic glutamate receptor 5 (mGluR5). 

Previous studies from our laboratory have suggested that the loss of dopamine signaling 

in the striatum may lead to motor decline through aberrant plasticity at corticostriatal synapses in 

the D2R-expressing indirect pathway. To test this, I use optogenetics and whole-cell recordings 

to assess changes in corticostriatal plasticity in mice that underwent motor training with a 

pharmacological D2R blockade. I demonstrate that this treatment results in enhanced ex vivo 

corticostriatal LTD in D2R-expressing MSNs, suggesting that long-term potentiation (LTP) had 

previously occurred at these synapses in vivo. I also show that co-administration of an A2A 

adenosine receptor (A2AR) antagonist is sufficient to prevent induction of aberrant 



 xiii 

corticostriatal potentiation, revealing a potential mechanism for caffeine’s protective effects in 

PD. Finally, I demonstrate that direct in vivo corticostriatal stimulation in mice with D2R 

blockade leads to a lasting impairment in rotarod performance following stimulation. Together, 

these results implicate aberrant corticostriatal plasticity in the development of parkinsonian 

motor symptoms and provide support for therapeutic strategies that target altered plasticity in PD 

and other neuropsychiatric disorders.  



 

 1 

CHAPTER 1 

INTRODUCTION 

 

 Parkinson’s disease 

1.1.1 Etiology and symptoms 

Parkinson’s disease (PD) is a progressive neurodegenerative disease that affects nearly 

1% of the overall population (Marras et al., 2018). It is characterized by the selective loss of 

dopamine neurons in the substantia nigra pars compacta (SNc) which results in the loss of 

dopamine signaling in the striatum. Symptoms of the disease primarily affect motor function and 

include resting tremor, bradykinesia, muscular rigidity, and postural instability. Non-motor 

symptoms include sleep disturbances, cognitive impairments, depression and anxiety, and 

sensory symptoms (Sveinbjornsdottir, 2016). 

The etiology of PD is still poorly understood, but both genetic and environmental factors 

are thought to contribute. Age is a major factor in the onset of PD, while about 5% of cases occur 

before the age of 60 with the majority of these cases relating to mutations in familial-PD-

associated genes (Wirdefeldt et al., 2011; Reeve et al., 2014). These mutations are thought to be 

responsible for pathologic features such as mitochondrial dysfunction (PINK1 and Parkin), 

aggregation of -synuclein and Lewy bodies (PARK1), and oxidative stress (PARK7). A number 

of these mutations have been found in patients with sporadic cases of PD as well (Wirdefeldt et 

al., 2011). In addition to genetic background, several studies point to exposure to environmental 

toxins, pesticides, or heavy metals as a risk factor for PD. These environmental factors are not 

believed to act on their own; rather, the interaction between genetic mutations and exposure to 
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toxins is viewed as significant contributor to development of PD (Carvey et al., 2006; Sulzer, 

2007). 

 

1.1.2 Current treatments 

The most commonly used treatment for PD consists of dopamine replacement therapy 

with levodopa (L-DOPA), the precursor to dopamine. First introduced in 1969 (Cotzias et al., 

1969), L-DOPA remains the most effective treatment for PD today. A patient’s response to L-

DOPA consists of a short duration response (SDR), which is an acute improvement in motor 

performance that wears off in between doses, and a long duration response (LDR), which is a 

slower improvement in motor performance that occurs over days or weeks and persists in 

between doses. Following cessation of treatment, the LDR can take days or weeks to wear off, 

suggesting that long-term neural plasticity underlies this response (Barbato et al., 1997; Zhuang 

et al., 2013).  

With prolonged use of the L-DOPA, the therapeutic response can become complicated by 

motor fluctuations and dyskinesia. Dyskinesia typically occurs when L-DOPA and dopamine 

reach their peak dose concentrations in the brain (Fabbrini et al., 2007; Calabresi et al., 2010), 

however it is unclear whether the disorder is due to PD progression, long-term L-DOPA use, or 

both. Dysfunctional striatal circuitry has been implicated in levodopa-induced dyskinesia (Cao 

et al., 2010; Engeln et al., 2016), and hyperactivity in cholinergic interneurons (Ding et al., 

2011) and D1 dopamine receptor (D1R)-expressing medium spiny neurons (MSNs) (Girasole et 

al., 2018) have been shown to mediate the disorder in mice. 

In recent years, deep brain stimulation (DBS) has become a reliable treatment for 

advanced stages of PD (Herrington et al., 2016). Through surgically implanted electrodes 
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controlled by a pulse generator implanted under the skin, PD patients receive high frequency 

stimulation at deep basal ganglia structures such as the subthalamic nucleus (STN) or globus 

pallidus internal segment (GPi) (Chiken and Nambu, 2016). DBS has been found to be most 

effective at treating tremor and bradykinesia at higher frequencies (> 130 Hz), while low 

frequency (< 50 Hz) stimulation has been reported to worsen symptoms (Moro et al., 2002). The 

proposed mechanisms behind DBS are varied and inconclusive, but it is likely that the treatment 

acts via several mechanisms including acute activation and inhibition, modulation of network-

wide activity, and structural and synaptic plasticity (Herrington et al., 2016). Some studies in 

animal models have also suggested that DBS may have neuroprotective effects through 

induction of neurotrophic factors and neurogenesis (Toda et al., 2008; Spieles-Engemann et al., 

2011), however DBS has so far not been found to change the progression of PD in human 

patients. Despite our limited mechanistic understanding of the treatment, advances in DBS 

continue to progress. Recently, efforts have been made to develop closed-loop or adaptive DBS, 

which takes feedback from the brain in order to modify stimulation in real time (Little et al., 

2016). 

 

1.1.3 Protective effects of caffeine and nicotine 

Numerous epidemiological studies have demonstrated a neuroprotective role for caffeine 

in PD. Chronic intake of caffeine, a nonselective A2A adenosine receptor (A2AR) antagonist, is 

strongly correlated with a lower incidence of PD in a diverse set of populations (Ross et al., 

2000; Ascherio et al., 2001; Tan et al., 2003; Palacios et al., 2012). In men, the reduction in PD 

risk is striking, with a five times lower risk in those who drink over 4 cups of coffee per day 

(Ross et al., 2000). These beneficial effects of caffeine are dose-dependent and occur with 
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several different types of caffeine-containing products. In women, however, the relationship 

between caffeine and PD risk is not linear. At moderate levels of caffeine consumption, women 

have a decreased risk of PD, just as in men. However, at high levels of caffeine consumption, 

women show the same risk of PD as those who consume no caffeine (Ascherio et al., 2001). The 

difference in caffeine’s effectiveness for men and women may be due to the interaction between 

caffeine and estrogen, particularly in women who use hormone replacement therapy (Pollock et 

al., 1999; Ascherio et al., 2001, 2004). However, estrogen itself has been shown to have a 

protective effect against PD (Leranth et al., 2000; Currie et al., 2004; Xu et al., 2006), therefore 

the beneficial effects of caffeine may simply be occluded in women. 

While evidence for caffeine’s protection against PD is very strong, the exact mechanism 

underlying this protection is still unknown. Some studies have suggested that caffeine and its 

metabolite theophylline can attenuate neurodegeneration in animal models of PD (Chen et al., 

2001; Joghataie et al., 2004; Aguiar et al., 2006). Caffeine, theophylline, and other A2AR 

antagonists have been found to prevent or reduce haloperidol-induced catalepsy in rodents 

(Casas et al., 1988; Mandhane et al., 1997; Moo-Puc et al., 2003). Similarly, the A2AR 

antagonist theophylline was shown to prevent aberrant motor learning caused by dopamine 

receptor blockade in mice (Beeler et al., 2012), suggesting that caffeine’s protective effects are 

primarily mediated by A2AR antagonism. In humans, caffeine’s benefits appear to be mainly 

protective in nature, as a recent study found caffeine to be ineffective at improving motor 

symptoms in patients already with PD (Postuma et al., 2017). In addition, clinical trials for other 

A2AR antagonists in treating PD have often failed due to ineffectiveness or inconsistent results 

(Zheng et al., 2018). 

Tobacco use has also been shown to be inversely correlated with risk of PD (Gorell et al., 
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1999; Tanner et al., 2002). Nicotine has been identified as the protective factor in cigarettes due 

to its role in stimulating dopamine release from nigrostriatal dopaminergic terminals via nicotinic 

acetylcholine receptors (nAChRs) (Lichtensteiger et al., 1982; Grady et al., 1992). The 

mechanism of nicotine’s protective effects is not well understood, and studies on the protection 

against dopamine neuron degeneration have produced conflicting results (Ferger et al., 1998; 

Quik et al., 2006; Khwaja et al., 2007). Chronic nicotine treatment has been shown to protect 

against inhibitory motor learning in mice (Koranda et al., 2016), and studies have highlighted the 

drug’s role in desensitizing β2-subunit-containing nAChRs which may lead to neuroadaptations 

that prepare the striatum for future dopamine loss (Koranda et al., 2014). 

 

 Anatomy and physiology of the striatum 

1.2.1 Basal ganglia overview 

The basal ganglia are a set of evolutionarily conserved nuclei that are critical for action 

selection, habit formation, and motor learning. Dysfunction within the basal ganglia results in a 

range of psychiatric and movement disorders, such as PD, Huntington’s disease, obsessive-

compulsive disorder, and addiction. Components of the basal ganglia include the striatum, 

globus pallidus, substantia nigra, and STN which interact with thalamus and cortex to form a 

basal-ganglia-thalamocortical circuit (Graybiel et al., 1994; Redgrave et al., 2010; Stephenson-

Jones et al., 2011). The striatum, which serves as the main input nucleus of the basal ganglia, is 

anatomically divided on the dorsal side into the caudate nucleus and putamen in primates, though 

this division is not distinguishable in rodents. The ventral half of the striatum includes the 

ventral-most parts of the caudate-putamen, the olfactory tubercle, and the nucleus accumbens, 

which can be further subdivided into core and shell domains (Heimer et al., 1991; Haber, 2016). 
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The striatum receives abundant excitatory projections from nearly all parts of cortex in addition 

to a smaller number of excitatory projections from thalamus (Figure 1.1). The striatum also 

receives significant dopaminergic input from midbrain projections as well as inhibitory inputs 

from local striatal interneurons (Bolam et al., 2000; Kreitzer, 2009). 

The bulk of the striatum—over 90%—is comprised of MSNs that send gamma-

aminobutyric acid (GABA)-ergic axonal projections to downstream nuclei of the basal ganglia. 

The small number of remaining striatal neurons are interneurons that target axons solely within 

the striatum. MSNs are classified as either direct or indirect pathway neurons, based on their 

projection targets. D1R-expressing MSNs (D1-MSNs), which make up the direct pathway, send 

Figure 1.1. Diagram of the basal ganglia.  

MSNs in the striatum receive excitatory cortico- and thalamostriatal inputs. Outputs come from 

the GPi and SNr and are directed to the thalamus, which returns output to the cortex. Additional 

outputs terminate in the brainstem. D1-MSNs comprise the direct, or striatonigral, pathway 

while the indirect, or striatopallidal, pathway begins at D2-MSNs that project to the GPe. (Gerfen 

and Surmeier, 2011.) 
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projections directly to the two basal ganglia output nuclei, the GPi (known as the entopeduncular 

nucleus in rodents) and substantia nigra pars reticulata (SNr). The indirect pathway begins with 

D2 dopamine receptor (D2R)-expressing MSNs (D2-MSNs) that project solely to the GPe. 

GABAergic neurons of the GPe then project to the STN, which sends glutamatergic projections 

to the GPi and SNr. The outputs from the GPi and SNr then go to thalamus, which completes the 

circuit by projecting back to cortex. The unique connectivity within the direct and indirect 

pathways enables each pathway to have distinct effects on basal ganglia output and behavior. 

The result of direct pathway activation is facilitation of movement, while activation of the 

indirect pathway results in suppression of movement (Albin et al., 1989; Kravitz et al., 2010; 

Gerfen and Surmeier, 2011). 

 

1.2.2 Medium spiny neurons 

MSNs are the sole output neurons of the striatum and account for over 90% of striatal 

neurons. The dendrites of these cells are densely populated with spines that receive glutamatergic 

and dopaminergic input (Wilson and Groves, 1980). While all MSNs share the same 

morphological features, they can also be divided into two equally distributed subpopulations on 

the basis of their dopamine receptor expression and axonal targets. D1R-expressing MSNs 

project directly to the GPi and SNr, while D2-expressing MSNs project to only to the GPe 

(Smith et al., 1998). 

Both D1- and D2-MSNs express an abundance of inwardly rectifying Kir potassium 

channels that endow a large conductance that drives their membrane potential toward the 

potassium equilibrium potential (Calabresi et al., 1987; Shen et al., 2007). Because of their 

acutely hyperpolarized resting state, often referred to as the “down-state,” MSNs depend heavily 
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on excitatory inputs to drive depolarization to an “up-state” in which action potentials can be 

generated (Wilson and Kawaguchi, 1996). Both types of MSNs express ionotropic -amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) type 

glutamate receptors as well as metabotropic glutamate receptors (mGluRs) 1 and 5. Activation of 

glutamate receptors leads to depolarization of the MSNs and inactivation of Kir channels which 

then allows the cells to spike (Wilson and Kawaguchi, 1996). 

D2-MSNs are intrinsically more excitable and fire at higher frequencies than D1-MSNs 

(Cepeda et al., 2008; Gertler et al., 2008). Moreover, synapses onto D2-MSNs show higher 

release probability and larger NMDAR-mediated currents than D1-MSN synapses, suggesting a 

natural imbalance in striatal input and output (Kreitzer and Malenka, 2007). 

Previous studies characterizing gene expression differences between D1- and D2 MSNs 

have found several subtype-specific genes that are critical to the function of these two neurons 

(Lobo et al., 2006; Heiman et al., 2008).  More recently, additional molecularly distinct subtypes 

within the D1- and D2-MSN populations have also been discovered, including those that co-

express both D1- and D2-specific genes (Gokce et al., 2016; Stanley et al., 2019). This finding 

may challenge the canonical view of the basal ganglia circuit if these subtypes are found to give 

rise to distinct sub-circuits. 

 

1.2.3 Excitatory inputs to striatum 

The major excitatory inputs to the striatum come from cortex and thalamus. In cortex, 

excitatory (glutamatergic) pyramidal neurons projecting to striatum primarily come from layer 5 

of most cortical areas (Gerfen et al., 2013). There are two subtypes of corticostriatal projection 

neurons that are classified on the basis of their main axonal or collateral targets. The first type, 
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the intratelencephalic (IT) neuron, sends axon collaterals that terminate only within striatum or 

other parts of cortex. IT neurons originate mainly from upper layer 5 cortical layers with a small 

population distributed deep within layer 3, and their striatal targets are bilateral (Wilson, 1987). 

The other subtype of corticostriatal neuron is the pyramidal tract (PT) neuron. PT neurons 

originate primarily from lower layer 5 cortical areas and send axons to the brainstem or spinal 

cord as part of the corticobulbar and corticospinal tracts. The striatal input from this tract comes 

from thin collaterals that branch off the main axon of the PT neuron and terminate in ipsilateral 

striatum (Donoghue and Kitai, 1981; Cowan and Wilson, 1994; Shepherd, 2013). While previous 

studies have suggested that PT and IT neurons differentially innervate D1- and D2-MSNs, more 

recent work has shown that both MSN subtypes receive inputs from both types of cortical 

neurons (Kress et al., 2013). 

Studies from rodents, monkeys, and humans have found that inputs from cortex to 

striatum are generally topographically organized to provide functional organization to the 

striatum (Wiesendanger et al., 2004; Pan et al., 2010; Hooks et al., 2018). Sensory and motor 

cortical areas generally project to the dorsolateral striatum (DLS), association cortical areas 

project to central striatum, and limbic areas project to ventromedial striatum (Selemon and 

Goldman-Rakic, 1985; Haber et al., 2006; Kupferschmidt et al., 2017). There is also evidence of 

integration between different cortical projection types. Sensory and motor axons have been 

shown to converge in the DLS (Ramanathan et al., 2002). In more medial parts of striatum, 

projections from the dorsal anterior cingulate cortex, ventromedial prefrontal cortex, and 

orbitofrontal cortex converge at more rostral levels (Averbeck et al., 2014). 

In addition to the topographical organization described above, the striatum may also be 

subdivided into neurochemically distinct compartments termed patch (also known as striosome) 
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or matrix. These two compartments can be distinguished by their cortical afferent projections, 

suggesting possible functional specificity within these regions. Numerous studies from decades 

ago have suggested that matrix neurons preferentially receive input from sensorimotor cortex, 

while the patch compartment receives afferents from limbic regions (Donoghue and Herkenham, 

1986; Gerfen, 1992; Eblen and Graybiel, 1995; Kincaid and Wilson, 1996). While these previous 

studies used immunohistochemical methods to roughly define the spatial boundaries of patch and 

matrix compartments, newer techniques have been able to map patch/matrix input organization 

and activity with much greater precision. A recent study using transgenic mice and retrograde 

viral tracing found that patch and matrix compartments integrate inputs from both limbic and 

sensorimotor cortical areas, contrary to previous studies (Smith et al., 2016). Additional research 

will be needed to better understand the function of each compartment within the basal-ganglia-

thalamocortical circuit. 

The thalamus serves as the other source of excitatory input to the striatum. Overall, there 

are significantly fewer thalamic terminals in striatum than there are cortical terminals (Huerta-

Ocampo et al., 2014). Thalamostriatal afferents typically come from the centromedian-

parafascicular complex, but other thalamic nuclei have been shown to provide striatal inputs as 

well (Alloway et al., 2014). Like corticostriatal projections, thalamostriatal projections also 

retain some topographic organization (Smith et al., 2004). 

 

1.2.4 Dopaminergic inputs to striatum 

 Dopamine plays and essential role in the striatum where it acts to modulate excitatory 

signals coming from cortex and thalamus. Midbrain dopamine neurons that project to striatum 

are typically organized into three distinct regions: SNc, ventral tegmental area (VTA), and 
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retrorubral field (Björklund and Dunnett, 2007). In addition to their anatomical distinctions, 

these regions differ in where their axons terminate in the striatum. Anatomical studies have 

shown that SNc dopamine neurons primarily project to the dorsal striatum to form the 

nigrostriatal pathway, while VTA dopamine neurons project to the nucleus accumbens via the 

mesolimbic pathway (Lynd-Balta and Haber, 1994; Prensa and Parent, 2001). While previous 

studies have found clear functional differences between these two pathways (Kravitz et al., 2010, 

2012), more recent studies have also found evidence of molecular and functional heterogeneity 

within each pathway as well. Recent studies using single-cell gene expression profiling have 

uncovered the presence of five different dopamine neuron subtypes within the mouse midbrain 

(Poulin et al., 2014; La Manno et al., 2016). In the SNc, three of these unique subtypes give rise 

to molecularly distinct nigrostriatal projection patterns that each terminate in a different part of 

dorsal striatum (Poulin et al., 2018). Uncovering the functional diversity of midbrain dopamine 

neurons could be an important step towards understanding PD and other disorders of the 

dopamine system. 

 Dopamine transmission to striatum occurs by two distinct mechanisms: phasic release 

caused by transient bursts in dopamine neuron firing, and tonic release which maintains low 

baseline levels of extracellular dopamine (Grace and Bunney, 1983). Phasic firing is typically 

induced by rewards or salient stimuli, while adverse events tend to result in a pause in tonic 

firing (Schultz, 1998; Redgrave and Gurney, 2006). These changes in dopamine neuron firing are 

thought to represent instructive signals that serve to reinforce or suppress motor actions through 

modulation of corticostriatal plasticity (see section 1.4). 
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1.2.5 Striatal interneurons 

From within the striatum, cholinergic and GABAergic interneurons, which constitute 5-

10% of all striatal neurons, provide important local regulatory input to MSNs. Cholinergic 

interneurons possess intrinsic membrane currents that allow them to depolarize and fire in the 

absence of any synaptic input (Bennett et al., 2000). This autonomous activity functions to 

maintain a cholinergic tone throughout the striatum. Cholinergic interneurons are important for 

modulating excitability and plasticity in D1- and D2- MSNs through muscarinic receptors on 

both MSNs and cortical axon terminals (Goldberg et al., 2012; Augustin et al., 2018). 

Dysfunction in the physiology of these interneurons has been implicated in PD and L-DOPA-

induced dyskinesia (Ding et al., 2006, 2011; Lim et al., 2014; Tanimura et al., 2018, 2019). 

 The most prominent and well-characterized types of GABAergic striatal interneurons 

include fast-spiking interneurons (FSIs) and low-threshold spiking (LTS) interneurons (Kreitzer, 

2009). Others that have long ago been identified but are still poorly characterized include 

calretinin-positive and tyrosine-hydroxylase-positive interneurons (Dubach et al., 1987; Rymar 

et al., 2004). More recently, novel subtypes of striatal GABAergic interneurons have been 

identified and characterized. These include neurogliaform interneurons, fast adapting 

interneurons, and spontaneously active bursty interneurons (Ibáñez-Sandoval et al., 2011; Faust 

et al., 2015; Assous et al., 2018). FSI and LTS interneurons are known to engage in feedforward 

inhibition of MSNs to mediate striatal-dependent learning and behavior (Tepper et al., 2008; 

Martiros et al., 2018; Owen et al., 2018). Others, however, seem to take part in more complex 

microcircuitry, receiving either excitation from cholinergic interneurons or inhibitory feedback 

from MSNs themselves (Tepper et al., 2010). The diversity of GABAergic interneurons alone 
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suggests a highly important role for local inhibition in striatal function, but more research is 

required to uncover the unique roles of each subtype. 

 

 Dopaminergic modulation of striatal activity 

1.3.1 Acute effects of dopaminergic modulation 

Dopamine modulates corticostriatal and thalamostriatal glutamatergic signaling via G-

protein-coupled receptors (GPCRs) at striatal MSN synapses. Its effects are bidirectional in that 

it can enhance or inhibit excitation depending on the receptor type. D1Rs, which are expressed at 

high levels in direct pathway MSNs, are coupled to Gs/olf proteins (Zhuang et al., 2000) that 

activate adenylyl cyclase type 5 (AC5) and increase intracellular 3’,5’-cyclic adenosine 

monophosphate (cAMP). This results in activation of protein kinase A (PKA), which acts on 

numerous intracellular targets that influence excitability, glutamatergic transmission, and 

plasticity (Figure 1.2). One notable target of PKA is the dopamine- and cAMP-regulated 

phosphoprotein 32 kDa (DARPP-32), which inhibits protein phosphatase-1 (Svenningsson et al., 

2004). It is important to note that AC5 activation occurs independently of calmodulin, unlike the 

calmodulin-sensitive isoform expressed in cortex and hippocampus, AC1 (Sunahara and Taussig, 

2002). As a result, cAMP production in the striatum is primarily regulated by GPCR signaling. 

Among the acute effects of the D1R signaling pathway are changes in ion conductances in D1-

MSNs. During the down state, D1Rs cause a reduction in sodium channel conductance 

(Schiffmann et al., 1995). During the up state, however, D1R signaling increases the opening of 

L-type calcium channels and closure of hyperpolarizing potassium channels, thereby enhancing 

excitability (Surmeier et al., 1995; Nisenbaum et al., 1998; Neve et al., 2004). D1R activation 

also leads to increases in AMPAR and NMDAR surface expression (Svenningsson et al., 2004). 
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 D2Rs are expressed at high levels in indirect pathway MSNs and are coupled to Gi/o 

proteins that inhibit AC5 (Figure 1.2). D2R signaling leads to weaker calcium and sodium 

conductance and increased potassium conductance (Surmeier and Kitai, 1993; Greif et al., 1995; 

Hernández-López et al., 2000; Higley and Sabatini, 2010). Furthermore, D2Rs have been shown 

to decrease AMPAR- and NMDAR-mediated currents in MSNs (Hernández-Echeagaray et al., 

2004; Higley and Sabatini, 2010). Together, the overall effect of these mechanisms is to weaken 

the excitability of D2-MSNs. 

In the striatum, dopamine receptors are also expressed presynaptically on corticostriatal 

terminals where they act to modulate glutamate release. D1Rs are expressed on cortical terminals 

Figure 1.2. Signal transduction pathways for D1 and D2 receptors.  

Activation of D1Rs by dopamine stimulates Gs activation of AC5. AC5 catalyzes the conversion 

of ATP to cAMP, which activates PKA. PKA activity influences excitability and plasticity in 

MSNs. Activation of D2Rs stimulates Gi which inhibits AC5 activity. The result is suppression 

of PKA. 

Gs Gi
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in the nucleus accumbens, but very sparsely on terminals in the dorsal striatum (Dumartin et al., 

2007). D2Rs are expressed in corticostriatal axon terminals and in cholinergic axon terminals in 

dorsal and ventral striatum, where they decrease the release of glutamate and acetylcholine, 

respectively (Pisani et al., 2000; Higley and Sabatini, 2010). In addition, dopaminergic axon 

terminals themselves express D2 autoreceptors to reduce dopamine release (Phillips et al., 2002). 

The predominant form of D2R expressed on dopaminergic neuron terminals is a distinct isoform 

encoded by a D2R mRNA splice variant (Giros et al., 1989; De Mei et al., 2009; Ford, 2014). 

 

1.3.2 Dopaminergic modulation of synaptic plasticity 

Corticostriatal plasticity plays an essential role in the regulation of striatum-dependent 

learning and memory. In the striatum, dopamine modulates long-term potentiation (LTP) and 

long-term depression (LTD) in both D1- and D2-MSNs. Corticostriatal endocannabinoid-

mediated LTD (eCB-LTD) is the most thoroughly studied form of striatal plasticity, as it is easy 

to induce in brain slices (Lovinger et al., 1993; Lovinger, 2010). This form of LTD involves 

pairing high frequency afferent stimulation with postsynaptic depolarization (Kreitzer and 

Malenka, 2005). The intended outcome of this stimulation is co-activation of mGluR5 and L-

type calcium channels located at MSN synapses (Lovinger et al., 1993; Kreitzer and Malenka, 

2005). The subsequent calcium influx into the postsynaptic side triggers the production of a 

retrograde eCB signaling molecule that diffuses to cannabinoid type 1 receptors (CB1Rs) on the 

presynaptic side to decrease neurotransmitter release (Augustin and Lovinger, 2018). Therefore, 

eCB-LTD is postsynaptically induced, but presynaptically expressed. eCB-LTD is primarily 

expressed at corticostriatal synapses, as thalamostriatal synapses express few CB1Rs (Wu et al., 

2015). 
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eCB-LTD is modulated by D2Rs in indirect pathway MSNs via an AC5-dependent 

mechanism (Wang et al., 2006; Kreitzer and Malenka, 2007; Kheirbek et al., 2009; Lerner and 

Kreitzer, 2012). D2R signaling inhibits activation of PKA, which prevents phosphorylation of 

regulator of G protein signaling 4 (RGS4), an inhibitor of group I mGluR G protein signaling 

(Lerner and Kreitzer, 2012). Disinhibition of mGluR5 signaling then permits the production and 

release of eCBs in D2-MSN synapses. Consistent with this, it has also been shown that high 

levels of intracellular cAMP inhibit induction of eCB-LTD, while low cAMP levels permit it 

(Kheirbek et al., 2009; Augustin et al., 2014). Interestingly, D1-MSN corticostriatal synapses are 

also susceptible to eCB-LTD despite their lack of D2R expression (Wu et al., 2015). eCB-LTD 

in D1-MSNs depends on D2Rs that are expressed on cholinergic interneurons (Augustin et al., 

2018).  D2R activation reduces acetylcholine transmission and tonic M1 muscarinic receptor 

activation in both D1- and D2-MSNs, thereby promoting the induction of LTD (Wang et al., 

2006; Tozzi et al., 2011; Augustin et al., 2018). LTD expression in D1-MSNs also depends on 

Gi-coupled M4 muscarinic receptors, which promote LTD by diminishing RGS4 activity (Shen 

et al., 2015). 

Striatal MSNs also express LTP, though the mechanisms behind it are not fully 

understood. Early studies of striatal LTP showed that it could be induced in brain slices with a 

magnesium-free extracellular solution combined with postsynaptic depolarization and high 

frequency afferent stimulation (Calabresi et al., 1992). Removal of magnesium from the 

recording medium unblocks NMDARs which are necessary for induction of this LTP (Calabresi 

et al., 2007). 

Striatal LTP has also been induced in brain slices under normal magnesium 

concentrations, where NMDAR-dependence still holds (Shen et al., 2008; Pascoli et al., 2012; 
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Augustin et al., 2014; Park et al., 2014). Both D1- and D2-MSNs express bidirectional spike-

timing-dependent plasticity (STDP) that is regulated by dopamine signaling (Pawlak and Kerr, 

2008; Shen et al., 2008). D1R signaling is required for LTP in D1-MSNs, while D2R signaling 

blocks the induction of LTP in D2-MSNs (Flajolet et al., 2008; Shen et al., 2008; Augustin et al., 

2014; Yagishita et al., 2014). In D2-MSNs, high intracellular cAMP paired with low frequency 

stimulation has been shown to promote LTP, highlighting the importance of the PKA pathway in 

modulating striatal plasticity (Augustin et al., 2014). Recently, a form of eCB-dependent STDP 

LTP has been reported in the dorsal striatum (Cui et al., 2015, 2016). This LTP, which is 

expressed in both D1- and D2-MSNs, depends on dopaminergic activation of D2Rs on 

corticostriatal terminals (Xu et al., 2018). 

 

1.3.3 Interactions with adenosine signaling 

Adenosine signaling in the striatum plays an important role in modulating plasticity 

alongside dopamine. A2ARs, which are expressed in D2-MSNs, are positively coupled to AC5 

and therefore offset the effects of Gi-coupled D2Rs (Surmeier et al., 2014). The significance of 

striatal A2ARs has been clearly demonstrated in plasticity experiments where A2AR activation 

not only inhibits the induction of eCB-LTD, but also facilitates LTP in D2-MSNs (Shen et al., 

2008; Lerner and Kreitzer, 2012). Tonic activation of A2ARs maintains cAMP levels and 

facilitates NMDAR-mediated calcium entry to influence excitability and plasticity in D2-MSNs 

(Higley and Sabatini, 2010). Furthermore, D2Rs and A2ARs can combine to form heteromeric 

receptors in which A2AR activation can lower the dopamine binding affinity of the associated 

D2R via allosteric modulation (Ferré et al., 2011; Fernández-Dueñas et al., 2015). 
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1.3.4 Striatal dysfunction in Parkinson’s disease 

The loss of dopaminergic innervation to the striatum is considered to be the primary 

cause of motor symptoms in PD. Studies in animal models of PD have demonstrated that motor 

impairments are the result of hypoactivity of the direct pathway and hyperactivity of the indirect 

pathway (Albin et al., 1989; Kravitz et al., 2010). At the level of the synapse, it is clear that both 

LTP and LTD are affected by the loss of dopamine in the striatum; due to their dependence on 

dopamine signaling, LTP in D1-MSNs and LTD in D2-MSNs are impaired in the presence of 

dopamine receptor antagonists in brain slices (Kreitzer and Malenka, 2005; Shen et al., 2008). 

Following 6-hydroxydopamine (6-OHDA) lesioning of nigrostriatal neurons in mice, the 

amplitude of corticostriatal responses is increased in D2-MSNs and decreased in D1-MSNs, 

suggesting the presence maladaptive plasticity changes (Peterson et al., 2012; Fieblinger et al., 

2014). Thalamostriatal connectivity is also altered, resulting in a significant and selective 

reduction of thalamic input to D1-MSNs (Parker et al., 2016). 

Following chronic dopamine depletion, MSNs show evidence of homeostatic adaptations 

intended to mitigate the effects of the disease state. Loss of dopamine signaling results in 

enhanced intrinsic excitability in D1-MSNs and reduced intrinsic excitability in D2-MSNs 

(Fieblinger et al., 2014). Dendritic spine loss is observed in both D1- and D2-MSNs (Fieblinger 

et al., 2014; Suárez et al., 2014; Graves and Surmeier, 2019). Interestingly, spine loss following 

dopamine depletion is significantly delayed in D1-MSNs and cannot be restored by L-DOPA 

treatment, whereas D2-MSN spine pruning occurs early and is reversed by L-DOPA treatment 

(Suárez et al., 2014; Graves and Surmeier, 2019). This suggests that while D2-MSN spine loss is 

a homeostatic adaptation, D1-MSN spine loss may instead be the result of dendritic 

degeneration. 
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 Dopamine and plasticity in motor learning 

1.4.1 Reinforcement learning 

 Dopamine signaling in the striatum has long been associated with reinforcement learning 

and motor skill acquisition (Wise, 2004). When an action is met with an unexpected reward, 

midbrain dopamine neurons briefly fire in bursts that result in a short phasic increase in 

dopamine signaling in the striatum, which transiently activates low-affinity D1Rs (Richfield et 

al., 1989; Schultz, 1998). This phasic activation is believed to encode a reward prediction error. 

While unexpected rewards elicit dopamine neuron activation, predicted rewards elicit no 

response, and the absence of a predicted reward results in a pause in activity that halts D2R 

activation, leading to disinhibition of D2-MSNs (Schultz, 2007).  In the context of behavior, 

actions that are represented as cortical inputs to striatum are modulated by nigrostriatal dopamine 

signals that serve to reinforce or suppress the action through these mechanisms via the direct and 

indirect pathways (Schultz, 2007). 

 

1.4.2 Plasticity in motor learning 

 Striatum-dependent motor learning is mediated by changes in plasticity at corticostriatal 

synapses in the dorsal striatum (Yin and Knowlton, 2006). Several studies over the past decade 

have examined the changes in striatal activity associated with different stages of learning. The 

links between motor skill acquisition and striatal plasticity at different learning stages were first 

demonstrated both in vivo and ex vivo with mice that were trained on an accelerating rotarod 

(Yin et al., 2009). In this study, in vivo recording of MSN activity showed that the dorsomedial 

striatum (DMS) displayed increased firing activity at early stages of training while the DLS 

displayed increased activity in the late phase of training. Furthermore, LTP was observed in 
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DMS slices taken from mice early in training and in DLS slices from mice late in training, 

suggesting that the DMS is more strongly engaged during initial acquisition while the DLS is 

more important for consolidation (Yin et al., 2009). Consistent with these findings, a study of T-

maze learning in rats found that task-related plasticity appeared early in the DMS and later in the 

DLS (Hawes et al., 2015). Mouse dorsal striatal neurons also exhibit increased firing during the 

late phase of learning an abstract neuroprosthetic-mediated task, and this type of learning is 

dependent on NMDAR-mediated corticostriatal plasticity (Koralek et al., 2012). In humans, 

neuroimaging studies have shown increased activity in the putamen over the course of motor 

skill acquisition (Lohse et al., 2014). Interestingly, in vivo fiber photometric measures of mouse 

corticostriatal activity during rotarod training show that both cortico-DMS and cortico-DLS 

projections disengage over the course of training, which runs somewhat counter to the reports of 

increased DLS activity after training (Kupferschmidt et al., 2017). One possibility is that motor 

learning involves a refinement of presynaptic cortical inputs together with postsynaptic 

potentiation in dorsal striatum. 

 Motor learning can also modulate plasticity differently between D1- and D2-MSNs. In 

the DMS, learning of a goal-directed task results in AMPA/NMDA ratios that are increased in 

D1-MSNs and decreased in D2-MSNs (Shan et al., 2014). DLS D2-MSNs in mice exhibit LTD 

following learning of a lever-pressing task, while D1-MSNs show no change (Shan et al., 2015). 

Serial order tasks, in which mice learn and perform an ordered sequence of responses, require 

D1-MSN activation and lead to potentiation of corticostriatal synapses at D1-MSNs but not D2-

MSNs (Rothwell et al., 2015). 

 Many studies have demonstrated how learning modulates striatal plasticity, but fewer 

studies have examined the reverse, that is, how striatal plasticity shapes learning. The recent 
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advancements in in vivo optogenetics have allowed researchers to directly manipulate striatal 

activity in behaving animals in order to draw causal links between plasticity and behavior 

(Pascoli et al., 2012; Ma et al., 2018). In some of the first studies to induce long-lasting, 

striatum-dependent behavioral changes with optogenetic stimulation, locomotor sensitization to 

cocaine was abolished by optogenetic induction of corticostriatal LTD in the nucleus accumbens 

(Pascoli et al., 2012; Creed et al., 2015). Repeated stimulation of corticostriatal terminals in the 

ventromedial striatum in mice led to increased firing and persistent increases in grooming 

behavior associated with obsessive-compulsive disorder (Ahmari et al., 2013). In a more recent 

study, direct induction of corticostriatal LTP in the DMS was shown to cause a long-lasting 

increase in alcohol self-administration, while LTD was shown to decrease the behavior (Ma et 

al., 2018). While not directly examining the mechanisms underlying motor learning, these 

studies still provide insight into how striatum-dependent motor behaviors are shaped by neural 

circuitry. 

 

1.4.3 Inhibitory motor learning in Parkinson’s disease 

 Given dopamine’s critical role in shaping striatal plasticity and learning, it is not 

surprising that its loss results in significant impairments in motor function. Animal models of PD 

that rely on irreversible damage to dopamine neurons, such those using 6-OHDA- or MPTP-

lesioned mice, make it difficult to dissociate dysfunctional motor learning from acute motor 

impairments. One alternative to the toxin-based models is the Pitx3 knockout mouse which has a 

selective loss of nigrostriatal neurons and only mild impairments in motor performance (Hwang 

et al., 2003, 2005). Pitx3-deficient mice show impaired learning on the accelerating rotarod, 

despite indicating no initial impairment in performance on the first day of training when 



 

 22 

compared to controls (Beeler et al., 2010). These learning deficits can be prevented by 

administering L-DOPA during training. Interestingly, Pitx3-deficient mice that were treated with 

L-DOPA during training continue to perform well on the rotarod after cessation of L-DOPA 

treatment. Following the removal of L-DOPA, performance degrades gradually rather than 

mirroring the abrupt loss of dopamine (Beeler et al., 2010). This performance pattern strongly 

resembles the decline of the LDR following cessation of L-DOPA treatment in human patients 

(Zhuang et al., 2013). This data suggests that learning programs can take place both with and 

without L-DOPA in PD, and that the learning that occurs without L-DOPA is inhibitory. 

 Another alternative to toxin-based PD models is the use of pharmacological agents that 

reversibly block dopamine receptors in wild-type mice. The blockade of D1Rs and D2Rs 

essentially mimics a loss of nigrostriatal signaling, as dopamine is unable to modulate MSN 

activity in the presence of antagonists at its receptors. An advantage of this approach is that long-

lasting learning effects can easily be dissociated from acute impairments in performance. When 

mice are given a cocktail of D1R and D2R antagonists (SCH23390 and eticlopride, respectively) 

and trained on the accelerating rotarod, the acute effects of receptor blockade are apparent in 

their poor performance compared to controls. When these mice are tested again in the absence of 

drugs, their performance continues to be poor, and only gradually improves over the course of 

several days (Beeler et al., 2012). These mice perform even worse than naïve controls despite 

having normal dopamine signaling restored. This persistent motor inhibition appears to be 

mediated by the D2R-expressing indirect pathway, as training with the D2R antagonist, but not 

D1R antagonist, is sufficient to induce a lasting motor impairment (Figure 1.3). This study 

suggests that mice trained under D2R blockade undergo an aberrant, inhibitory learning process 

that can impede normal learning when dopamine is restored. 
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Figure 1.3. Motor experience under D2 receptor blockade results in inhibitory motor 

learning. 

(A) Mice were administered daily injections of either D1R antagonist, D2R antagonist, or saline, 

and trained on an accelerating rotarod. Following a 3-day break, subsequent rotarod performance 

was tested under drug-free conditions. Each daily session consisted of 5 trials.  

(B) Both D1R and D2R blockades (blue and purple, respectively) result in impairment during 

the initial training phase compared to saline (green). In the subsequent drug-free test phase, only 

the D2 blockade group continue to demonstrate lasting impairment. Black triangles show mice 

that previously received D2R blockade without motor training. Error bars: s.e.m. Adapted from 

Beeler et al. (2012). 
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The long-lasting nature of these motor impairments suggests that these behaviors are 

driven by changes in plasticity that occur under dopamine-deficient conditions (Zhuang et al., 

2013). According to the classical model of basal ganglia function, the loss of dopamine signaling 

results in hypoactivity of the direct pathway and hyperactivity of the indirect pathway (Albin et 

al., 1989; DeLong, 1990). Under D2R blockade, D2-MSNs are more excitable by cortical inputs 

due to the D2R’s inability to modulate glutamatergic signals, and are therefore unable to support 

LTD (Shen et al., 2008). Furthermore, D2R blockade, or downstream effects of D2R blockade 

such as elevated cAMP, facilitate the induction of LTP in brain slices (Shen et al., 2008; Beeler 

et al., 2012; Augustin et al., 2014). Based on this data, our laboratory has proposed that 

inhibitory motor learning is caused by aberrant corticostriatal LTP in D2-MSNs (Figure 1.4). 

This irregular plasticity may be responsible for some PD motor symptoms and could explain the 

temporal pattern of the LDR with L-DOPA treatment.  

  D2-MSNs also express A2ARs which have been shown as necessary for LTP induction 

(Shen et al., 2008). Co-administration of A2AR antagonist theophylline during training blocks  

the induction of inhibitory motor learning (Beeler et al., 2012). Theophylline is only beneficial 

when administered during induction, as it is ineffective when given after inhibitory motor 

learning has already been induced. Our laboratory has also found that caffeine, another A2AR 

antagonist, protects mice against the induction of inhibitory motor learning (Figure 1.5; 

unpublished data). As with theophylline, caffeine is only protective if administered during 

training; caffeine given during recovery has no effect. Given that A2AR antagonists can block 

induction of LTP in D2-MSNs, this data provides further support for the view that corticostriatal 

LTP underlies aberrant inhibitory motor learning. 
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 Experimental aims 

 In this thesis I examine the mechanisms of striatal synaptic plasticity that contribute to 

the long-lasting deterioration of motor output in PD. The loss of dopamine signaling in the 

striatum is thought to decrease activity of the basal ganglia’s direct pathway and increase the 

Figure 1.4. Proposed synaptic plasticity underlying inhibitory motor learning.  

(Left) Normal dopamine signaling in the striatum facilitates activation of the D1R-expressing 

direct pathways and suppression of the D2R-expressing indirect pathways. This promotes output 

from the cortico-basal-ganglia loop to facilitate movement. (Right) The loss of dopamine 

signaling facilitates increased activation of the indirect pathway and hypoactivity in the direct 

pathway.  With persistent cortical input to D2-MSNs, aberrant corticostriatal LTP is proposed to 

develop in D2-MSNs to drive aberrant motor learning. 
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activity of the indirect pathway, leading to a suppression of motor output (Albin et al., 1989). 

While much is already known about dopaminergic modulation of basal ganglia activity, changes 

in synaptic states following chronic dopamine loss have received less attention. Studies from our 

laboratory have shown that the loss of D2R signaling in the striatum combined with concurrent 

motor experience leads to a long-lasting motor impairment that slows normal learning even after 

Figure 1.5. Chronic caffeine treatment prevents induction of inhibitory motor learning.  

(A) Mice were pretreated with either caffeine or plain drinking water for 14 days. At the start of 

rotarod training, mice were administered a cocktail of D1R and D2R antagonists. Following 

training, mice were given either caffeine or plain drinking water for another 14 days. Their 

performance was then tested on the rotarod. 

(B) Mice that were given chronic caffeine prior to rotarod training are protected from developing 

inhibitory motor learning compared to control mice that received only water prior to training.  

(C) Mice that received caffeine after training only show no protection from inhibitory motor 

learning. Error bars: s.e.m. (X.Z. unpublished results.) 
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restoration of dopamine signaling (Beeler et al., 2012). We hypothesize that what underlies this 

inhibitory motor learning is irregular corticostriatal plasticity, specifically aberrant LTP in the 

D2R-expressing indirect pathway. The research presented in this thesis addresses the proposed 

link between parkinsonian motor behavior and aberrant plasticity.  

Until recently, limitations in our ability to control specific pre- and post-synaptic 

neuronal populations have impeded the study of corticostriatal plasticity both in vivo and in brain 

slices. In Chapter 2 of this thesis, I describe optogenetic approaches to more selectively 

characterize corticostriatal plasticity. Using genetically modified mice to specifically isolate 

corticostriatal projections in the dorsolateral striatum, I test protocols to be used for assessing 

plasticity with optogenetics and electrophysiology in mouse brain slices. In Chapter 3, I examine 

changes in corticostriatal plasticity ex vivo following induction of inhibitory motor learning. I 

also examine the causal link between aberrant LTP and motor impairments. In the final chapter, I 

discuss future directions of this research and potential implications for PD treatment.  



 

 28 

CHAPTER 2 

OPTOGENETIC APPROACHES TO CHARACTERIZING 

CORTICOSTRIATAL PLASTICITY IN THE MOUSE 

DORSOLATERAL STRIATUM 

 

2.1 Abstract 

 Afferent connections to the striatum consist of a number of different cell types 

originating from multiple sources within the brain. This heterogeneity in inputs has, until 

recently, limited the specificity with which striatal plasticity could be studied and impeded our 

ability to link various behaviors to specific synaptic events. Advances in transgenics and 

optogenetics have provided new opportunities to precisely manipulate and record activity in 

defined pre- and postsynaptic cell types which has enhanced our approaches to studying 

plasticity in the brain. Here, we used genetically targeted channelrhodopsin-2 (ChR2), a light-

sensitive cation channel, to better understand plasticity specifically at corticostriatal synapses in 

D2-MSNs. I tested previously established in vitro protocols for inducing corticostriatal LTP in 

D2-MSNs and found that optogenetic stimulation could not reproduce the effects of electrically 

induced LTP protocols in brain slices. I also established an in vitro optogenetic LTD protocol 

that induces postsynaptic corticostriatal depression in D2-MSNs. Unlike previously reported 

forms of striatal LTD, this light-mediated LTD is CB1R-independent and does not alter 

presynaptic glutamate release. Moreover, it does not require the activation of NMDA or mGluR5 

receptors. This data describes a post-synaptic form of striatal LTD that can be used to examine 

synaptic strength in D2-MSNs and uncovers differences between electrical and optogenetic 
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approaches to studying corticostriatal plasticity. 

 

2.2 Introduction 

 Learning, drug exposure, and other salient experiences are proposed to drive changes in 

behavior through modulation of synaptic plasticity in the brain. Approaches to assessing how 

these experiences influence synaptic strength involve either in vivo recording in behaving 

animals or ex vivo analysis of various proxies for plasticity, such as LTP/LTD occlusion or 

depotentiation, AMPAR/NMDAR ratios, or miniature excitatory postsynaptic currents 

(mEPSCs). Current established protocols for striatal LTP and LTD are primarily based on studies 

involving electrical stimulation and pharmacology to effect changes in striatal circuitry. Notably, 

several of these studies have discovered the precise timing requirements and signaling 

mechanisms necessary for bidirectional plasticity in MSNs (Calabresi et al., 1992; Kreitzer and 

Malenka, 2007; Shen et al., 2008; Lerner and Kreitzer, 2012; Augustin et al., 2014). A feature of 

the electrical stimulation used in these studies is the ability to stimulate a large population of 

afferents which can evoke robust postsynaptic responses in MSNs. However, a significant 

disadvantage of this technique is that stimulation cannot be limited to axons of a certain cell 

type, nor can it avoid also depolarizing cell bodies and dendrites within the electrode’s field of 

stimulation. A stimulating electrode positioned within the DLS is expected to evoke release from 

cortical, thalamic, and dopaminergic afferents, as well as activate local GABAergic interneurons, 

cholinergic interneurons, and MSNs themselves. This assortment makes it difficult to 

characterize the individual contributions of striatal inputs and can complicate the ultimate 

interpretation of synaptic events. 

 The past decade has seen immense progress in molecular genetic and optogenetic 
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technologies that have rapidly refined our approaches to studying brain circuitry (Kim et al., 

2017). One of these approaches involves the cell-type-specific expression of fluorescent proteins 

and opsins using mouse transgenic Cre-recombinase driver lines. Through the GENSAT project, 

there are now hundreds of bacterial artificial chromosomal (BAC) transgenic mouse lines that 

express Cre through gene-specific promoters in neuronal populations throughout the nervous 

system (Gong et al., 2007; Gerfen et al., 2013). Within one of these Cre mice, ChR2 can be 

expressed by either a Cre-dependent transgene or Cre-dependent viral vector, typically adeno-

associated virus (AAV), that encodes ChR2. The resulting subtype-specific expression of ChR2 

allows for stimulation of distinct axonal subpopulations within highly heterogeneous brain 

regions (Kim et al., 2017). AAV-mediated delivery of ChR2 is especially useful for also 

achieving anatomical precision for a particular experiment. Studies using optogenetics also have 

the potential to reveal findings about plasticity that challenge previous theories formed with 

conventional electrical stimulation data. For example, while electrical stimulation could 

previously only induce eCB-LTD in D2-MSNs (Kreitzer and Malenka, 2007), Wu et. al (2015) 

demonstrated that precise corticostriatal stimulation with optogenetics could in fact induce eCB-

LTD in both MSN subtypes (Wu et al., 2015). This finding was likely uncovered by the 

elimination of inadvertent co-activation of dopaminergic and/or cholinergic inputs. While tonic 

dopaminergic signaling at higher-affinity D2Rs promotes eCB-LTD in both types of MSNs, 

stronger evoked release likely activates lower-affinity D1Rs that instead block LTD and promote 

LTP in D1-MSNs (Shen et al., 2008; Wu et al., 2015). Though studies using pharmacological 

tools combined with electrical stimulation can still provide some clues toward this end (Wang et 

al., 2006; Shen et al., 2008), optogenetics is a simpler and more effective approach to isolating 

inputs and understanding synaptic connectivity in the striatum. 
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 The data presented in this chapter show attempts to reproduce previously established 

electrical LTP induction protocols by selectively targeting corticostriatal terminals only via 

optogenetics. I also characterize a form of corticostriatal LTD previously unattainable with 

electrical stimulation. This work lays the foundation for the experiments presented in Chapter 3. 

 

2.3 Methods 

2.3.1 Animals 

 Several existing BAC Cre lines target distinct subpopulations of neurons just within 

cerebral cortex, many of which project to striatum. For our work, we took advantage of the 

Rbp4-Cre mouse line (GENSAT KL100) which selectively expresses Cre recombinase in layer 5 

excitatory neurons, including both PT and IT (Gerfen et al., 2013). Rbp4-Cre mice were crossed 

to a BAC transgenic Drd2-EGFP line (GENSAT S118) (Gong et al., 2003) in order to generate 

Rbp4Cre;Drd2-EGFP double transgenic mice. All double transgenic mice used in experiments 

were hemizygous for each transgene. The presence of each transgene was determined by 

genotyping using PCR primer sequences obtained from MMRRC. 

 Male and female mice 8-16 weeks of age were used for all experiments. Mice were 

housed on a 12-hour light/dark cycle and allowed ad libitum access to standard food and water. 

All animal procedures performed in these experiments were approved by the Institutional Animal 

Care and Use Committee of the University of Chicago. 

 

2.3.2 Surgery and AAV injection 

 Rbp4-Cre;Drd2-EGFP mice at least 8 weeks of age were anesthetized with 2% vaporized 

isoflurane and positioned into a stereotaxic apparatus (Kopf Instruments). Anesthesia was then 
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maintained at 1-1.5% and mice were kept warm on a heating pad throughout the remainder of the 

procedure. Fur was removed from the scalp with an electric clipper and Betadine was applied to 

the bare scalp prior to incision. The mouse’s eyes were treated with ophthalmic ointment to 

prevent corneal drying. An incision was made through the scalp midline and the skull was 

exposed for identification of bregma. Two holes were drilled into the skull and a total volume of 

500 nl of AAV5-Ef1a-DIO-hChR2(H134R)-mCherry-WPRE-pA (University of North Carolina 

Vector Core) was injected into each hole with a 33-gauge needle at a rate of 120 nl/min. 

Injections were made in cortex at the following stereotaxic coordinates: AP: +0.25, ML: ±1.5, 

DV: -1.25. At the end of each injection, the needle was kept in the same position in the brain for 

an additional 5 minutes to allow the AAV to diffuse. The scalp was then sutured closed at the 

end of surgery and mice were administered buprenorphine (0.1 mg/kg subcutaneous) and 

meloxicam (1 mg/kg subcutaneous) for postoperative analgesia. Mice were not used for 

experiments until at least 4 weeks after AAV injections. 

 

2.3.3 Brain slice preparation 

 To prepare slices for recordings, mice were deeply anesthetized with isoflurane and then 

decapitated. The brain was rapidly dissected out of the skull and submerged in an ice-cold, 

oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF) solution containing the 

following (in mM): 92 N-methyl-D-glucamine, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 25 glucose, 

12 N-acetyl-L-cysteine, 20 HEPES, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 

MgSO4 (7H2O), and 0.5 CaCl2. The solution was brought to pH 7.3-7.4 with 12N HCl and 

osmolarity was adjusted to 305-315 mOsm. The brain was sliced in ice-cold oxygenated ACSF 

into 250 µm thick coronal sections using a vibratome (Leica VT1000S). Brain slices were then 
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transferred to a holding chamber containing 32°C ACSF continuously oxygenated for 12-15 

minutes. Slices were then transferred again to a new holding chamber at room temperature 

containing a different oxygenated ACSF consisting of the following (in mM): 92 NaCl, 2.5 KCl, 

1.2 NaH2PO4, 30 NaHCO3, 25 glucose, 20 HEPES, 5 sodium ascorbate, 2 thiourea, 3 sodium 

pyruvate, 2 MgSO4 (7H2O), and 2 CaCl2. The solution was brought to pH 7.3-7.4 with 10N 

NaOH and osmolarity was adjusted to 305-315 mOsm. The slices were incubated for at least 60 

minutes before recording. 

 The method of slice preparation described here (Ting et al., 2014) differs from the slice 

preparation procedure previously used by our laboratory (Kheirbek et al., 2009; Beeler et al., 

2012; Augustin et al., 2014). While the standard sucrose-based recovery method is sufficient for 

preparing healthy slices from young mice under 8 weeks of age, I have found this method to be 

inadequate at preserving the health of adult striatal neurons (data not shown). The 

neuroprotective recovery method used for electrophysiology experiments in this thesis instead 

uses a sodium replacement approach that protects against excitotoxicity and significantly 

improves the survival and health of neurons from older brain slices. Furthermore, the inclusion 

of N-acetyl-L-cysteine, a neuron-permeable precursor to the antioxidant glutathione, has been 

shown to protect slices from oxidative-stress-related damage (Ting et al., 2014). Because the 

animals used in my experiments were at least 12 weeks old by the time of recording, I chose to 

use this strategy over the traditional sucrose-based method previously used in our laboratory. 

 

2.3.4 Electrophysiology 

 Individual brain slices were transferred to a recording chamber and perfused at a rate of 

2-4 ml/min with room temperature recording ACSF consisting of the following (in mM): 125 
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NaCl, 2.5 KCl, 1 MgCl2(6H2O), 2.5 CaCl2, 20 glucose, 1 NaH2PO4, 25 NaHCO3. Picrotoxin 

(Sigma-Aldrich) was also added to recording ACSF at 50 µM to block GABAA receptors. For 

some LTP induction experiments, MgCl2 was excluded from the recording ACSF. MSNs in the 

dorsolateral striatum were visually identified under infrared illumination using an Olympus BX-

51W1 microscope equipped with DIC optics and a 60X water-immersion objective. EGFP-

expressing neurons and mCherry-expressing axons were identified with epifluorescence 

(Excelitas X-Cite 120Q).  

Whole-cell voltage-clamp recordings were made with borosilicate glass patch electrodes 

(3-6 MΩ) filled with an internal solution consisting of (in mM): 120 cesium gluconate, 10 TEA-

Cl, 10 HEPES, 10 glucose, 5 NaCl, 0.5 EGTA, 4 MgCl2, 4 ATP-K, 0.3 GTP-Na, 5 QX-314. 

Solution was adjusted to pH 7.3 and 285-290 mOsm. For some LTP induction experiments, 20 

µM Sp-cAMPS was included in the pipette solution. 

Recording data was obtained with a Multiclamp 700B amplifier, digitized with Digidata 

1440A, and viewed with pCLAMP 10.6 software (Molecular Devices). Signals were digitized at 

10 kHz and filtered at 4 kHz. Patched cells were clamped at -70 mV and series and input 

resistances were monitored throughout the recording by applying 10 mV depolarizing pulses. 

Data was excluded if the series resistance went over 25 MΩ or changed by more than 20%, or if 

the input resistance increased by more than 20%. 

To stimulate ChR2 in corticostriatal terminals, 470 nm light pulses were produced by a 

collimated LED (Thorlabs), passed through a GFP filter, and delivered through the 60X 

objective to the brain slice. A 2 ms pulse duration was set by a Master-8 pulse stimulator 

(A.M.P.I). Light intensity was adjusted with an LED driver (Thorlabs) to evoke a baseline 

excitatory postsynaptic current (EPSC) of 100 – 400 pA. 
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Baseline EPSCs were recorded for at least 10 minutes to ensure that the 5 minutes 

immediately preceding plasticity induction were stable. Baseline and post-conditioning EPSCs 

were measured by applying one 2 ms light pulse every 30 seconds. Paired pulse ratios (PPRs) 

were measured by applying two pulses at 10 Hz and calculated by dividing the peak of the 

second EPSC by the first. AMPA/NMDA ratios were measured by stimulating at -70 mV and 

+40 mV for the AMPAR- and NMDAR-mediated currents, respectively. The NMDAR-mediated 

component was measured by sampling a 5 ms window 50 ms after the light stimulus at +40 mV. 

Average traces for AMPA and NMDA currents were obtained by averaging 5 EPSCs from each 

holding potential. 

For Sp-cAMPS LTP induction, 20 µM Sp-cAMPS (Tocris) was included in the pipette 

solution. Cells were stimulated once at -70 mV, then depolarized to +40 mV for 50 ms, 

stimulated once, then held at +40 mV for an additional 500 ms. This was repeated 5 times at 0.5 

Hz (Augustin et al., 2014). The Mg2+-free LTP induction protocol was adapted from Calabresi et 

al. 1992 and consisted of three trains (3 second duration, 10 Hz, 20 second intervals) with MgCl2 

excluded from the recording medium. The MgCl2-free medium was applied 10 minutes before 

the conditioning stimulus. The LTD induction protocol consisted of light stimulation at 1 Hz for 

10 minutes with the cell clamped at -70 mV throughout. Blockade of CB1 receptors was 

achieved by adding 2 µM AM-251 (Tocris) to the bath. Blockade of NMDA receptors was 

achieved by adding 50 µM D-APV to the bath. To block mGluR5 receptors, 20 µM MPEP 

(Tocris) was added to the bath. 

 

2.3.5 Data analysis 

For LTP and LTD experiments, EPSCs recorded after the induction stimuli were 
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normalized to the average EPSC from the last 5 minutes of recorded baseline. Cells from each 

animal were averaged before performing statistical analysis, unless specified otherwise. Average 

amplitudes from 20-30 minutes following plasticity induction were compared between groups 

using Student’s unpaired t-test. Comparison of AMPA/NMDA ratios, PPRs, and within-group 

EPSCs before and after plasticity induction were performed with a paired t-test. Statistical 

significance was assigned to p-values smaller than 0.05. 

 

2.4 Results 

2.4.1 Functional ChR2 expression in DLS corticostriatal terminals 

Rbp4-Cre;Drd2-EGFP mice were injected with AAV-Ef1a-DIO-ChR2-mCherry 

bilaterally into layer 5 motor cortex, a region dense with striatal-projecting glutamatergic 

neurons. Following at least 4 weeks for expression to reach terminals in striatum, slices showed 

strong ChR2-mCherry expression in cortex and axons in the DLS (Figure 2.1). 

Figure 2.1. AAV-mediated expression of ChR2 in corticostriatal terminals in the DLS.  

(A) Schematic of AAV injection in Rbp4-Cre; D2-EGFP mice.  

(B) ChR2-mCherry expression in layer 5 of cortex 4 weeks after AAV injection.  

(C) Confocal image of dorsolateral striatum showing ChR2-mCherry-positive axons 

surrounding EGFP-positive D2-MSNs. 
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 Functional expression of ChR2 was confirmed using whole-cell patch clamp 

electrophysiology in brain slices. Whole-cell recordings from mCherry-positive cortical neurons 

showed reliably evoked action potentials in response to 470 nm light stimulation. In addition, 

optical stimulation of mCherry-positive axon terminals in the DLS reliably evoked EPSCs in D2-

MSNs (Figure 2.2). 

 

2.4.2 LTP attempts 

Our laboratory recently reported that bidirectional synaptic plasticity in D2-MSNs is 

regulated by intracellular cAMP signaling (Augustin et al., 2014). This study directly 

manipulated cAMP signaling in D2-MSNs by adding a reactive cAMP analog, Sp-cAMPS, to 

Figure 2.2. ChR2-mediated excitatory responses in cortex and striatum. 

(A) Schematic of DLS stimulation with 470 nm light. 

(B) Action potentials recorded in current-clamp from ChR2-expressing cortical neurons 

stimulated with 470 nm light at 10 Hz. 

(C) EPSCs recording in voltage-clamp from D2-MSNs in response to stimulation of ChR2-

expressing cortical axons in DLS. 
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the patch pipette internal solution. High levels of Sp-cAMPS (20 µM) were shown to promote 

robust LTP when combined with brief depolarization and low-frequency electrical stimulation. 

To determine if ChR2-mediated corticostriatal stimulation could also induce LTP under the same 

conditions, I applied the same low-frequency stimulation (LFS) protocol reported by Augustin et 

al. (2014) using light on ChR2-expressing terminals in the DLS (Figure 2.3A). Optical LFS with 

depolarization did not induce any potentiation in D2-MSNs (Figure 2.3B; n = 3 mice/6 cells).  

Figure 2.3. Optical LFS with depolarization does not induce LTP in D2-MSNs with high 

cAMP. 

(A) Schematic of LFS with depolarization adapted from Augustin et al. (2014). 

(B) EPSC amplitude as a function of time. Sp-cAMPS (20 µM) in the recording pipette with 

LFS and depolarization did not promote LTP in D2-MSNs (n = 3 mice/6 cells). Error bars: s.e.m. 
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I next tested an LTP protocol described by Calabresi et al. (1992) with which LTP was 

reportedly induced by applying tetanic electrical stimulation in a Mg2+-free recording bath 

(Calabresi et al., 1992). The tetanic stimulation used by Calabresi et al. was applied at a 

frequency of 100 Hz, which far exceeds the highest frequency at which ChR2 can drive action 

potentials (Lin et al., 2009). In addition, ChR2-mediated postsynaptic currents have been shown 

to depress at high frequencies more than those evoked by electrical stimulation, in part due to an 

increased probability of initial release at the presynaptic boutons (Zhang and Oertner, 2007). In 

the DLS, ChR2-mediated corticostriatal stimulation failed to reliably evoke EPSCs at 

frequencies above 20 Hz, and significant current attenuation was observed at frequencies above 

10 Hz (data not shown). Consequently, stimulation for this experiment was restricted to 10 Hz. 

Three trains of 10 Hz stimulation under Mg2+-free extracellular conditions produced no lasting 

potentiation in D2-MSNs. A short-duration increase in EPSC amplitude following the 

conditioning stimulus was gradually reversed following reintroduction of the standard Mg2+-

containing bath solution (Figure 2.4). 

 

2.4.3 Low frequency optogenetic stimulation of corticostriatal terminals induces LTD in D2 

MSNs 

 Nearly all reported forms of LTD in the DLS involve eCB-mediated depression of 

presynaptic release, while most reported forms of LTP occur at postsynaptic sites (Kreitzer and 

Malenka, 2007; Shen et al., 2008; Augustin et al., 2014). In order to measure corticostriatal LTP 

using ex vivo LTD or depotentiation as a proxy, we needed an LTD protocol that induced reliable 

postsynaptic depression at corticostriatal synapses. The only postsynaptic corticostriatal LTD 

reported to date was observed in the nucleus accumbens (Pascoli et al., 2012). I tested whether 
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this approach could induce LTD at D2-MSN corticostriatal synapses in the DLS. Light pulses 

applied at 1 Hz for 10 minutes strongly depressed transmission in D2-MSNs (Figure 2.5A; 44% 

± 8% of baseline, n = 6 mice/10 cells, t(5) = -7.33, p < 0.001). PPRs were not changed following 

the LTD induction protocol (Figure 2.5B; n = 10 cells, mean change = -0.04, n = 10 cells, t(9) = 

0.84, p = 0.42), consistent with results reported from the nucleus accumbens (Pascoli et al., 

2012). AMPAR/NMDAR ratios were not significantly different following LTD induction 

(Figure 2.5C; mean change = -0.56, n = 9 cells, t(8) = -1.3, p = 0.23). 

Figure 2.4. Optical stimulation under magnesium-free extracellular conditions. 

Plots show EPSC amplitudes over time for individual cells. Optical stimulation of DLS 

corticostriatal terminals in Mg2+-free medium does not promote LTP in D2-MSNs. Top label 

indicates cell number. 
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Figure 2.5. Low-frequency corticostriatal stimulation induces LTD in D2-MSNs. 

(A) Plot shows EPSC amplitude over time. 1 Hz optical stimulation for 10 minutes induced 

strong LTD (44% ± 8% of baseline, n = 6 mice/10 cells, t(5) = -7.33, p < 0.001). Inset shows 

averaged EPSC traces (10 trials) from before (solid line) and after (dashed line) LTD induction. 

Error bars: s.e.m. 

(B) PPRs were unchanged following LTD induction (mean change = -0.04, n = 10 cells, t(9) = 

0.84, p = 0.42. 

(C) AMPAR/NMDAR ratios were unchanged following LTD induction (mean change = -0.56, 

n = 9 cells, t(8) = -1.3, p = 0.23. 
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2.4.4 Optically induced corticostriatal LTD is not dependent on CB1, NMDA, or mGluR5 

receptors 

The absence of change in PPR suggested that presynaptic release was not affected by the 

LTD induction protocol. To further verify this, I tested whether this LTD was dependent on 

CB1R activation. Bath application of the CB1R antagonist AM-251 (2 µM) had no effect on 

LTD induction (Figure 2.6; Control: 44% ± 8% of baseline, n = 6 mice/10 cells; AM-251: 45% ± 

13% of baseline, n = 2 mice/5 cells, t(6) = 0.07, p = 0.95). 

Figure 2.6. Optogenetic LFS LTD is not blocked by CB1R antagonist. 

Application of CB1R antagonist AM-251 (2 µM) had no effect on magnitude of LTD in D2-

MSNs (Control: 44% ± 8% of baseline, n = 6 mice/10 cells; AM-251: 45% ± 13% of baseline, n 

= 2 mice/5 cells, t(6) = 0.07, p = 0.95). Error bars: s.e.m. 
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 Next, I tested whether this LTD was NMDAR-dependent. Bath application of NMDAR 

antagonist D-APV (50 µM) had no effect on LTD induction (Figure 2.7; Control: 44% ± 8% of 

baseline, n = 6 mice/10 cells; D-APV: 47% ± 22% of baseline, n = 3 mice/6 cells, t(3) = 0.14, p = 

0.89), unlike the optogenetic LTD reported in the nucleus accumbens (Pascoli et al., 2012). 

 I then tested whether the optogenetic LFS LTD was dependent on Group I mGluR 

activation, an important regulator of eCB-LTD. Bath application of the mGluR5 antagonist 

MPEP (20 µM) also had no effect on the magnitude of LTD induction (Figure 2.8; Control: 33% 

± 8% of baseline, n = 3 mice/3 cells; MPEP: 43% ± 9% of baseline, n = 3 mice/3 cells, t(4) = -

0.87, p = 0.43). Together, the results shown here demonstrate that this optogenetic LFS-induced 

LTD is not dependent on CB1R, NMDAR, or mGluR5 activation. 

Figure 2.7. Optogenetic LFS LTD is not blocked by NMDAR antagonist. 

Application of NMDAR antagonist D-APV (50 µM) had no effect on magnitude of LTD in D2-

MSNs (Control: 44% ± 8% of baseline, n = 6 mice/10 cells; D-APV: 47% ± 22% of baseline, n 

= 3 mice/6 cells, t(3) = 0.14, p = 0.89). Error bars: s.e.m. 
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2.5 Discussion 

 The experiments presented in this chapter took advantage of optogenetics and BAC 

transgenic mice to examine striatal synaptic plasticity with both presynaptic and postsynaptic 

cell-type specificity. The approach taken here allowed for selective stimulation of glutamatergic 

axons originating from cortex without activation of other intermingled modulatory systems. I 

demonstrated that two reported striatal LTP protocols that used electrical stimulation could not 

be reproduced when using optogenetic corticostriatal stimulation. I also characterized an 

optogenetic LTD protocol that did not affect presynaptic release like eCB-LTD. These results 
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Figure 2.8. Optogenetic LFS LTD is not blocked by mGluR5 antagonist. 

Application of mGluR5 antagonist MPEP (20 µM) had no effect on induction of LTD in D2-

MSNs (Control: 33% ± 8% of baseline, n = 3 mice/3 cells; MPEP: 42% ± 9% of baseline, n = 3 

mice/3 cells, t(4) = -0.87, p = 0.43). Error bars: s.e.m. 
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highlight the importance of cell-type specificity in electrophysiology and provide a new method 

for assessing plasticity ex vivo in the DLS. 

Corticostriatal eCB-LTD has been observed in brain slices with both electrical and 

optogenetic corticostriatal stimulation, and reported stimulation frequencies have ranged from 5 

Hz to 100 Hz, illustrating the flexibility with which this form of plasticity is induced (Lovinger, 

2010; Wu et al., 2015). Here, I applied 1 Hz corticostriatal stimulation to induce a robust LTD 

that was previously unreported in the DLS and that was neither eCB-dependent nor associated 

with altered presynaptic release. This optogenetic LFS LTD, which was first reported in the 

nucleus accumbens (Pascoli et al., 2012), eliminates coactivation of inputs that may be 

responsible for promoting eCB-LTD, thereby uncovering eCB-independent plasticity. Notably, 

eCB-LTD in D2-MSNs is known to depend on dopamine signaling at D2Rs (Wang et al., 2006; 

Kreitzer and Malenka, 2007; Lerner and Kreitzer, 2012). In previous studies where 1 Hz 

electrical stimulation was applied in the striatum for several minutes, no lasting changes in 

plasticity were observed in MSNs (Bonsi et al., 2003; Singla et al., 2007). The form of 

corticostriatal LTD characterized in this chapter may likely have only been possible by using 

optogenetics. 

 In addition to not being dependent on CB1R or mGluR5 activation, the LTD described 

here is not dependent on NMDAR activation either. This finding is at odds with a previous study 

in which optogenetic LFS LTD was found to be NMDAR-dependent in MSNs of the nucleus 

accumbens (Pascoli et al., 2012). The source of this discrepancy remains unclear, though 

anatomical subregion, gene expression, local circuitry, recording conditions, or other sources 

could all potentially have an impact on the results from these experiments. It is still unknown 

what the exact synaptic mechanism governing this LTD is in the DLS, but it is clear from the 
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findings presented here that it is fundamentally different from the mechanism that underlies the 

more common eCB-LTD.  

 Because LTP in the striatum has primarily been reported to occur postsynaptically, a 

corticostriatal LTD that does not alter presynaptic release, like the one described here, can 

conceivably be used to measure LTP by reversing the mechanisms that led to potentiation. This 

is especially useful for ex vivo studies that measure changes in synaptic strength associated with 

behavior, and for in vivo studies that aim to manipulate plasticity in order to influence changes in 

striatum-dependent behaviors. 

In this chapter, I also tested optogenetic protocols for corticostriatal LTP. LTP in the DLS 

has historically been more challenging to induce than LTD, with far fewer published reports on 

the former. Some reported protocols for inducing LTP in the striatum have included the 

application of a magnesium-free extracellular medium (Calabresi et al., 1992), high intracellular 

cAMP (Augustin et al., 2014), STDP stimulation (Shen et al., 2008), or the addition of 

neurotrophic factors (Flajolet et al., 2008). Notably, most protocols for LTP induction have 

relied on electrical stimulation to activate corticostriatal afferents and the release of glutamate. 

Here, I tested two LTP protocols, one using low extracellular magnesium, and another using high 

intracellular cAMP, to determine if striatal potentiation could also be induced with optogenetics. 

LTP induced under magnesium-free conditions is attributed to the removal of the voltage-

dependent magnesium block in NMDAR channels (Calabresi et al., 1992). High intracellular 

cAMP delivered through the patch pipette has been shown to promote LTP in D2-MSNs when 

combined with electrical LFS and postsynaptic depolarization (Augustin et al., 2014). Using 

optogenetics, I found that corticostriatal stimulation with either magnesium-free conditions or 

high intracellular cAMP was unable to induce LTP in D2-MSNs. 
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In the optogenetic experiments shown in this chapter, there were a few notable 

differences from the protocols reported by Calabresi et al. (1992) and Augustin et al. (2014) that 

may explain the failure to induce LTP reported here. First, the frequency of stimulation used by 

Calabresi et al. (1992) was 100 Hz, while my own stimulation was limited to 10 Hz due to the 

kinetics of ChR2. It is possible that the conditions provided by unblocking NMDARs are not 

indiscriminately permissive to LTP, and that high-frequency tetanic stimulation is still necessary 

for synaptic strengthening to occur under these conditions. While increases in spontaneous 

activity have been reported in hippocampal neurons following removal of magnesium from the 

recording bath (Herron et al., 1985), the dominant potassium conductances inherent to MSNs 

may serve to hamper any depolarization events facilitated by unblocked NMDAR channels. 

Moreover, the increase in intracellular calcium resulting from high frequency stimulation, which 

normally facilitates eCB-LTD under regular magnesium concentrations, may be necessary for 

triggering biochemical changes that are critical for LTP (Lovinger, 2010). The second notable 

difference in my experiments from the previous studies is that the optogenetic stimulation used 

in my study eliminated many inputs that may have contributed to LTP induction. Many factors 

can regulate striatal plasticity, and with electrical stimulation one can activate a large, 

heterogeneous body of inputs that encompasses all the necessary elements for inducing LTP in 

MSNs. It is possible that a convergence of afferents beyond the small subset expressing ChR2 is 

required for sufficient activation of striatal MSNs. For example, expression of ChR2 via local 

AAV injection may not cover a large enough volume of tissue to realistically mirror the 

activation of cortical afferents during behavior. Furthermore, the activation of thalamostriatal 

afferents or cholinergic neurons could potentially help drive potentiation together with 

corticostriatal inputs. The exclusion of many excitatory afferents when using optogenetics may 
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also lead to insufficient depolarization of distal MSN dendrites that cannot be depolarized with 

somatic current injection alone (Surmeier et al., 2009). This notion was supported by a recent 

study in which optogenetic depolarization of MSNs, which can directly depolarize distal 

dendritic processes, was far more effective than somatic current injection at promoting 

corticostriatal LTP in the DMS (Ma et al., 2018). Future studies using optogenetic manipulation 

of both pre- and postsynaptic targets may be required to fully understand the individual 

contributions to LTP in D2-MSNs. Overall, the results in this chapter highlight both advantages 

and disadvantages of using optogenetics for studying plasticity in the striatum. These findings set 

the groundwork for experiments described later in this thesis by providing an important tool for 

studying cell-type-specific synaptic plasticity relevant to learning and behavior.  
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CHAPTER 3 

NEURAL CORRELATES OF INHIBITORY MOTOR LEARNING IN 

MICE 

 

3.1 Abstract 

The long-lasting deterioration of motor output in Parkinson’s disease is thought to arise 

from the degeneration of midbrain dopamine neurons and the subsequent loss of dopamine 

signaling in the striatum. While much is already known about dopaminergic modulation of basal 

ganglia activity, changes in synaptic plasticity following chronic dopamine loss have received 

less attention. Here, I examine the striatal synaptic plasticity mechanisms that contribute to 

parkinsonian motor behaviors. Previous studies from our laboratory have suggested that the loss 

of dopamine signaling in the striatum may lead to motor decline through aberrant plasticity at 

corticostriatal synapses in the dopamine D2R-expressing indirect pathway. To test this, I used 

optogenetics and whole-cell recordings to assess changes in corticostriatal plasticity in mice that 

underwent motor training with a pharmacological D2R blockade. I observed that this treatment 

resulted in enhanced ex vivo corticostriatal LTD in D2R-expressing MSNs, suggesting that 

aberrant LTP had previously occurred at these synapses during inhibitory motor learning. 

Furthermore, co-administration of an adenosine A2AR antagonist, which has previously been 

shown to block corticostriatal LTP in vitro, was sufficient to prevent the induction of aberrant 

corticostriatal plasticity during training. To further examine the link between impaired behavior 

and plasticity, I applied in vivo corticostriatal stimulation with D2R blockade to induce aberrant 

LTP at D2-MSNs and observed a mild impairment in rotarod performance following stimulation. 
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Together, these results implicate aberrant corticostriatal plasticity in the development of 

parkinsonian motor symptoms and provide support for therapeutic strategies that target altered 

plasticity in PD and other neuropsychiatric disorders. 

 

3.2 Introduction 

 PD is a progressive neurodegenerative disease in which the selective loss of nigrostriatal 

dopamine neurons leads to motor symptoms such as resting tremor, bradykinesia, and rigidity. 

The most commonly used clinical treatment for PD consists of dopamine replacement with 

levodopa (L-DOPA) which remains the most effective pharmacological therapy today. However, 

the response to L-DOPA begins to fluctuate over time in PD patients and the beneficial effects of 

the drug start to diminish (Nutt et al., 1992). Moreover, adverse side effects stemming from 

prolonged use of the drug, such as dyskinesia, begin to emerge (Fabbrini et al., 2007). Therefore, 

there is a continued need for developing new treatments for PD that remain effective over time 

with fewer adverse side effects. 

Dysfunctional basal ganglia circuitry is thought to have a significant role in the motor 

symptoms of PD due to the loss of dopamine signaling in the striatum. Reduced signaling at D1- 

and D2Rs is thought to decrease output from the direct pathway while increasing output from the 

indirect pathway, resulting in an overall suppression of movement (Albin et al., 1989; DeLong, 

1990). While several studies have shown intrinsic and homeostatic adaptations in MSNs in PD 

models (Day et al., 2006; Fieblinger et al., 2014; Nishijima et al., 2014), few have directly 

examined the role of experience-dependent synaptic plasticity in PD motor symptoms. Previous 

studies from our laboratory suggest that the loss of dopamine signaling in the striatum may lead 

to motor decline through aberrant plasticity at corticostriatal synapses in the indirect pathway 
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(Beeler et al., 2010, 2012). Animals that engage in motor activity while under D2R blockade 

develop a long-lasting motor inhibition that persists even after normal dopamine signaling is 

restored. We propose that this motor inhibition is the outcome of an aberrant learning process 

through which active motor programs are suppressed rather than reinforced. With the loss of 

signaling at D2Rs, normal inhibition of the indirect pathway is relieved as intracellular cAMP 

levels rise in D2-MSNs. We hypothesize that this allows excitatory cortical input to potentiate 

synapses on D2-MSNs during motor activity, eventually leading to motor suppression. The 

blockade of A2ARs, which prevents inhibitory motor learning in mice, may help protect against 

motor inhibition via mitigation of corticostriatal LTP. The study presented in this chapter 

examines the synaptic mechanisms behind inhibitory motor learning and provides support for a 

causal link between aberrant corticostriatal plasticity and parkinsonian motor inhibition. The 

prevention or reversal of aberrant plasticity may serve as a potential therapeutic approach to 

treating PD motor symptoms. 

 

3.3 Methods 

3.3.1 Animals 

 Rbp4-Cre transgenic mice were crossed to a Drd2-EGFP transgenic mouse line (Gong et 

al., 2003) in order to generate Rbp4Cre;Drd2-EGFP double transgenic mice. All double 

transgenic mice used in experiments were hemizygous for each transgene. The presence of each 

transgene was determined by genotyping using PCR primer sequences obtained from MMRRC. 

 Male and female mice 8-16 weeks of age were used for all experiments. Mice were 

housed on a 12-hour light/dark cycle and allowed ad libitum access to standard food and water. 

All animal procedures performed in these experiments were approved by the Institutional Animal 



 

 52 

Care and Use Committee of the University of Chicago. 

 

3.3.2 Drug administration 

Drugs were administered by intraperitoneal (i.p.) injections delivered 30 minutes before 

the start of each rotarod session during the training phase, or 30 minutes before the start of 

stimulation for in vivo experiments. Eticlopride (Sigma-Aldrich) was administered at 0.016 

mg/kg of body weight and theophylline (Sigma-Aldrich) at 60 mg/kg. Drugs were prepared in 

0.9% normal saline. 

 

3.3.3 Behavioral tests 

Mice were trained on the accelerating rotarod (Columbus Instruments) with a 7 cm 

diameter rod programmed to accelerate from 4 to 40 rotations per minute (rpm). The training 

phases consisted of 5 consecutive trials per day (session) for a total of 5 training sessions. For 

assessing motor performance after training or optogenetic stimulation, mice were tested for 1 

session before electrophysiological experiments or for 10 sessions after optogenetic conditioning 

experiments. Mice were returned to their home cages after each session. 

Open field chambers (Med Associates) were 40 x 40 cm with lighting at 21 lux. 

Locomotor activity was tracked in each mouse with infrared beams and recorded with Med 

Associates software. Mice were returned to their home cages at the end of testing. 

 

3.3.4 Surgery and AAV injection 

 Rbp4-Cre;Drd2-EGFP mice at least 8 weeks of age were anesthetized with 2% vaporized 

isoflurane and positioned into a stereotaxic apparatus (Kopf Instruments). Anesthesia was then 



 

 53 

maintained at 1-1.5% and mice were kept warm on a heating pad throughout the remainder of the 

procedure. Fur was removed from the scalp with an electric clipper and Betadine was applied to 

the bare scalp prior to incision. The mouse’s eyes were treated with ophthalmic ointment to 

prevent corneal drying. An incision was made through the scalp midline and the skull was 

exposed for identification of bregma. Two holes were drilled into the skull and a total volume of 

500 nl of AAV5-Ef1a-DIO-hChR2(H134R)-mCherry-WPRE-pA (University of North Carolina 

Vector Core) was injected into each hole with a 33-gauge needle at a rate of 120 nl/min. 

Injections were made in cortex at the following stereotaxic coordinates: AP: +0.25, ML: ±1.5, 

DV: -1.25. These coordinates target the forelimb and hindlimb regions of mouse primary motor 

cortex (Tennant et al., 2011). At the end of each injection, the needle was kept in the same 

position in the brain for an additional 5 minutes to allow the AAV to diffuse. For in vivo 

optogenetic stimulation experiments, a 200 µm core multimode optical fiber (Thorlabs) attached 

to a ceramic ferrule was implanted unilaterally into the right dorsolateral striatum at the 

following stereotaxic coordinates: AP: +0.8, ML: +2.2, DV: -2.7. Positioning the fiber in the 

DLS rather than cortex allowed us to avoid direct stimulation of brainstem-projecting PT 

neurons in motor cortex. The fiber and ferrule were secured in place with glue (Loctite) and 

dental acrylic (Ortho-Jet). The scalp was then sutured closed at the end of surgery and mice were 

administered buprenorphine (0.1 mg/kg subcutaneous) and meloxicam (1 mg/kg subcutaneous) 

for postoperative analgesia. Mice were not used for experiments until at least 4 weeks after 

surgery. 

 

3.3.5 Brain slice preparation 

To prepare slices for recordings, mice were deeply anesthetized with isoflurane and then 
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decapitated. The brain was rapidly dissected out of the skull and submerged in an ice-cold, 

oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF) solution containing the 

following (in mM): 92 N-methyl-D-glucamine, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 25 glucose, 

12 N-acetyl-L-cysteine, 20 HEPES, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 

MgSO4 (7H2O), and 0.5 CaCl2. The solution was brought to pH 7.3-7.4 with 12N HCl and 

osmolarity was adjusted to 305-315 mOsm. The brain was sliced in ice-cold oxygenated ACSF 

into 250 µm thick coronal sections using a vibratome (Leica VT1000S). Brain slices were then 

transferred to a holding chamber containing 32°C ACSF continuously oxygenated for 12-15 

minutes. Slices were then transferred again to a new holding chamber at room temperature 

containing a different oxygenated ACSF consisting of the following (in mM): 92 NaCl, 2.5 KCl, 

1.2 NaH2PO4, 30 NaHCO3, 25 glucose, 20 HEPES, 5 sodium ascorbate, 2 thiourea, 3 sodium 

pyruvate, 2 MgSO4 (7H2O), and 2 CaCl2. The solution was brought to pH 7.3-7.4 with 10N 

NaOH and osmolarity was adjusted to 305-315 mOsm. The slices were incubated for at least 60 

minutes before recording. 

 

3.3.6 Electrophysiology 

Individual brain slices were transferred to a recording chamber and perfused at a rate of 

2-4 ml/min with room temperature recording ACSF consisting of the following (in mM): 125 

NaCl, 2.5 KCl, 1 MgCl2(6H2O), 2.5 CaCl2, 20 glucose, 1 NaH2PO4, 25 NaHCO3. Picrotoxin 

(Sigma-Aldrich) was also added to recording ACSF at 50 µM to block GABAA receptors. For 

some LTP induction experiments, MgCl2 was excluded from the recording ACSF. MSNs in the 

dorsolateral striatum were visually identified under infrared illumination using an Olympus BX-

51W1 microscope equipped with DIC optics and a 60X water-immersion objective. EGFP-
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expressing neurons and mCherry-expressing axons were identified with epifluorescence. 

Whole-cell voltage-clamp recordings were made with borosilicate glass patch electrodes 

(3-6 MΩ) filled with an internal solution consisting of (in mM): 120 cesium gluconate, 10 TEA-

Cl, 10 HEPES, 10 glucose, 5 NaCl, 0.5 EGTA, 4 MgCl2, 4 ATP-K, 0.3 GTP-Na, 5 QX-314. 

Solution was adjusted to pH 7.3 and 285-290 mOsm. For some LTP induction experiments, 20 

µM Sp-cAMPS was included in the pipette solution. 

Recording data was obtained with a Multiclamp 700B amplifier, digitized with Digidata 

1440A, and viewed with pCLAMP 10.6 software (Molecular Devices). Signals were digitized at 

10 kHz and filtered at 4 kHz. Patched cells were clamped at -70 mV and series and input 

resistances were monitored throughout the recording by applying 10 mV depolarizing pulses. 

Data was excluded if the series resistance went over 25 MΩ or changed by more than 20%, or if 

the input resistance increased by more than 20%. 

To stimulate ChR2 in corticostriatal terminals, 470 nm light pulses were produced by a 

collimated LED (Thorlabs), passed through a GFP filter, and delivered through the 60X 

objective to the brain slice. A 2 ms pulse duration was set by a Master-8 pulse stimulator 

(A.M.P.I). Light intensity was adjusted with an LED driver (Thorlabs) to evoke a baseline 

excitatory postsynaptic current (EPSC) of 100 – 400 pA. 

Baseline EPSCs were recorded for at least 10 minutes to ensure that the 5 minutes 

immediately preceding plasticity induction were stable. Baseline and post-conditioning EPSCs 

were measured by applying one 2 ms light pulse every 30 seconds. Paired pulse ratios (PPRs) 

were measured by applying two pulses at 10 Hz and calculated by dividing the peak of the 

second EPSC by the first. AMPA/NMDA ratios were measured by stimulating at -70 mV and 

+40 mV for the AMPAR- and NMDAR-mediated currents, respectively. The NMDAR-mediated 
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component was measured by sampling a 5 ms window 50 ms after the light stimulus at +40 mV. 

Average traces for AMPA and NMDA currents were obtained by averaging 5 EPSCs from each 

holding potential. The LTD induction protocol consisted of light stimulation at 1 Hz for 10 

minutes with the cell clamped at -70 mV throughout. 

Miniature EPSCs (mEPSCs) were recorded in the presence of 0.5 µM tetrodotoxin. 

Signals were filtered at 2 kHz and analyzed with Clampex software (Molecular Devices). 

 

3.3.7 In vivo optogenetic stimulation 

 Implanted fibers were connected to a 473 nm solid-state laser (Shanghai Laser & Optics 

Century Co.) by a rotary joint patch cable (Thorlabs). Mice were placed in an open field arena 

and stimulated with 10 ms pulses at 10 Hz for 10 minutes, repeated 3 times with a 1-minute 

inter-train interval daily for a total of 5 days. Stimulation frequency and duration were controlled 

with a Master-9 pulse stimulator (A.M.P.I.). Mice were returned to their home cages at the end 

of stimulation. 

 

3.3.8 Data analysis 

EPSCs recorded after LTD induction were normalized to the average EPSC from the last 5 

minutes of recorded baseline. Cells from each animal were averaged before performing statistical 

analysis. Average amplitudes from 20-30 minutes following LTD induction were compared 

between groups using Student’s unpaired t-test. Comparison of AMPA/NMDA ratios and PPRs 

were performed with unpaired t-test. Analysis of mEPSC amplitude and frequency was done 

with Mann-Whitney U test. Rotarod performance was analyzed with two-way ANOVA with 

repeated measures. Statistical significance was assigned to p-values smaller than 0.05. 
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3.4 Results 

3.4.1 Ex vivo LTD is enhanced following training with D2R antagonist 

 To determine whether corticostriatal synaptic strength was changed in D2-MSNs in mice 

with inhibitory motor learning, I performed ex vivo recordings from mice that underwent rotarod 

training with various drug treatments (Figure 3.1A). As reported previously (Beeler et al., 2012), 
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Figure 3.1. Inhibitory motor learning experiment design. 

(A) Schedule of rotarod training and drug treatment (left) and treatment conditions (right). 

(B) Rotarod performance during training phase. Group main effect: F(2,17) = 31.91, p < 0.0001. 

(C) Rotarod performance on day of recording. Group main effect: F(3,25) = 7.78, p < 0.001. n = 

8 saline, 7 eticlopride+rotarod, 7 eticlopride/theophylline+rotarod, 8 eticlopride+homecage. 

Error bars: s.e.m.  
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mice that were administered the D2R antagonist eticlopride during the training phase were 

significantly impaired compared to saline controls (Figure 3.1B; group main effect: F(2,17) = 

31.91, p < 0.0001). To determine whether mice had developed inhibitory motor learning before 

performing whole-cell recording, they were tested on the rotarod for a single session in the 

absence of any drug. As expected, mice that were previously trained with eticlopride showed a 

persistent impairment on the rotarod on the day of recording (Figure 3.1C; group main effect: 

F(3,25) = 7.78, p < 0.001). 

 Following the testing session, acute brain slices were prepared for ex vivo recording. 

Using the low-frequency optogenetic LTD induction protocol characterized earlier (see Chapter 

2.4.3), I observed a significantly larger magnitude of corticostriatal depression in D2-MSNs of 

mice that were trained under eticlopride treatment compared to saline controls (Figure 3.2A; 

eticlopride: n = 5 mice/6 cells, 26% ± 4% of baseline; saline: n = 5 mice/7 cells, 57% ± 10% of 

baseline, t(8) = 3.01, p = 0.017). Mice that were trained under D2R blockade also displayed a 

larger magnitude of LTD compared to untrained mice (Figure 3.2B; homecage: n = 7 mice/9 

cells, 65% ± 13% of baseline, t(7) = 2.94, p = 0.022). Ex vivo measures of AMPAR/NMDAR 

ratio showed no difference between groups (Figure 3.2C; group main effect: F(2,15) = 0.41, p = 

0.67). Similarly, there were no differences in PPR associated with treatment (Figure 3.2D; group 

main effect: F(2,17) = 0.395, p = 0.68).  

 

3.4.2 mEPSC amplitude and frequency in D2-MSNs are not changed by inhibitory motor 

learning 

 To further examine the effects of inhibitory motor learning on synaptic transmission in 

D2-MSNs, I recorded mEPSCs. Mean amplitude of mEPSCs in mice trained under D2R  
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Figure 3.2. Ex vivo corticostriatal LTD is enhanced in mice trained under eticlopride. 

(A, B) Optogenetic LTD is enhanced in D2-MSNs from mice trained under eticlopride (n = 5 

mice/6 cells, 26% ± 4% of baseline) compared to  (A) saline (n = 5 mice/7 cells, 57% ± 10% of 

baseline; t(8) = 3.01, p = 0.017) or (B) untrained (n = 7 mice/9 cells, 65% ± 13% of baseline, t(7) 

= 2.94, p = 0.022). 

(C) Mean ratio of AMPAR- to NMDAR-mediated currents is unaffected by treatment (n = 7 

saline, 6 eticlopride, 5 homecage; group main effect: F(2,15) = 0.41, p = 0.67). 

(D) Mean PPR (100 ms inter-pulse interval) is unaffected by treatment (n = 6 saline, 6 

eticlopride, 8 homecage; group main effect: F(2,17) = 0.395, p = 0.68). Error bars: s.e.m. 
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blockade showed no difference compared to mEPSCs from saline (W = 8, p = 0.63) or untrained 

(W = 4, p > 0.99) groups (Figure 3.3A,B). Mean mEPSC frequency was also unchanged in 

eticlopride/rotarod mice compared to saline (W = 6, p > 0.99) or untrained (W = 2, p = 0.40) 

mice, indicating no significant differences in presynaptic transmission (Figure 3.3C,D). These 

Figure 3.3. mEPSC amplitude and frequency are unaffected by aberrant motor learning. 

(A, B) Plots show cumulative probability distribution and mean amplitude of mEPSCs recorded 

from D2-MSNs. Mice trained on rotarod under eticlopride showed no difference in mean 

mEPSC amplitude compared to saline (W = 8, p = 0.63) or untrained mice (W = 4, p > 0.99). 

(C, D) Cumulative probabilities of mEPSC interevent intervals and mean frequency. There were 

no differences in mEPSC frequency in mice trained under eticlopride compared to saline (W = 

6, p > 0.99) or untrained mice (W = 2, p = 0.40). Eticlopride rotarod n = 3 mice/10 cells; Saline 

rotarod n = 4 mice/10 cells; Eticlopride untrained n = 3 mice/6 cells. Error bars: s.e.m. 
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results suggest that while inhibitory motor learning is associated with enhanced corticostriatal 

LTD, these observations may reflect a selective strengthening of corticostriatal synapses that is 

not present at the majority of synapses in D2-MSNs. 

 

3.4.3 A2AR antagonist mitigates induction of aberrant plasticity 

 The A2AR antagonist theophylline has been shown to prevent the induction of inhibitory 

motor learning in mice (Figure 3.1C; Beeler et al., 2012). To determine whether this effect was 

associated with protection against aberrant corticostriatal plasticity, mice were trained on the 

rotarod with both eticlopride and theophylline and then subjected to ex vivo recording. Mice that 

were co-administered theophylline showed a significantly smaller magnitude of LTD than mice 

that were trained with eticlopride alone (Figure 3.4A; eticlopride: n = 5 mice/6 cells, 26% ± 4% 

Figure 3.4. A2AR antagonist theophylline mitigates aberrant corticostriatal plasticity. 

(A) Magnitude of LTD is reduced in mice trained with eticlopride/theophylline (eticlopride: n = 

5 mice/6 cells, 26% ± 4% of baseline; theophylline: n = 4 mice/6 cells, 67% ± 4% of baseline, 

t(7) = 7.1, p < 0.001). 

(B) Mean AMPA/NMDA ratio is not affected by theophylline (n = 6 eticlopride, 6 theophylline, 

t(10) = 0.2, p = 0.84). 

(C) Mean PPR (100 ms inter-pulse interval) is unaffected by treatment (n = 6 eticlopride, 6 

theophylline, t(10) = 1.35, p = 0.21). 
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of baseline; theophylline: n = 4 mice/6 cells, 67% ± 4% of baseline, t(7) = -7.1, p < 0.001). 

Neither the AMPAR/NMDAR ratio nor PPR differed between the two groups (Figure 3.4B,C; 

AMPA/NMDA: t(10) = 0.2, p = 0.84; PPR: t(10) = 1.35, p = 0.21). mEPSC analysis also found no 

difference in mean mEPSC amplitude or frequency between the two groups (Figure 3.5; 

amplitude: W = 5, p = 0.86; frequency: W = 5, p = 0.86). 

 

3.4.4 Establishing a link between aberrant plasticity and inhibitory motor learning 

Given the strong correlation between inhibitory motor learning and aberrant 

corticostriatal plasticity, we wanted to more directly establish a causal link between the synaptic 

mechanism and behavior. To address this, optical fibers were surgically implanted into the DLS 

of mice expressing ChR2 in corticostriatal projections. We replaced motor experience with 
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Figure 3.5. A2AR antagonist has no effect on mEPSC amplitude or frequency. 

(A) Plots show cumulative probability distribution and mean amplitude of mEPSCs from mice 

trained with eticlopride only or both eticlopride and theophylline (W  = 5, p = 0.86). 

(B) Cumulative probability distribution of interevent intervals and mean frequency of mEPSCs 

from mice trained with eticlopride only or both eticlopride and theophylline (W = 5, p = 0.86). 

Eticlopride n = 3 mice/10 cells, theophylline n = 4 mice/6 cells. Error bars: s.e.m. 
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optogenetic stimulation to directly activate corticostriatal synapses in awake behaving mice. We 

hypothesized that the combination of D2R antagonist with corticostriatal stimulation would lead 

to aberrant corticostriatal LTP in D2 MSNs and a long-lasting motor impairment in mice. Mice 

were treated with eticlopride or saline and stimulated with three 10-minute trains of 10 Hz per 

day for 5 days (Figure 3.6A). Following the fifth day of stimulation, mice were given a 3-day 
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Figure 3.6. Corticostriatal stimulation induces impairment in rotarod performance. 

(A) Schedule of stimulation and testing. Mice received daily 10 Hz optogenetic stimulation while 

under eticlopride or saline. Motor performance was tested following a 3-day drug-free break. 

(B) Rotarod performance after stimulation. Group x day: F(18,81) = 2.14; p = 0.011. n = 3 

mCherry-eticlopride, 5 ChR2-eticlopride, 5 ChR2-saline. 

(C,D) Open field test of general locomotor activity. No difference in ambulatory distance (top) 

or velocity (bottom). Error bars: s.e.m. 
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break that was followed with motor behavioral testing. Control mice expressing mCherry instead 

of ChR2 performed better on the rotarod compared to ChR2-expressing mice from both 

eticlopride- or saline-treated groups (Figure 3.6B; group x day: F(18,81) = 2.14, p = 0.011). In spite 

of their impaired performances on the rotarod, the ChR2-expressing groups showed no other 

motor deficits (Figure 3.6C,D; open field distance: F(2,11) = 2.3, p = 0.16; velocity: F(2,11): 0.91, p 

= 0.44). These findings suggest that repeated corticostriatal stimulation can induce a mild motor 

impairment with or without D2R blockade. 

 

3.5 Discussion 

 The findings presented in this chapter uncover a potential synaptic mechanism underlying 

motor impairments in PD. Our lab previously reported that a dopamine signaling deficiency can 

induce D2R-mediated aberrant learning that promotes long-lasting motor inhibition similar to PD 

motor symptoms (Beeler et al., 2010, 2012). Here, I performed whole-cell recordings in brain 

slices from mice with inhibitory motor learning to assess changes in synaptic transmission in D2-

MSNs of the DLS. Using precise optogenetic stimulation of corticostriatal terminals, I found that 

mice that were rotarod-trained under D2R blockade demonstrated enhanced LTD in D2-MSNs, 

and that this enhancement could be blocked by theophylline co-administration. Together with 

previous studies, these findings strongly suggest that inhibitory motor learning is encoded by 

aberrant corticostriatal LTP in D2-MSNs. Dopamine signaling has a well-documented role in 

modulating plasticity in both the direct and indirect pathways (Lovinger, 2010). Changes in 

corticostriatal plasticity can subsequently alter the output of each pathway, ultimately influencing 

striatum-dependent motor learning and behavior. It is likely that corticostriatal LTP in the 

indirect pathway occurs as a part of normal learning processes and not solely under pathological 
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conditions. The well-established role of dopamine in reinforcement learning serves to influence 

behavioral outcomes through both faciliatory and inhibitory learning (Schultz, 2007). When 

dopamine neuron firing increases in response to an unexpected reward, activation of striatal D1 

and D2Rs promotes LTP in the direct pathway and LTD in the indirect pathway. However, when 

a predicted reward is omitted, there is a pause in dopamine neuron firing that subsequently 

reduces activation of dopamine receptors in the striatum. The pause in D2R activation allows for 

cAMP to increase in D2-MSNs, thereby promoting LTP in the indirect pathway and enhancing 

the inhibitory output from the cortico-basal-ganglia loop. We propose that this inhibitory 

mechanism becomes exaggerated under chronic dopamine depletion, such that any motor 

program active under these conditions is ultimately suppressed rather than facilitated. 

 The observed lack of change in mEPSC amplitude or frequency despite enhanced 

corticostriatal LTD in mice with inhibitory motor learning suggests a highly selective 

strengthening of a minority of D2-MSN synapses. Because our site of AAV injection limited 

ChR2 expression only to neurons in motor cortex, a brain region known to be highly active 

during rotarod learning (Cao et al., 2015; Kupferschmidt et al., 2017), LTD was primarily 

mediated by a subset of behaviorally-relevant axons in striatum. On the other hand, mEPSC 

recordings captured a much broader subset of synapses that received inputs from multiple 

cortical regions as well as thalamus. Therefore, behaviorally relevant synapses expressing 

aberrant LTP may have constituted only a fraction of total recorded mEPSCs. We also observed 

no change in AMPAR/NMDAR ratio, another frequently used measure of synaptic strength. The 

significance of this measure is premised on the assumption of dynamic AMPAR expression but 

static NMDAR expression at the synapse of interest. In the striatum, however, both AMPAR and 

NMDAR expression have been shown to change with motor learning or drug exposure (Yin et 
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al., 2009; Wang et al., 2010; Ma et al., 2017; Xia et al., 2017) thereby making the 

AMPAR/NMDAR ratio difficult to interpret. Thus, it is not possible to rule out expression 

changes for either receptor based on AMPAR/NMDAR alone. 

 Corticostriatal LTP in D2-MSNs is dependent on A2AR activation and its coupling to 

cAMP production (Shen et al., 2008; Peterson et al., 2012). Here, I demonstrated that co-

administration of the A2AR antagonist theophylline during D2R blockade prevented induction of 

aberrant plasticity in D2-MSNs. This data provides further support for the role of aberrant LTP 

in inhibitory motor learning, and provides insight into a mechanism for caffeine’s protection 

against PD. A2AR antagonists have already been shown to prevent or mitigate parkinsonian 

motor symptoms in animal models of PD (Marcellino et al., 2010; Beeler et al., 2012), and 

several have undergone clinical testing as a potential therapy for PD (Zheng et al., 2018). It 

should be noted that theophylline is not strictly selective for A2ARs, so it is possible that other 

adenosine receptors contribute to the behavioral and physiological effects we have observed. 

However, given that selective A2AR antagonism is sufficient to block LTP in D2-MSNs in vitro 

(Shen et al., 2008), we propose that theophylline and caffeine deliver protection against motor 

inhibition and aberrant plasticity predominantly through A2AR blockade.  

The selective A2AR antagonist istradefylline has very recently been approved for use in 

the United States as an adjunctive treatment for PD (Voelker, 2019), but this and several other 

A2AR antagonists, such as preladenant, have repeatedly faced difficulties gaining approval for 

market due to inconsistent clinical results (Fernandez-Duenas et al., 2018; Zheng et al., 2018). 

While several factors may have contributed to the observed lack of clinical efficacy, there are 

some reports suggesting that A2AR antagonism may be most efficacious in protecting against 

the initial development of parkinsonian motor impairments. A2AR-deficient mice are protected 
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against haloperidol-induced catalepsy (El Yacoubi et al., 2001; Taura et al., 2018), and our own 

laboratory has found that sensitization of catalepsy in response to repeated haloperidol exposure 

can be blocked by co-administration of theophylline (data not shown). We have also reported 

that induction of inhibitory motor learning is blocked by co-administration of theophylline, but 

theophylline has no therapeutic effect after aberrant learning has already taken place (Beeler et 

al., 2012). Similarly, chronic caffeine treatment, which can mitigate the acquisition of inhibitory 

motor learning, has no discernable effect on performance when administered during recovery 

only (Figure 1.5). These findings suggest that the benefits of A2AR antagonism are primarily 

preventive in nature and may be most effective at earlier stages of dopamine depletion. 

Interestingly, istradefylline has been found to improve PD symptoms during the OFF periods 

between L-DOPA doses after several weeks of treatment (Dungo and Deeks, 2013). A2AR 

antagonists could potentially induce an LDR-like therapeutic effect by progressively mitigating 

aberrant corticostriatal plasticity in the indirect pathway. It will be important for future studies to 

address A2AR function in the context of pre-existing aberrant plasticity, particularly as it applies 

to more advanced stages of PD. 

 We have so far demonstrated a strong correlation between aberrant corticostriatal 

plasticity and parkinsonian motor deficits, but what remains to be shown is a direct causal link 

between the two. In the present study, we used in vivo optogenetic stimulation to directly activate 

corticostriatal synapses in the DLS of behaving mice. Though we initially predicted that the 

combination of stimulation and D2R blockade would be necessary to induce a motor impairment, 

we also observed a lasting rotarod impairment in mice that received only saline. Given that we 

were unable to limit the corticostriatal stimulation to just D2-MSNs, it is possible that aberrant 

changes occurred in both direct and indirect pathways which could be driving the motor 
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impairment. In order to determine whether this impairment was caused by LTP in the indirect 

pathway, future studies will need to measure changes in synaptic strength following stimulation 

with either ex vivo or in vivo recording. As suggested in the previous chapter, induction of a 

robust LTP in D2-MSNs may be difficult to achieve with corticostriatal stimulation alone. A 

recent study demonstrated a method for manipulating striatal plasticity in vivo using a dual-

channel optogenetic approach (Ma et al., 2018). By expressing the opsins Chronos in prefrontal 

cortical neurons and Chrimson in the DMS, they were able to pair presynaptic stimulation with 

postsynaptic depolarization in vivo to induce changes in plasticity and alcohol-seeking behavior 

in mice (Ma et al., 2018). As optogenetic technology continues to advance, complex approaches 

like dual-channel optogenetics may soon become the norm for studying causal links between 

plasticity and behavior. 
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CHAPTER 4 

DISCUSSION 

 

4.1 Summary 

 Dopamine modulates both intrinsic excitability and synaptic plasticity in MSNs, which 

ultimately influences an animal’s behavioral output. The loss of this modulation in PD models 

triggers a range of physiological changes, both homeostatic and maladaptive. The research 

presented in this thesis describes the aberrant synaptic changes that underlie motor impairments 

associated with dopamine loss. In this chapter, I will briefly summarize the results from Chapters 

2 and 3 and follow with a discussion on how these findings may be relevant to human PD 

symptoms and treatment. 

 

4.1.1 Postsynaptic corticostriatal LTD is uncovered by low-frequency optogenetic stimulation 

  In Chapter 2, I tested optogenetic stimulation protocols for corticostriatal plasticity in 

brain slices. I showed that a previously reported LTP protocol that used low extracellular 

magnesium and electrical stimulation could not induce LTP with optogenetic corticostriatal 

stimulation. I also demonstrated that optogenetic stimulation could not induce LTP with a 

protocol using high intracellular cAMP and low frequency electrical stimulation. These results 

indicate that cell-type-specific stimulation is essential for understanding the precise mechanisms 

of striatal plasticity. In Chapter 2, I also characterized an optogenetic corticostriatal LTD that is 

distinct from the well-characterized presynaptic LTD seen in the striatum. This LTD is induced 

by low-frequency optical stimulation, and does not depend on CB1R, NMDAR, or mGluR5 



 

 70 

activation. Furthermore, it is not associated with a change in PPR, suggesting that its locus of 

depression is postsynaptic. 

 

4.1.2 Aberrant corticostriatal plasticity underlies inhibitory motor learning 

 In Chapter 3, I demonstrated mice that experienced inhibitory motor learning showed 

aberrant corticostriatal plasticity in indirect pathway MSNs. By using the optogenetic LTD 

induction protocol characterized in Chapter 2, I found mice that received rotarod training while 

under D2R blockade showed enhanced corticostriatal LTD in D2-MSNs compared to mice that 

received either training or D2R blockade alone. This finding suggests that animals experiencing 

inhibitory motor learning develop aberrant corticostriatal LTP that may underlie impaired 

performance. Furthermore, mice that were co-administered an A2AR antagonist during motor 

training showed a smaller magnitude of LTD in slice, suggesting that A2AR blockade protects 

against inhibitory motor learning by blocking the induction of aberrant corticostriatal LTP. In 

Chapter 3 I also showed that direct corticostriatal stimulation could induce a lasting motor 

impairment in mice. Together, these findings highlight aberrant plasticity as a significant 

component in the pathophysiology of PD and uncover a potential mechanism for caffeine’s 

protective effects against PD. 

 

4.2 Targeting aberrant plasticity as a therapeutic approach for Parkinson’s disease 

 Most clinical studies of motor learning in human PD patients typically examine only the 

early stages of skill acquisition, making it difficult to predict the quality of future performance. 

However, there are two studies of motor learning conducted over extended periods that strongly 

suggest that aberrant corticostriatal plasticity and inhibitory motor learning are highly relevant to 



 

 71 

human PD. In one study, PD patients were asked to perform different motor learning tasks 

during both the ON phase (soon after the morning dose) and OFF phase (before the morning 

dose) of L-DOPA treatment (Anderson et al., 2014). Patients that trained during the ON phase 

demonstrated a progressive improvement in motor performance over the week of training. 

However, when these patients were subsequently tested during the OFF phase, they showed a 

progressive decline in performance. This result is indicative of an inhibitory motor learning 

process that occurred during the OFF phase of dopamine replacement. Another study examined 

the role of motor experience in the LDR response of L-DOPA treatment (Kang and Auinger, 

2012). The pre-dose performance in a finger-tapping task was measured over the course of 40 

weeks in PD patients being treated with L-DOPA. The authors found that the dominant hand 

demonstrated a greater pre-dose LDR compared to the non-dominant hand in L-DOPA-treated 

patients, while placebo-treated patients showed no changes in response. Furthermore, L-DOPA 

patients’ scores remained improved over baseline after a brief withdrawal of medication. Their 

findings demonstrate that the combination of motor activity with dopamine treatment enhances 

the LDR, while the LDR from L-DOPA without activity is relatively smaller (Kang and Auinger, 

2012). 

 These clinical studies and recent computational models (Beeler et al., 2012; Ursino and 

Baston, 2018) strongly suggest that the LDR in PD is regulated by dopamine-dependent 

corticostriatal plasticity, while the gradual decline in motor performance following cessation of 

L-DOPA is instead due to aberrant plasticity. Moreover, given our own data suggests that the 

prevention of aberrant LTP can protect against inhibitory motor learning, the reversal of aberrant 

corticostriatal plasticity could be an effective therapeutic strategy for PD. While L-DOPA 

already appears to ameliorate aberrant plasticity, as evidenced by the LDR, long-term use of the 
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drug can lead to adverse side effects such as dyskinesia. Other approaches may include the use of 

DBS, which is currently used to treat several neurological and psychiatric disorders including 

PD, epilepsy, Tourette’s syndrome, OCD, and depression (Herrington et al., 2016). Chronic DBS 

has already been shown to induce structural and anatomical changes in the brain (Van Hartevelt 

et al., 2014), as well as persistent changes in metabolic activity following long-term treatment in 

various brain regions (Herrington et al., 2016). Finally, non-dopaminergic drugs that target 

signaling molecules involved in aberrant plasticity could be a novel alternative to current 

therapies. Our laboratory has previously reported that AC5 knock-out mice show impaired 

corticostriatal plasticity (Kheirbek et al., 2009), suggesting that molecules that are either 

involved in or downstream of the cAMP pathway could serve as potential pharmacological 

targets for treating PD-related plasticity. 

 

4.3 Future directions 

 A critical step in establishing causality between aberrant corticostriatal plasticity and 

inhibitory motor learning will be to demonstrate bidirectional control of motor behaviors with 

both LTP and LTD in mice in vivo. Not only would this solidify the causal link between 

plasticity and behavior, it would also demonstrate that aberrant corticostriatal plasticity is a 

viable therapeutic target for PD. Recent studies have demonstrated that optogenetics can be used 

to reverse both potentiation and depression in vivo to influence drug-related behaviors or recall 

of memories (Nabavi et al., 2014; Creed et al., 2015; Ma et al., 2018). The optogenetic LTD 

protocol described in Chapter 2, which requires no specific extracellular or intracellular 

perturbations to execute, can be used to induce postsynaptic corticostriatal LTD in animals with 

inhibitory motor learning. Moreover, the therapeutic effects of LTD should be tested in a more 
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traditional model of PD, such as 6-OHDA-lesioned mice. Further work will be needed to 

uncover a reliable optogenetic LTP protocol that can reverse LTD both in slice and in vivo. 

Opsins with faster kinetics than ChR2, such as ChIEF (Lin et al., 2009), may be required to 

achieve the necessary stimulation frequency for inducing corticostriatal potentiation. 

 One concern with the experiments proposed above is the lack of specificity for 

behaviorally relevant cells during in vivo stimulation. A recently developed transgenic mouse 

tool, targeted recombination in active populations (TRAP), allows expression of a fluorescent 

label or opsin in active neuronal populations (Guenthner et al., 2013; DeNardo et al., 2019). 

TRAP targets recombination with an IEG promoter (FosTRAP or ArcTRAP), driving expression 

of CreER, a tamoxifen-inducible form of Cre recombinase. By taking advantage of brain c-Fos 

expression, FosTRAP mice could be used to express ChR2 in neurons that were active during 

rotarod training. This would allow for subsequent depotentiation and repotentiation experiments 

to limit stimulation to behaviorally relevant cells or axons in the striatum. More generally, 

FosTRAP mice could also be used to label activity in MSNs to provide insight into how aberrant 

striatal activity is distributed during different phases of inhibitory motor learning. 

 

4.4 Conclusions 

The research presented in this thesis revealed aberrant synaptic changes underlying motor 

impairments associated with PD. Motor activity engaged under deficient dopamine signaling 

results in corticostriatal LTP in D2-MSNs, which is proposed to drive inhibitory motor learning 

in mice. Furthermore, A2AR antagonists, such as caffeine and theophylline, protect against 

inhibitory motor learning by blocking the induction of aberrant corticostriatal LTP in the indirect 

pathway. These findings provide new insight into not only the deterioration of motor output in 
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PD, but also the mechanisms of the LDR in L-DOPA treatment and protective effects of caffeine 

in PD. Therapeutic strategies that target aberrant synaptic plasticity could deliver significant, 

long-lasting improvements in the motor symptoms of PD.   
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