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Abstract 

 
Synaptic Plasticity and Neuromodulation in the Basal Ganglia 

By Robyn M Javier 

 

The basal ganglia are a set of interconnected subcortical nuclei with critical roles in 

adaptive behavior and motor learning. Many mechanisms are in place to fine-tune 

neuronal activity and connectivity within this network – essential processes whose 

dysfunction is implicated in many disorders, including Parkinson’s disease, Huntington’s 

disease, and Tourette’s syndrome. Despite tremendous effort to understand such 

mechanisms, important questions remain unanswered. In this dissertation, I seek to 

increase our understanding of how the basal ganglia can change in normal and 

pathophysiological states. Using whole-cell patch-clamp electrophysiology in acute brain 

slices, I explore mechanisms of synaptic plasticity and neuromodulation in two nuclei of 

the basal ganglia: the striatum (the input nucleus) and the substantia nigra pars reticulata 

(SNr, the output nucleus). I show that excitatory and inhibitory afferents to the SNr can 

be differentially modulated by dopamine and GABAB receptors. This neuromodulatory 

signaling alters the gain of synaptic inputs on both slow and rapid timescales. Moving 

upstream, I investigate striatal changes in the BACHD mouse model of Huntington’s 

disease. Intrinsic neuronal properties in these mice are altered selectively in striatal 

projection neurons of the indirect pathway. Using a well-characterized protocol for 

inducing long-term depression (LTD) at corticostriatal synapses, I examine 

neuromodulatory control of synaptic plasticity under non-pathological conditions. I find 

that LTD is not altered in “patches,” which lack markers of cholinergic transmission. In 
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contrast, the 5-HT4 serotonin receptor is a critical regulator of LTD in the direct pathway. 

This is a novel form of dopamine-independent plasticity within the striatum and raises the 

possibility of pathway-specific manipulations involving serotonin signaling. Together the 

results presented in this dissertation demonstrate important principles of modulation at 

multiple levels within the basal ganglia. 
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Chapter 1. Introduction 
 
 
I fell in love with the brain in third grade. My mom was taking a psychology course to 

complete her bachelor's degree and, because she was still working as a telephone 

operator, much of her education was through telecourses. Without the internet, TV was 

one of the only ways for working adults to have flexibility in taking classes. Late at night, 

she and I would sit together and watch episodes of "Discovering Psychology," which 

she'd recorded from PBS using our brand new VCR (bought specifically for that 

purpose). While she scribbled down notes, I watched the television in awe, trying to wrap 

my 8-year-old head around the science of psychology and the fascinating question of how 

the mind works.  

 

As I grew older, I found myself gravitating toward the biological aspects of that question. 

What's happening in the brain that makes us capable of the incredible feats of cognition 

that drive our everyday lives? And how does that go wrong in dementia, or addiction, or 

psychosis? Questions like these led me to graduate school to study neuroscience, and 

even now I'm still just as fascinated by them. Deceptively simple questions that have led 

so many others to neuroscience. Decades of research. Hundreds, thousands of lives and 

lifetimes put together. And we've only begun to scratch the surface. 

 

This dissertation represents my five-year contribution to that quest.  

 

***** 
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My work centers around a network called the basal ganglia, a circuit with critical roles in 

movement and behavior. Some of its most prominent functions are habit-formation and 

motor memory, such as the processes involved in playing a musical instrument or running 

through a dance routine. Other roles range from simple eye movements to regulation of 

the complex emotional states that fall apart in anxiety disorders. This broad spectrum of 

functional contributions owes to widespread connectivity: the basal ganglia receives 

many diverse inputs from all over the brain -- motor commands, sensory information, 

signals conveying motivation, mood, and aspects of cognition -- and integrates these into 

a cohesive output signal that alters motor behavior. This complex feat is all the more 

incredible considering the relatively small number of brain areas involved. 

 

The basal ganglia network consists of five main nuclei: the striatum, the subthalamic 

nucleus (STN), the external and internal globus pallidus (GPe & GPi), and the substantia 

nigra pars reticulata (SNr). These are interconnected in a complex network with many 

loops and reciprocal connections. For the purposes of this dissertation, I address only the 

simplified version of the circuit as shown in Figure 1. Incoming signals, from the cortex 

and elsewhere, generally enter the basal ganglia at the level of the striatum. From here, 

the circuit diverges into two parallel pathways, conveyed by two distinct populations of 

striatal projection neurons. Medium spiny neurons of the direct pathway (dMSNs) send 

their axons directly to basal ganglia output nuclei (SNr/GPi). Indirect pathway medium 

spiny neurons (iMSNs) project to the GPe, which in turn communicates with the SNr/GPi 

indirectly, by way of the STN. Information exits the basal ganglia via SNr/GPi 
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projections to the thalamus and other areas, after which the signal might loop back to the 

striatum, or meander throughout the cortex, or travel directly out to muscles. 

 

While this circuitry in its static form allows many neuronal computations to occur, the 

rich complexity of basal ganglia function -- especially in terms of learning and memory -- 

arises from its dynamic properties. Synaptic plasticity can increase the strength of certain 

connections while decreasing others, and neuromodulators such as dopamine and 

serotonin can induce transient or long-lasting changes in synaptic and neuronal 

properties. Plasticity and neuromodulators can fine-tune the balance between the two 

basal ganglia pathways. This balance is crucial because the pathways have opposing 

functions: the direct pathway increases movement, while the indirect pathway decreases 

movement. Loss of dopamine in Parkinson's disease is thought to cause overactivation of 

the indirect pathway, resulting in the severe movement deficits characteristic of 

Parkinsonian patients. Subtle changes in plasticity and neuromodulation are likely to 

underlie other basal ganglia-related disorders as well, including Huntington's disease, 

Tourette's syndrome, and obsessive-compulsive disorder. In this dissertation, I seek to 

understand several aspects of basal ganglia function, in both healthy and diseased states.  

 

***** 

 

In Chapter 2, I focus on one of two basal ganglia output nuclei -- the substantia nigra pars 

reticulata (SNr). All basal ganglia pathways converge here onto GABAergic projection 

neurons that convey the output signal of the entire basal ganglia network. This output 
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signal is regulated by synaptic inputs as well as local neuromodulators, most notably 

dopamine. I record from SNr GABAergic neurons and characterize the properties of 

indirect pathway afferents (from the STN) and direct pathway afferents (from the 

striatum). I find that dopamine alters the strength of these synapses via differential effects 

at D1- and D2-like receptors. I also find that dopamine unmasks intrinsic facilitation 

during repetitive activation of striatal afferents. This occurs though modulation of 

GABAB-mediated autoinhibition, providing novel evidence for crosstalk between two 

important neuromodulatory signals.  

 

Chapter 3 moves upstream from basal ganglia output to the input nucleus, the striatum, 

with an examination of an often-overlooked level of striatal organization: the division 

into patch and matrix. These two compartments have distinct anatomical and 

neurochemical properties, but their functional significance is not well-understood. 

Because the matrix represents ~90% or striatal neurons, properties of patch neurons are 

obscured in most studies. I take advantage of a new transgenic mouse line, Pdyn-GFP, 

that for the first time allows for targeted recordings from patch MSNs in live brain slices. 

I characterize several aspects of synaptic function and find no remarkable differences 

between patch and matrix, suggesting that significant differences are more likely to 

emerge at the circuit level.  

 

Chapter 4 focuses on Huntington's Disease (HD), a devastating neurodegenerative 

disorder characterized by loss of neurons in the striatum. Using a genetic mouse model of 

HD, I explore the idea that circuit dysfunction can occur long before the onset of 
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dramatic symptoms and neuronal death. I show that in young, presymptomatic mice, 

intrinsic properties of iMSNs are significantly altered. In particular, these neurons exhibit 

decreased excitability and increased potassium currents. These abnormalities can be 

partially rescued by BDNF, highlighting new possible avenues for treating HD patients. 

   

Chapter 5 is a study of synaptic plasticity in the direct pathway. The most well-

characterized form of striatal plasticity is long-term depression (LTD) at corticostriatal 

synapses onto iMSNs. However, LTD in dMSNs is controversial, and standard protocols 

do not consistently induce LTD at these synapses. I show that robust LTD can be 

revealed by blocking 5-HT4 serotonin receptors, cAMP/PKA, or the regulator of G-

protein signaling 4 (RGS4). The downstream LTD machinery involves mGluRs and 

endocannabinoid signaling. These results demonstrate a novel role for serotonin in 

regulating plasticity and show that both dMSNs and iMSNs express LTD but that the 

upstream neuromodulatory signals are distinct. 

 

Finally, in Chapter 6, I discuss the combined findings of this dissertation and provide 

concluding remarks. 
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Figure 1. Simplified basic circuitry of the basal ganglia.  
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Chapter 2. Characterization of direct and indirect 
pathway afferents onto the substantia nigra pars 
reticulata 
 
 
Abstract 

 

The basal ganglia are a set of subcortical nuclei critical for motor function. Multiple 

circuits exist within the basal ganglia, but these ultimately converge in only two output 

nuclei: the internal globus pallidus (or entopeduncular nucleus) and the substantia nigra 

pars reticulata (SNr). Most studies of neuromodulatory control within the basal ganglia 

focus on the striatum - the input nucleus of the basal ganglia. However, neuromodulators 

such as dopamine (DA) are present in basal ganglia output nuclei as well. These can 

directly shape the output of the entire basal ganglia network, yet very little is known 

about modulation of specific synapses within these areas. By using a combination of 

electrical and optogenetic stimulation, we achieved selective stimulation of afferents 

from the subthalamic nucleus (STN) and striatum. We then characterized how these 

inputs to the SNr are altered by DA (via D1 and D2 receptors) and GABA (via GABAB 

receptors). EPSCs recorded in SNr neurons using whole-cell patch-clamp 

electrophysiology displayed D1-mediated depression, while striatonigral IPSCs exhibited 

D1-mediated potentiation and high sensitivity to GABAB-mediated depression. In 

addition, short-term plasticity during repetitive stimulation of striatonigral afferents 

revealed a mechanism of autoinhibition that is mediated by GABAB and attenuated by 

DA. Our results suggest that GABA and DA signaling modulate the balance of afferents 
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onto the SNr on both slow and rapid timescales. This could have important implications 

for conditions such as Parkinson’s disease or drug abuse in which DA signaling is altered. 

 

Introduction 

 

All pathways of the mammalian basal ganglia ultimately converge in just two output 

nuclei: the SNr and the entopeduncular nucleus (or internal globus pallidus in primates) 

(Albin et al., 1989). These are sites of considerable synaptic integration. The connection 

from the subthalamic nucleus (STN) to the SNr forms the last segment of the indirect 

pathway, the basal ganglia circuit responsible for inhibition of motor activity (Albin et 

al., 1989; DeLong, 1990; Kravitz et al., 2010). Although spare cortical projections to the 

SNr exist, the predominant source of excitatory inputs is the STN (Bolam et al., 2000; 

DeLong and Wichmann, 2007). In addition to these excitatory subthalamonigral inputs, 

SNr neurons receive inhibitory inputs from multiple sources. Striatal afferents are the 

primary GABAergic input to the SNr, although the external globus pallidus is a 

significant source of inhibition as well (Bolam et al., 2000). SNr neurons also receive 

local inhibition from neighboring GABAergic projection neurons (Stanford and Lacey, 

1996). Connections from striatum to SNr form the direct pathway, the basal ganglia 

circuit that stimulates motor activity (Albin et al., 1989; DeLong, 1990; Kravitz et al., 

2010). 

 

The majority (>75%) of cells in the SNr are GABAergic projection neurons, which send 

axons to several areas including the pedunculopontine nucleus, superior colliculus, and 
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ventral thalamus (Bolam et al., 2000; Richards et al., 1997). These latter projections to 

thalamus constitute the main output of the basal ganglia (Albin et al., 1989). In addition 

to GABAergic projection neurons, the SNr also contains a significant number of scattered 

dopaminergic neurons that seem to be an extension of the population within the 

substantia nigra pars compacta (Richards et al., 1997). This co-mingling of dopaminergic 

and GABAergic projection neurons is a unique feature of the SNr. Moreover, 

dopaminergic neurons are capable of somatodendritric neurotransmitter release (Smith 

and Kieval, 2000), raising the intriguing possibility that local dopaminergic neurons 

within the SNr may have a critical role in shaping the final output of the entire basal 

ganglia network. 

 

Consistent with this hypothesis, the SNr contains both D1- and D2-like DA receptors 

(Flores et al., 1999). These are localized on terminals of axons originating from other 

brain regions, in addition to D1 receptors on GABAergic neurons and D2 autoreceptors on 

SNr dopaminergic neurons (Flores et al., 1999; Zhou et al., 2009). Axon terminals of 

STN inputs contain D1 and D2 receptors, while inputs from striatum and GPe contain 

only D1 receptors (Smith and Kieval, 2000). The differential expression of DA receptors 

within excitatory and inhibitory inputs onto SNr GABAergic cells might enable their 

selective regulation depending on the concentration of DA and localization of receptors 

(Flores et al., 1999).  

 

Although dopaminergic neurons innervate multiple regions of the basal ganglia, most 

studies focus on the effects of DA within the striatum, the entry point to the basal ganglia 
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network and a major target of dopaminergic afferents (Nicola et al., 2000; Smith and 

Kieval, 2000). However, the role of DA downstream of the striatum is less clear. 

Understanding exactly how DA affects basal ganglia function, not just within the 

striatum, is essential for designing better treatments for diseases such as Parkinson’s. In 

this study, we characterize individual afferents onto SNr GABAergic cells and determine 

how DA within the SNr locally modulates these synapses on slow and rapid timescales. 

Our results underscore the importance of neuromodulators in altering synaptic integration 

and the balance between excitation and inhibition at the level of basal ganglia output. 

 

Materials and Methods 

 

Mice 

 

All mice were bred on a C57/Bl6 background. Initial characterization of SNr neurons was 

performed using 3-6wk old D2-GFP BAC transgenic mice. EPSC experiments were 

performed using 3-6wk old wildtype or D2-GFP mice. Striatal IPSC experiments were 

performed using 4-6wk old D1-Cre mice, injected with ChR2 as described below. All 

procedures were approved by the UCSF Institutional Animal Care and Use Committee. 

 

Stereotactic Injections 

 

A Cre-dependent AAV vector was used to target ChR2 to the dorsal striatum of D1-Cre 

mice (P17-21) as previously described (Kravitz et al., 2010). Briefly, mice were 
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anesthetized and holes were drilled in the skull at +0.5mm AP, +/-1.5mm ML from 

bregma. Virus containing double-floxed reverse ChR2-YFP was injected bilaterally (-

3.0mm DV from top of brain) using an injector cannula and a syringe pump that 

delivered 1µl over 5min. Mice received standard post-operative care and were monitored 

by veterinary staff. Recordings were obtained 10-17d post-injection to allow for 

sufficient viral expression. 

 

Electrophysiology 

 

Parasagittal brain slices (300 µm, cut 20° from midline) were prepared in an ice-cold 

sucrose cutting solution containing the following (in mM): 79 NaCl, 2.3 KCl, 0.5 CaCl2, 

6.37 MgCl2, 23 NaHCO3, 1.1 NaH2PO4, 23 glucose and 68 sucrose. Slices were then 

transferred to ACSF containing the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 

MgCl2, 26 NaHCO3, 1.25 NaH2PO4 and 12.5 glucose, bubbled with 95% O2 / 5% CO2. 

Slices were incubated at 33°C for 30min and then allowed to recover at room temperature 

for an additional 30min. 

 

Recordings were obtained from visually-identified SNr GABAergic neurons and cell 

identity was confirmed based on cell-attached firing rate and magnitude of sag current 

response to hyperpolarizing voltage steps (Ih) immediately after break-in. Cells were held 

at -70mV using patch pipettes with a resistance of 2.5-4.5MΩ when filled with the 

following internal solutions. For current clamp experiments, the pipette solution 

contained the following (in mM): 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5 
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EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 10 TEA, 5 QX-314. For EPSC experiments, 

the pipette solution contained the following (in mM): 145 CsMeSO3, 0.5 EGTA, 10 

HEPES, 2 Mg-ATP, 0.3 Na-GTP, 5 QX-314. For IPSC experiments, the pipette solution 

contained the following (in mM): 15 CsMeSO3, 120 CsCl, 8 NaCl, 0.5 EGTA, 10 

HEPES, 2 Mg-ATP, 0.3 Na-GTP, 10 TEA, 5 QX-314.  

 

Whole-cell recordings were obtained from visually-identified cells in the SNr. Cell type 

was determined as described in Figure 1. EPSCs were evoked in the presence of 

picrotoxin (100µM) using a bipolar stimulating electrode placed in the STN or internal 

capsule. IPSCs were evoked in the presence of NBQX (5µM) using 2ms flashes of 

473nm laser light, delivered onto the internal capsule using a thin optical fiber. Test 

pulses consisted of paired stimuli (50 ms interval) delivered every 20 sec. Drugs were 

bath-applied in continuously-perfusing ACSF and all experiments were performed at 30-

32°C. All drugs were obtained from Tocris Biosciences. Data acquisition and analysis 

were performed online with custom Igor Pro software written by Matthew Xu-Friedman. 

Statistical significance was evaluated using a two-tailed unpaired t-test. 

 

Results 

 

We first confirmed the properties of distinct cell populations in the SNr using the D2-

GFP transgenic mouse line, which allows visual discrimination between dopaminergic 

neurons (which express D2) and GABAergic neurons (which do not). The two neuronal 

populations in the SNr have distinct chemical, morphological, and electrophysiological 
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properties that have been previously characterized (Nakanishi et al., 1987; Richards et al., 

1997). Morphologically, GABAergic cells exhibit extensive dendritic arborization and 

consequently lower input resistance compared to dopaminergic cells, which have fairly 

sparse dendritic arbors (Richards et al., 1997). Both cell types exhibit spontaneous 

pacemaking, but the rate is slower in dopaminergic neurons ‒ a property consistent with 

the significantly wider action potentials seen in these cells. We observed this in whole-

cell current clamp (15.9 ± 1.2 Hz in GABAergic; 2.1 ± 0.2 Hz in dopaminergic; p < 0.01) 

(Fig. 1A,B,G) as well as cell-attached mode (13.9 ± 1.2 Hz in GABAergic; 2.5 ± 0.4 Hz 

in dopaminergic; p < 0.01) (Fig. 2A,B,E). GABAergic cells are also more excitable and 

are capable of sustaining much higher firing rates while dopaminergic neurons display 

strong frequency accommodation in response to positive current injection (Fig. 1E,F,I). 

Lastly, SNr GABAergic neurons exhibit little rectification, while dopaminergic neurons 

exhibit prominent inwardly rectifying potassium currents (Ih). This is evident in the Ih sag 

ratio response to negative current injections (1.19 ± 0.02 for -150pA current step in 

GABAergic; 2.13 ± 0.24 in dopaminergic; p < 0.01) (Fig. 1C,D,H) as well as negative 

voltage steps (1.12 ± 0.01 for -75mV voltage step in GABAergic; 1.52 ± 0.08  in 

dopaminergic; p < 0.01) (Fig. 2C,D,F). Differences in spontaneous pacemaking rates and 

rectification are summarized in Fig. 2G, which illustrates the clustering of two distinct 

neuronal populations. Importantly, all cells identified as dopaminergic 

electrophysiologically based on this clustering were visually GFP+, and vice versa. All 

subsequent experiments were performed in GABAergic cells, identified by the following 

criteria: spontaneous firing rate >3Hz in cell-attached mode, and Ih sag ratio <1.3 

assessed immediately after break-in. 
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We next characterized the basic properties of glutamatergic inputs onto SNr GABAergic 

neurons, which predominantly represent subthalamonigral afferents (Bolam et al., 2000; 

Smith and Kieval, 2000). EPSCs were elicited with a bipolar stimulating electrode placed 

in the STN as shown in Fig. 3A,B. Synaptic responses were mediated by ionotropic 

glutamate receptors, as confirmed by blockade with NBQX (5µM) and APV (50µM), 

antagonists of AMPA and NMDA receptors, respectively (Fig. 3C). The NMDA/AMPA 

ratio was 0.94 ± 0.13, as calculated using the AMPA-mediated current at -70mV and the 

differential NMDA-mediated current at +40mV (Fig. 3D,E). Paired-pulse ratios at a 

range of interstimulus intervals indicate slight facilitation at short intervals (1.24 ± 0.16 

for 50ms ISI) (Fig. 3F). The current-voltage relationship of AMPA currents exhibited 

moderate inward rectification (Fig. 3G), suggesting a mix of GluR2-lacking and -

containing receptors.  

 

To determine the effects of DA on these excitatory inputs, we bath-applied drugs 

targeting either D1- or D2-like DA receptors. First, as a positive control, we applied 

baclofen (2.5µM), a GABAB agonist known to induce presynaptic depression at most 

synapses (Misgeld et al., 1995). As expected, this induced significant depression of 

EPSCs in the SNr (75.6 ± 5.6% at 15-20min) (Fig. 4A,B). Next we tested the D1 agonist 

SKF81297 (1µM). This induced robust depression that persisted even after wash-out 

(73.8 ± 8.4% at 15-20min) (Fig. 4C,D). In contrast, the D2 agonist quinpirole (10µM) had 

no persistent effect on EPSC amplitude (93.6 ± 6.4% at 30-40min) (Fig. 4E,F). To ensure 

that tonic DA wasn't occluding an effect, we also tested the D2 antagonist sulpiride 
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(10µM) but still observed no change (103.9 ± 11.7% at 15-20min) (Fig. 4G,H). Thus, 

excitatory afferents onto SNr are modulated by D1- but not D2-like DA receptors.  

 

Next, we characterized striatonigral afferents, which comprise the direct pathway input to 

the SNr. In the past, it was virtually impossible to selectively stimulate these afferents 

because they travel together with pallidal fibers in the internal capsule. To address this 

issue, we took advantage of recently-developed optogenetic tools to achieve specificity 

with optical stimulation. By injecting a Cre-dependent ChR2 virus into the striatum of 

D1-Cre mice, we drove expression of ChR2 only in MSNs of the direct pathway. Light 

stimulation of the internal capsule as shown in Fig. 5A elicited IPSCs that were blocked 

by the GABAA antagonist bicuculline (20µM) (Fig. 5B). These synapses exhibited 

facilitation at short ISIs (Fig. 5C). 

 

To determine how DA modulates the strength of striatonigral inputs, which contain both 

pre- and post-synaptic D1 receptors, we again took a pharmacological approach. As 

shown in Fig. 6A, activating D1 receptors with SKF81297 caused transient potentiation 

(133.3 ± 15.5% at 15-20min). In the course of testing the same positive control we used 

for STN inputs, we were surprised to find that striatal inputs are extremely sensitive to 

GABAB-mediated inhibition. Baclofen applied at an even lower concentration than that 

which induced ~25% depression at STN inputs (Fig. 4A) (0.5µM vs. 2.5µM) was capable 

of inducing ~75% depression in striatal inputs (28.7 ± 5.9% at 15-20min) (Fig. 6B). We 

further explored this using a range of baclofen concentrations and compared these dose-

response curves to previous reports for other brain areas. As shown in Fig. 6D, the 
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sensitivity of striatonigral afferents is markedly higher. We also observed potentiation in 

response to the GABAB antagonist CGP55845 (5µM), consistent with tonic inhibition 

(126.0 ± 17.7% at 20-30min) (Fig. 6C). 

 

Based on these findings, we wondered whether the GABAB hypersensitivity of 

striatonigral afferents might be functionally significant. The SNr is richly innervated by 

GABAergic fibers -- including striatal and pallidal afferents as well as SNr collaterals -- 

all of which are potential sources driving inhibition by GABAB (Bolam et al., 2000; 

Stanford and Lacey, 1996). We hypothesized that GABAB hypersensitivity might be an 

important mechanism for autoinhibition. To test this, we used repetitive stimulation and 

assessed short-term synaptic plasticity. When 10 stimuli were delivered at frequencies 

ranging from 1Hz to 50Hz, IPSC amplitude showed mild facilitation (Fig. 6F,G,H). 

However, when GABAB receptors were blocked by CGP55845, much stronger intrinsic 

facilitation was unmasked (Fig. 6F,G,H). This suggests GABAB is indeed mediating 

autoinhibition during periods of repetitive synaptic activity.   

 

Finally, we tested whether DA might also affect short-term plasticity at these synapses. 

Using the same train stimulation, we observed that the D1 agonist SKF81297 had the 

same effect of unmasking facilitation (Fig. 6F,G,H). The various effects we observed 

with the D1 agonist and GABAB antagonist at this synapse were very similar, leading us 

to ask whether these might be operating through a shared mechanism. To test this, we 

bath-applied SKF81297 in the presence of CGP55845. Unlike the facilitation we 

observed in Fig. 6A, IPSC amplitude remained unchanged (Fig. 6E). This occlusion 
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suggests GABAB might be acting downstream of D1 receptors. To further test this, we 

assessed short-term plasticity in the presence of both SKF81297 and CGP55845. Over a 

range of frequencies, this had no additive effect of increasing facilitation more than either 

drug alone (Fig. 6F,G,H), providing further evidence that D1 and GABAB operate 

through the same pathway. 

 

Discussion 

 

In this study, we have characterized two major inputs to the SNr -- indirect pathway 

afferents from the STN, and direct pathway afferents from the striatum. In addition to 

outlining the basic properties of these synapses, we demonstrated how they can be 

modulated on both slow and rapid timescales. In particular, signaling via GABAB and 

DA receptors may be critically important for fine-tuning synaptic integration within SNr 

projection neurons. This has the potential to shape the final output of the entire basal 

ganglia network.   

 

We found that activation of D1 receptors depressed excitatory afferents onto the SNr 

while potentiating inhibitory afferents from striatum. This provides a mechanism for 

differential regulation of direct and indirect pathways at the level of basal ganglia output. 

Our findings are consistent with some previous reports but not others -- a reflection of the 

historical inconsistency of SNr studies. One previous study suggests D1-mediated 

potentiation and D2-mediated depression of glutamatergic transmission onto SNr cells 

(Ibanez-Sandoval et al., 2006). Some groups report depression of IPSCs by activation of 
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D1 receptors, while others have shown D1-mediated potentiation (Miyazaki and Lacey, 

1998; Radnikow and Misgeld, 1998; Yanovsky et al., 2003). Inhibition is especially 

problematic given the heterogeneity of GABAergic inputs. Discrepancies are likely to 

arise based on major methodological differences including stimulation protocols. With 

our optogenetic approach, we are able to definitively isolate striatal IPSCs. A recent 

study using a slightly different optogenetic strategy showed modulation similar to what 

we report here (Chuhma et al., 2011).  

 

Our results suggest that D1 may function by modulating the sensitivity of striatonigral 

synapses to GABAB-mediated inhibition. Decreased GABAB sensitivity would account 

for D1-mediated potentiation of IPSC amplitude (due to a decrease of inhibition by tonic 

GABA) and increased facilitation during repetitive synaptic activity (due to decreased 

autoinhibition). If this were true, it would represent a novel form of crosstalk between 

two GPCRs. One possible mechanism is a D1-induced increase in PKA activity, leading 

to phosphorylation of GABAB and subsequent conformational changes (Couve et al., 

2002). Future studies will be necessary to investigate the nature of this potential 

interaction. 

 

It remains to be determined how the synaptic changes we describe translate into changes 

in SNr activity. The role synaptic inputs play in controlling SNr neural activity is not well 

understood. STN neurons are spontaneously active in vivo (Bevan et al., 2006), and some 

evidence suggests that this contributes to spontaneous activity of SNr neurons. For 

example, altering STN activity by microinjecting a GABA receptor agonist in vivo 
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decreases the firing rate of SNr neurons, while a GABA antagonist increases SNr activity 

(Robledo and Feger, 1990). However, a temporally precise study of the relationship 

between excitatory synaptic transmission and spontaneous activity of SNr neurons has 

not yet been done. Studies of the relationship between inhibitory inputs and SNr 

spontaneous activity are similarly lacking. This is further complicated by the fact that 

pallidal and nigral collateral inputs are spontaneously active as well. In future studies, it 

will be necessary to isolate each of the distinct afferents onto the SNr and determine how 

they alter neuronal firing, alone and in combination.  
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Figure 1. Current-clamp identification of distinct cell populations within the SNr. 

GABAergic (left) and dopaminergic (right) neurons were visually identified based on 

fluorescence in D2-GFP transgenic mice. A,B, Example traces showing spontaneous 

pacemaking in both cell types when no current is injected. C,D, Example traces showing 

assay for Ih-mediated sag in response to negative current injections. For the traces shown, 

current steps were -150, -100, -75, -50, and -25 pA. E,F, Example traces showing action 

potential firing in response to +300 pA current injection. G, Quantification of data 

including examples shown in A-B, demonstrating that GABAergic cells (blue, n=12) 

exhibit higher spontaneous firing rates than dopaminergic cells (gold, n=5). H, 

Quantification of data including examples shown in C-D, demonstrating greater Ih sag in 
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dopaminergic cells (gold, n=5) compared to GABAergic cells (blue, n=12). Ih sag ratio is 

calculated as the peak voltage divided by the steady-state voltage during the current step. 

I, Action potential firing as a function of injected current (F-I curve). GABAergic cells 

(blue, closed circles, n=12) exhibit much higher firing rates than dopaminergic cells 

(gold, open circles, n=5) across the entire range of current amplitudes. Data are mean ± 

SEM. Asterisks indicate statistical significance: ** for p < 0.001. 
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Figure 2. Voltage-clamp identification of distinct cell populations within the SNr. 

GABAergic (left) and dopaminergic (right) neurons were visually identified based on 

fluorescence in D2-GFP transgenic mice. A,B, Example traces showing spontaneous 

pacemaking in both cells types in cell-attached mode before break-in. C,D, Example 

traces showing assay for Ih-mediated sag current in response to hyperpolarizing voltage 

steps. For the traces shown, voltage steps were -75, -50, and -25 mV from an initial 

holding potential of -70mV. E, Quantification of data including examples shown in A-B, 

demonstrating that GABAergic cells (blue, n=54) exhibit higher spontaneous firing rates 

than dopaminergic cells (gold, n=5). F, Quantification of data including examples shown 

in C-D, demonstrating greater Ih sag in dopaminergic cells (gold, n=5) compared to 

GABAergic cells (blue, n=54). Ih sag ratio is calculated as the steady-state current 

divided by the peak transient current during the voltage step. G, Plot of Ih sag ratio versus 
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spontaneous firing rate for all cells shown in previous panels. Notice distinct clustering of 

GABAergic cells (blue, closed circles) and dopaminergic cells (gold, open circles) based 

on these two parameters. Data are mean ± SEM. Asterisks indicate statistical 

significance: * for p < 0.005, ** for p < 0.001. 
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Figure 3. Properties of glutamatergic inputs onto SNr GABAergic neurons. A, Recording 

configuration in 20° parasagittal brain slice, with whole-cell recording in SNr and bipolar 

electrical simulation of STN afferents. B, DIC image of representative recording 

configuration. C, Example traces of EPSCs evoked by bipolar electrical stimulation, 

before (thick line) and after (thin line) application of GluR antagonists NBQX (5µM) and 

APV (50µM). D, Left, Example traces of EPSCs recorded at -70mV (purple) and +40mV 

(green) before and after APV application (thick and thin, respectively). Right, NMDA 

current (green) is the difference between the +40mV EPSC before and after APV. AMPA 

current (purple) is the same as on the left. E, Summary graph of NMDA/AMPA ratios 

calculated based on peak currents (n=10). F, Paired-pulse ratio (PPR) as a function of 
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interstimulus interval (ISI) (n=9). Inset shows traces from an example experiment. G, 

Current-voltage relationship of AMPA currents recorded in the presence of APV with 

spermine (0.1mM) in the intracellular pipette (n=6). Currents are normalized to peak 

amplitude measured at -80mV. Inset shows traces from an example experiment. Data are 

mean ± SEM. 
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Figure 4. Modulation of subthalamonigral synapses. A, EPSC amplitude was monitored 

during application of the GABAB agonist baclofen (5µM) (n=6). In this and subsequent 

panels, normalized EPSC amplitude is plotted over time and drugs were applied during 

the period marked by the black bars. B, Example traces from a representative experiment 

included in A. In this and subsequent panels, example EPSCs represent averages over the 

baseline period (0-10 min, thin trace) and during the drug wash (15-20 min, thick trace). 

C, EPSC amplitude during application of the D1 agonist SKF81297 (1µM) (n=5). D, 
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Example traces from C. E, EPSC amplitude during application of the D2 agonist 

quinpirole (10µM) (n=6). F, Example traces from E. G, EPSC amplitude during 

application of the D2 antagonist sulpiride (10µM) (n=8). H, Example traces from G. Data 

are mean ± SEM. 
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Figure 5. Properties of GABAergic inputs from striatum. A, Recording configuration in 

20o parasagittal brain slice, with whole-cell recording in SNr and optical simulation of 

striatal afferents using a fiber optic placed on the internal capsule. B, Example traces of 

IPSCs evoked by pulses of 473nm laser light, before (thick line) and after (thin line) 

application of GABAA antagonist bicuculline (20µM). C, Paired-pulse ratio (PPR) as a 

function of interstimulus interval (ISI) (n=12). Data are mean ± SEM. 
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Figure 6. Modulation of striatonigral synapses. A, IPSC amplitude was monitored during 

application of the D1 agonist SKF81297 (1µM) (n=6). In this and subsequent panels, 

normalized IPSC amplitude is plotted over time and drugs were applied during the period 

marked by the black bars. B, IPSC amplitude during application of the GABAB agonist 

baclofen (0.5µM) (n=4). C, IPSC amplitude during application of the GABAB antagonist 

CGP55845 (5µM) (n=9). D, Comparison of baclofen dose-response curves measure at a 

variety of synapses, showing normalized PSCs across a range of baclofen concentrations. 

Data represent GABAergic (red) and glutamatergic (green) synapses, recorded in SNr 
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(circles), hippocampus (triangles; Lei and McBain, 2003), amygdala (downward 

triangles; Yamada et al., 1999), and cerebellum (diamonds; Than and Szabo, 2002; 

Takahashi et al., 1995). E, IPSC amplitude during application of the D1 agonist 

SKF81297 when CGP55845 is also present  (n=7). F, Normalized example traces 

showing short-term dynamics of striatonigral synapses in response to a train of 10 stimuli 

delivered at 20Hz, recorded in control ACSF (grey), SKF81297 (yellow), CGP55845 

(green), or SKF81297 and CGP55845 combined (blue). G, Summary data including 

examples from F, showing normalized IPSC amplitudes plotted versus stimulus number. 

H, Frequency-dependence of short-term dynamics. Normalized amplitude of final IPSC 

in 10-stimulus train is plotted versus frequency of stimulation. Data are mean ± SEM. 



31

Chapter 3. Characterization of excitatory inputs onto 
striatal patches  
 
 
Abstract 

  

The striatum contains a dichotomous mosaic organization of patch and matrix 

compartments that are marked by distinct neurochemical and anatomical properties. 

These two populations have historically been indistinguishable in live brain slices, 

making functional characterization of patches extremely difficult. Most studies of striatal 

neurons predominantly represent the matrix, which makes up ~90% of striatal neurons. 

Here we take advantage of the Pdyn-GFP BAC transgenic mouse line, which allows 

visual identification of patch versus matrix neurons. We obtained whole-cell recordings 

from direct- and indirect-pathway medium spiny neurons (MSNs) of the patch and matrix 

and characterized several aspects of excitatory inputs onto these neurons. Overall, we did 

not observe marked differences between the two compartments. Importantly, pathway-

specific long-term depression (LTD) was preserved in spite of the lack of cholinergic 

transmission in patches. Our results suggest that the most important differences between 

patch and matrix occur at the circuit level rather than the synaptic level.  

 

Introduction 

 

Though often viewed as a fairly homogeneous structure, the striatum actually contains 

multiple levels of organization (Gerfen, 1992). One of these is the division of medium 
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spiny neurons into the direct and indirect pathways (dMSNs and iMSNs), based on their 

distinct anatomical projections. Another is the distinction between medial and lateral 

regions of striatum, which are thought to subserve motivational and purely-motor aspects 

of behavior, respectively. Yet another is the "mosaic" of patch and matrix compartments -

- perhaps the most overlooked and poorly-understood level of organization.  

 

Patches, also known as striosomes, are clusters of neurons interdigitated throughout the 

larger matrix compartment that exhibit distinct anatomical and neurochemical properties 

(Bolam et al., 1988; Gerfen, 1985; Graybiel and Ragsdale, 1978; Kawaguchi et al., 1989). 

Afferents to these compartments arise from distinct regions of cortex and different 

cortical layers (Donoghue and Herkenham, 1986; Gerfen, 1989). The connectivity of the 

matrix is primarily sensorimotor, while patches are associated with limbic areas (Gerfen, 

1992). Neurochemically, patches are marked by a high density of mu-opioid receptors 

and the opioid precursor gene prodynorphin (Pdyn), while the matrix is enriched for 

calbindin and somatostatin (Herkenham and Pert, 1981; Graybiel et al., 1981; Gerfen et 

al., 1985; Beckstead and Kersey 1985). In addition, patches lack markers of cholinergic 

transmission (Graybiel and Ragsdale, 1978). Acetylcholine is implicated in multiple 

forms of plasticity within the striatum (Lerner and Kreitzer, 2011), raising the possibility 

that plasticity characterized previously using non-targeted recordings (which 

predominantly represent matrix) might be altered in patches. 

 

Although the existence of distinct patch and matrix compartments has been known for 

decades, the identification of functional differences remains elusive. This is in part due to 
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technical limitations -- patch and matrix compartments have historically been 

indistinguishable in live tissue. Moreover, patches only represent a small minority 

(~10%) of striatal neurons, making post-hoc analyses of non-targeted experiments very 

low throughput (Gerfen, 1992). However, the recent development of BAC transgenic 

mice expressing fluorescent reporters has made it possible to identify and selectively-

target subgroups in intermingled populations of neurons. In this study, we take advantage 

of the Pdyn-GFP mouse line, which specifically labels direct pathway neurons and is 

enriched in patches. We found that despite the marked neurochemical and anatomical 

differences between these two compartments, individual MSNs do not exhibit significant 

functional differences. Most notably, pathway-specific endocannabinoid-dependent 

plasticity is preserved. 

 

Materials and Methods 

 

Coronal brain slices (300µm) containing striatum were prepared from BAC transgenic 

mice (P21-35) heterozygous for Pdyn-GFP. Slices were allowed to recover for at least 1 h 

before recording. Whole-cell voltage clamp recordings were obtained from visually-

identified MSNs in dorsolateral striatum. Patches were identified as clusters of GFP+ 

neurons surrounded by diffusely fluorescent neuropil. All experiments were performed at 

30-32oC with slices continuously superfused in an extracellular solution containing the 

following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4 

and 12.5 glucose, bubbled with 95% O2 / 5% CO2. Picrotoxin (50µM) was also included 

to block GABAA-mediated currents. Resistance of patch pipettes was 2.5-5MΩ when 
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filled with an intracellular solution containing the following (mM): 120 CsMeSO3, 15 

CsCl, 8 NaCl, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 10 TEA, 5 QX-314. 

EPSCs were evoked with intrastriatal microstimulation using a saline-filled glass pipette 

placed 50-100µm dorsolateral to the recorded MSN. Cells were held at -70mV, and test 

pulses consisting of two stimuli 50ms apart were delivered every 20 s. To induce LTD, 

100Hz stimulation was paired with postsynaptic depolarization to -10mV for 1 s, 

repeated 4 times at 10 s intervals. Stimulus intensity was adjusted to yield EPSCs of at 

least 1.5nA during induction. Drugs were applied continuously via the superfusing 

solution. All drugs were obtained from Tocris Biosciences. Data acquisition and analysis 

were performed online with custom Igor Pro software written by Matthew Xu-Friedman. 

Statistical significance was evaluated using a two-tailed unpaired t-test or two-way 

ANOVA. 

 

Results 

 

We first characterized the short-term dynamics of excitatory synapses onto GFP+ 

neurons, i.e. dMSNs, in the patch and matrix. Test pulses were delivered in pairs with 

intervals ranging from 25 to 500ms, and paired-pulse ratio (PPR) was calculated as the 

amplitude of EPSC2/EPSC1. Overall, the PPR of matrix dMSNs was slightly higher than 

patch dMSNs (1.23 ± 0.09 at 50ms in matrix; 1.12 ± 0.10 in patch; p = 0.006) (Fig. 1). 

This is indicative of higher release probability in patches and differences in synaptic 

composition between the two compartments.  
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Next, we tested whether patch and matrix MSNs exhibit differential responses to bath-

applied neuromodulatory drugs. Because patches lack markers of cholinergic 

transmission (Graybiel and Ragsdale, 1978), we first looked for differences using a 

cholinergic drug - the nonspecific muscarinic antagonist scopolamine (20µM). However, 

neither patch nor matrix MSNs exhibited any change in response to scopolamine applied 

for 20min via the perfusing ACSF (105.6 ± 9% of baseline at 20-30min in patch; 92.5 ± 

8% in matrix; p = 0.29) (Fig. 2). Responses of dMSNs and iMSNs were identical, so the 

data represent pooled averages. We next tested the response to activation of the 

cannabinoid CB1 receptor, which is known to induce strong presynaptic depressions at 

corticostriatal synapses (Kreitzer and Malenka, 2007). In both patch and matrix MSNs, 

bath-application of the CB1 antagonist WIN-55,212 (1µM) caused robust depression that 

was partly reversed by chasing with the CB1 antagonist AM251 (5µM) (Fig. 3). Data 

from dMSNs and iMSNs were again pooled. As with scopolamine, the effects of CB1 

drugs were indistinguishable in matrix versus patch (56.6 ± 7% at 25-30min in patch; 

62.0 ± 5% in matrix; p = 0.54). 

 

Finally, we tested whether synaptic plasticity differs between the two compartments. The 

most well-characterized form of striatal plasticity is endocannabinoid-dependent long-

term depression (LTD) of corticostriatal synapses onto MSNs of the indirect pathway 

(Lerner and Kreitzer, 2011). It has been suggested that cholinergic interneurons are 

critically involved in the induction of this plasticity (Wang et al., 2006; Tozzi et al., 

2011). We hypothesized that if this were indeed the case, the lack of cholinergic 

transmission in patches would mean a lack of LTD as well. To test this, we recorded from 



36

dMSNs and iMSNs in patches and used a standard high-frequency stimulation (HFS) 

protocol to induce LTD (see Methods). HFS delivered at 10 min induced robust LTD in 

iMSNs (62.5 ± 10% of baseline at 30-40min) but not dMSNs (92.6 ± 5% of baseline at 

30-40min) (Fig. 4), consistent with our findings using D2-GFP mice in Chapter 5, Fig. 1 

(two-way ANOVA, p = 0.20 for genotype effect, p < 0.001 for direct vs. indirect 

pathway, p = 0.83 for interaction). This is also consistent with the pathway-specificity 

previously reported in presumably-matrix MSNs (Kreitzer and Malenka, 2007). Thus 

pathway-specific LTD is not altered in patches. 

 

Discussion 

 

Here we have shown that MSNs of the patch and matrix are not different in several 

aspects of synaptic function, most notably the expression of pathway-specific LTD. The 

only significant difference we observed was in the PPR, suggesting higher release 

probability in patches and differential synaptic composition between the two 

compartments. This is consistent with the observation that excitatory afferents to patch 

and matrix arise from distinct populations of cortical neurons (Donoghue and 

Herkenham, 1986; Gerfen, 1989).   

 

Our observation that LTD is unchanged in patch iMSNs despite the lack of cholinergic 

transmission suggests that acetylcholine is in fact not necessary for the expression of 

corticostriatal LTD. This is in contrast to previous studies proposing that LTD is 

mediated by D2 receptors on cholinergic interneurons (Wang et al., 2006; Tozzi et al., 
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2011). However, the current results are consistent with previous work from our 

laboratory (Lerner and Kreitzer, 2012) as well as our findings presented in Chapter 5, 

showing that the induction of LTD requires machinery only in the postsynaptic MSN and 

is controlled by non-cholinergic GPCRs. Specifically, LTD is modulated by dopamine 

and adenosine in iMSNs, and serotonin in dMSNs. Dopaminergic and serotonergic fibers 

form a rich plexus of axons that innervates the entire striatum, without respect to patch 

and matrix boundaries (Kreitzer, 2009).  

 

Our negative results are also unsurprising in light of the similarities between MSNs of the 

dorsal striatum and nucleus accumbens (NAc). Patches are thought to resemble NAc in 

terms of limbic connectivity and possible behavioral functions (Gerfen, 1992). Despite 

marked differences between dorsal striatum and NAc, MSNs are the primary projection 

neurons in both areas and these MSNs all exhibit endocannabinoid-mediated depression 

and HFS-LTD (Nestler, 2001; Thomas and Malenka, 2003; Nicola et al., 2007). This 

comparison underscores the importance of connectivity as opposed to specific synaptic 

properties in giving rise to functionally distinct groups of neurons. Differences between 

patch and matrix are more likely to be revealed at the level of circuit function and 

behavior. To fully explore these differences, it will be necessary to develop techniques 

for specifically identifying and manipulating patch versus matrix neurons in awake 

behaving animals. Only then can we begin to understand the significance of this 

additional level of striatal organization. 
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Figure 1. Short-term dynamics of excitatory synapses onto direct pathway MSNs in 

patch and matrix. Paired-pulse ratio (PPR) as a function of interstimulus interval (ISI) for 

EPSCs elicited by intrastriatal stimulation, recorded in matrix (solid circles, n=9) or 

patch (open circles, n=6) direct-pathway MSNs. Data are mean ± SEM. 
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Figure 2. Patch and matrix MSNs exhibit similar responses to a muscarinic antagonist. 

EPSC amplitude was monitored during application of the muscarinic antagonist 

scopolamine (20 µM) in matrix (solid circles, n=5) and patch (open circles, n=9) MSNs. 

Drug was applied during the time marked by the black bar. Data are mean ± SEM. 
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Figure 3. Patch and matrix MSNs exhibit similar responses to CB1 activation. EPSC 

amplitude was monitored during application of the CB1 receptor agonist WIN55212 

(WIN, 1 µM), followed by AM251 (5 µM) in matrix (solid circles, n=9) and patch (open 

circles, n=5) MSNs. Drugs were applied during the time marked by the black bars. Data 

are mean ± SEM. 
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Figure 4. LTD is not altered in patches. High-frequency stimulation delivered at 10 min 

induces robust LTD in GFP-negative (i.e. indirect pathway) MSNs (closed triangles, n = 

7) but not in GFP-positive (i.e. direct pathway) MSNs (open triangles, n = 5). Normalized 

EPSC amplitude is plotted over time. Data are mean ± SEM. 
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Chapter 4. Early dysregulation of striatal projection 
neurons in a mouse model of Huntington's Disease 
 
 
Abstract 

 

Huntington’s disease (HD) is an inherited neurodegenerative disease caused by a 

polyglutamine expansion in the huntingtin gene. Mutant huntingtin is widely expressed, 

but degeneration preferentially occurs in striatal medium spiny neurons (MSNs), of 

which dopamine D2 receptor-expressing indirect-pathway MSNs are the most vulnerable. 

Although neuronal death is the pathological hallmark of HD, neuronal dysfunction 

precedes cell loss and may even contribute to disease pathogenesis. In order to identify 

the mechanisms of early cell-type-specific dysfunction in HD, we crossed a transgenic 

mouse line expressing full-length mutant huntingtin (BACHD), with a transgenic mouse 

line (D2-GFP) that enables the electrophysiological targeting of the two main populations 

of striatal neurons: the direct- and indirect-pathway MSNs. Using whole-cell recordings 

from MSN subtypes in wildtype (wt) mice and presymptomatic BACHD mice, we have 

identified early cellular changes that occur selectively in indirect-pathway MSNs. Most 

notably, these neurons exhibit reduced intrinsic excitability and increased potassium 

currents, which can be rescued by BDNF signaling. In contrast, synaptic 

neuromodulation by mGluRs and endocannabinoids was unchanged. Preferential 

dysfunction of indirect-pathway MSNs persisted in older, symptomatic BACHD mice as 

well. Together, these results suggest that dysregulation of the intrinsic properties of 

indirect-pathway MSNs may play a role in early motor and cognitive dysfunction in HD. 
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Introduction 

 

HD has a single genetic cause (Huntington’s Disease Collaborative Research Group, 

1993), yet it results in a multifaceted pathology that affects numerous cellular functions 

and ultimately leads to neurodegeneration (Wellington and Hayden, 1997; Cha, 2000; 

Zoghbi and Orr, 2000; Landles and Bates, 2004; Fan and Raymond, 2007; Zuccato and 

Cattaneo, 2007). Neurons of the cortex and striatum are particularly vulnerable to 

changes caused by mutant huntingtin (mHtt) (Cowan and Raymond, 2006; Subramaniam 

et al., 2009), and their dysfunction and ultimate degeneration is correlated with a triad of 

motor, cognitive, and emotional symptoms. Despite this pleiotropy, the net effect of mHtt 

on neuronal function can be assayed with electrophysiological methods. Using mouse 

models of HD that express either mHtt exon 1 or full-length mHtt (Heng et al., 2008), a 

number of studies have identified changes in synaptic properties and neuronal excitability 

in cortical and striatal neurons from both presymptomatic and symptomatic animals 

(Rebec et al., 2006; Cepeda et al., 2007; Milnerwood and Raymond, 2007; Spampanato et 

al., 2008; Cummings et al., 2009). However, most studies to date have not distinguished 

between the two major subpopulations of striatal neurons (direct- and indirect-pathway 

MSNs), which exhibit distinct cellular and synaptic properties (Kreitzer et al., 2009). 

 

Although all striatal MSNs have similar somatodendritic morphologies and voltage-

sensitive conductances, they can be divided into at least two major categories, based on 

gene expression and axonal projection targets. In rodents, direct-pathway MSNs 
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(dMSNs) express dopamine D1 receptors and project to the entopeduncular nucleus and 

substantia nigra pars reticulata, whereas indirect-pathway MSNs (iMSNs) express 

dopamine D2 receptors and project to the globus pallidus (Smith et al., 1998; Kreitzer et 

al., 2009). In wildtype (wt) mice, iMSNs are more excitable, receive more robust 

glutamatergic input, and selectively express dopamine- and endocannabinoid-dependent 

long-term depression (eCB-LTD) after high-frequency afferent stimulation. In HD, 

iMSNs are the first to degenerate (Reiner et al., 1988), but it is not known whether 

expression of mHtt yields differential effects on iMSNs that could contribute to this 

vulnerability. 

 

To address the role of mHtt in direct and indirect pathway function, we analyzed a 

transgenic model of HD (BACHD), which expresses full-length human huntingtin 

containing a stable 97 polyglutamine repeat (Gray et al., 2008). To distinguish dMSNs 

from iMSNs, BACHD mice were crossed with D2-GFP BAC transgenic mice (Gong et 

al., 2003). Whole-cell patch-clamp recordings were obtained from identified MSN 

subtypes in acute brains slices from presymptomatic mice, with the aim of discovering 

early functional changes that may be involved in the onset and progression of HD. 

 

Materials and Methods  

 

Mouse breeding 
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D2-GFPtg/tg FVB mice were crossed with BACHDtg/+ FVB mice, which express full-

length human mHtt under control of endogenous Htt regulatory elements (Gray et al., 

2008), producing littermates that were hemizygous for both transgenes (D2-GFPtg/+, 

BACHDtg/+, referred to from now on as BACHD) or for GFP alone (D2-GFPtg/+, referred 

to from now on as wildtype or wt). In these lines, GFP-positive MSNs correspond to 

iMSNs, and >95% of GFP-negative MSNs correspond to direct-pathway MSNs 

(dMSNs), based on previous estimates (Matamales et al., 2009; Gittis et al., 2010). 

 

Brain slice preparation 

 

Horizontal or coronal brain slices (300 µm thickness) containing dorsal striatum were 

prepared from brains of 1 to 2-month-old mice, or 5 to 6-month-old mice where noted. 

Slices were superfused with an external solution containing the following (in mM): 125 

NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4-H2O, and 12.5 glucose, 

bubbled with 95% O2 / 5% CO2. Slices were allowed to recover at room temperature for 

at least 1 h before recording.  

 

Whole-cell Electrophysiology 

 

Whole-cell patch-clamp recordings were obtained from visually identified green 

fluorescent protein (GFP)-positive or GFP-negative MSNs in dorsolateral striatum at a 

temperature of 30–32°C, with picrotoxin (50 µM) present to suppress GABAA-mediated 

currents. Resistance of the patch pipettes was 2–4MΩ when filled with the following 
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intracellular solutions. For current clamp experiments, the pipette solution contained the 

following (in mM): 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5 EGTA, 10 HEPES, 

2 Mg-ATP, 0.3 Na-GTP, 10 TEA, 5 QX-314. For voltage-clamp experiments, the 

solution contained the following (in mM): 120 CsMeSO3, 15 CsCl, 8 NaCl, 0.2 EGTA, 

10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 10 TEA, 5 QX-314. In synaptic experiments, MSNs 

were held at -70 mV and EPSCs were evoked by cortical layer 5/6 stimulation, using a 

tungsten parallel bipolar electrode (approximately 120 µm between poles), or intrastriatal 

microstimulation, using a saline-filled glass pipette placed 50 –100 µm dorsolateral of the 

recorded neuron. Test pulses, which consisted of two stimuli 50 ms apart, were given 

every 20 s. Drugs were applied continuously via the superfusing solution. All drugs were 

obtained from Tocris Biosciences.  

 

Digitization and analysis 

 

Data were collected with a MultiClamp 700B amplifier (Molecular Devices) and ITC-18 

A/D board (HEKA) using Igor Pro software (Wavemetrics) and custom acquisition 

routines (mafPC, courtesy of M. A. Xu-Friedman). Statistical significance was evaluated 

using a two-tailed unpaired t-test. 

 

Results 

 

We first assessed the effect of mHtt on membrane properties and excitability by obtaining 

current-clamp recordings from dMSNs and iMSNs. In BACHD mice, no difference in 
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excitability was observed in dMSNs (for 500pA step; wt: 26±6 Hz; BACHD: 31±4 Hz; p 

> 0.05), whereas iMSNs displayed a significant decrease in firing during current 

injections (for 500pA step; wt: 55.0 ± 2.4 Hz; BACHD: 43.5 ± 1.9 Hz; p < 0.01) (Fig. 

1A-D). Thus, the difference in excitability between dMSNs and iMSNs in wildtype mice 

(Kreitzer and Malenka, 2005; Gertler et al., 2008) is significantly reduced in BACHD 

mice (Fig. 1E,F). This did not arise from changes in input resistance, whole-cell 

capacitance, or resting membrane potential in BACHD mice, since these measures were 

unchanged relative to wildtype MSNs (Table 1). However, action potential threshold was 

significantly increased in iMSNs from BACHD mice, suggesting a change in low-

voltage-activated conductances that might underlie their decreased excitability.  

 

These early deficits represent changes in young BACHD animals that are largely 

presymptomatic. We wondered whether these changes persist in later stages of the 

disease. To test this, we obtained recordings from 5-6 month old mice, which are 

considered severely symptomatic (Menalled et al., 2009). Surprisingly, iMSNs in these 

older BACHD mice were not less excitable than in wildtype and in fact showed a trend 

toward greater excitability (for 400 pA step; wt: 25.5 ± 5.0 Hz; BACHD: 38.8 ± 4.1 Hz; p 

= 0.11) (Fig. 2A). This could be completely accounted for by the observed decrease in 

excitability of wildtype iMSNs over the course of normal development, which does not 

occur in BACHD mice or in dMSNs (for 400 pA step; wt iMSNs at 1 month: 50.4 ± 3.1 

Hz; at 5 months: 25.5 ± 5.0 Hz; p < 0.05) (Fig. 2C-D). As in younger animals, 

excitability of dMSNs in older mice did not differ significantly between BACHD and 
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wildtype (for 400 pA step; wt: 12.0 ± 4.4 Hz; BACHD: 17.4 ± 5.7 Hz; p > 0.05) (Fig. 

2B). Thus even at later stages of the disease, iMSNs are selectively vulnerable. 

 

We next examined ionic currents that might account for differences in the intrinsic 

excitability of iMSNs. We specifically assessed inwardly-rectifying potassium (Kir) 

currents using a voltage ramp protocol in which membrane potential is held at -150mV 

then ramped up to -30mV over a course of 200 ms (Gertler et al., 2008). The magnitude 

of Kir current, most evident at hyperpolarized potentials, was significantly higher in 

BACHD mice (wt: gmax = 23.5 ± 0.03; BACHD: gmax = 30.7 ± 0.02; p < 0.05) (Fig. 3A). 

Brain-derived neurotrophic factor (BDNF) is thought to be beneficial in HD (Zuccato and 

Cattaneo, 2007), so we next tested the effects of purified BDNF on Kir currents. As 

shown in Fig. 3B, BDNF (75ng/ml) was sufficient to completely normalize Kir currents 

in iMSNs from BACHD mice (BACHD with BDNF: gmax = 23.0 ± 0.02; p < 0.05 

compared to BACHD without BDNF). 

 

To investigate synaptic changes in early disease stages, we assessed the integrity of the 

endocannabinoid system in BACHD mice. Endocannabinoids are critical for tuning the 

strength of excitatory inputs onto MSNs (Gerdeman et al., 2002; Kreitzer and Malenka, 

2007; Shen et al., 2008), and changes in cannabinoid signaling have been reported in 

presymptomatic human HD patients (Glass et al., 2000; McCaw et al., 2004). To test 

whether mHtt leads to increased striatal endocannabinoid tone, we recorded EPSCs from 

iMSNs and bath-applied the cannabinoid CB1 receptor antagonist AM251 (5 µM). EPSC 

amplitude increased slightly in both lines, and no difference was observed between 
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wildtype and BACHD mice (wt: 117±7% of baseline, 30 min after wash-in; BACHD: 

110±6% of baseline 30 min after wash-in; p > 0.05) (Fig. 4A). To examine whether CB1 

receptors were functional in BACHD mice, we monitored EPSC amplitude during bath 

application of the CB1 agonist WIN55,212 (1 µM). EPSCs were inhibited to a similar 

extent in wildtype and BACHD mice (wt: 57±7% of baseline, 30 min after wash-in; 

BACHD: 62±12% of baseline, 30 min after wash-in; p > 0.05) (Fig. 4B), indicating that 

CB1 receptors were functional and not tonically activated.  

 

Finally, to test whether postsynaptic endocannabinoid production still occurred normally 

in BACHD mice, we applied the mGluR1/5 agonist DHPG (100 µM) while holding 

neurons at -50mV (Kreitzer and Malenka, 2005). This led to a long-term depression of 

glutamate release in both wildtype and BACHD mice that was similar in timecourse and 

magnitude (wt: 72±8% of baseline, at 30 min after wash-in; BACHD: 72±4% of baseline, 

at 30 min after wash-in; p > 0.05) (Fig 4C). Addition of AM251 (5 µM) blocked this 

effect, confirming that CB1 receptors mediated the DHPG-induced depression (98.0.7 ± 

8.6% at 15-20min; p < 0.05 compared to DHPG alone) (Fig. 4D). Together, these data 

indicate that the endocannabinoid signaling system is essentially intact in BACHD mice, 

with no significant change in tone, CB1 responses, or endocannabinoid production. 

 

Discussion 

 

We used a mouse model of HD expressing full-length human mutant huntingtin (Gray et 

al., 2008) crossed with a BAC transgenic reporter mouse line to identify a number of 
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early cellular changes that occur selectively in iMSNs. These include decreased 

excitability and increased potassium currents. Because neuronal interactions are critical 

for neurodegeneration in models of HD (Gu et al., 2005), these early electrophysiological 

alterations in iMSNs may provide insight into their selective vulnerability in HD. 

 

At face value, decreased excitability of indirect-pathway MSNs suggest that mHtt leads 

to decreased activity of the indirect pathway in HD mice. However, without in vivo 

single-unit recordings from identified striatal cell types, it is impossible to establish 

whether these changes cause reduced activity, or whether increased activity has led to a 

homeostatic decrease in cellular excitability. Although in vivo striatal recordings from 

BACHD mice have not been performed, striatal recordings performed during open-field 

behavior from a knock-in model of HD showed no change in overall firing rates (Miller 

et al., 2008), suggesting that no large changes occur in spiking output from either class of 

striatal projection neuron. However, changes in neuronal synchrony and correlated 

bursting were observed, which could be consistent with more subtle changes in 

corticostriatal transmission that could occur due to homeostatic responses in vivo that act 

to maintain MSN firing rates, but alter synaptic dynamics and dendritic integration. 

 

The changes we report in iMSNs could account for circuit dysfunction in early stages of 

HD. Although the time period of most of our recordings (1-2 months) is generally 

considered a "presymptomatic" period, BACHD mice do exhibit some motor deficits at 

this age, as evidenced by a decrease in fall-latency on the accelerating rotarod (Menalled 

et al., 2009). Selective vulnerability of iMSNs seems to be preserved at 5-6 months and is 
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likely to contribute to behavioral deficits at these advanced disease stages as well. The 

fact that iMSNs in BACHD exhibited greater excitability than wildtype was somewhat 

surprising, but not altogether unexpected given ongoing postnatal changes in striatum. 

Developmental changes in MSNs in adult wildtype mice are unfortunately not well-

characterized, but evidence from younger mice suggests continued growth and dendritic 

arborization, which can account for the decrease in excitability we observe at 5-6 months 

(Gertler et al., 2008). Importantly, dMSNs were not significantly different in BACHD 

and control mice at any age. Therefore our results support a circuit dysfunction model of 

HD in which iMSNs are selectively vulnerable to mHtt, resulting in abnormal indirect 

pathway activity and an overall imbalance in basal ganglia signaling. 
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Figure 1. Decreased cellular excitability in indirect-pathway MSNs from BACHD mice. 

A, Example traces recorded in current-clamp from direct-pathway MSNs in wildtype (wt) 

(top) and BACHD (bottom) mice. For the traces shown, current steps were -300, -200,     

-100, 100, 200, and 500 pA. B, Example traces for indirect-pathway MSNs in wt (top) 

and BACHD (bottom) mice. Current steps were -300, -200, -100, 100, 200, and 400 pA. 

C, Action potential firing as a function of injected current (F-I curves) recorded from 

direct-pathway MSNs in wt (solid triangles, n=10) or BACHD (open triangles, n=11) 

mice. D, F-I curves plotted for indirect-pathway MSNs recorded in wt (solid circles, n=7) 
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or BACHD (open circles, n=10) mice. Asterisks indicate statistical significance (p < 

0.05). E,F, Data from C and D re-plotted for comparision. Error bars are SEM. 
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Figure 2. Increased Kir current in indirect-pathway MSNs from BACHD mice. A, 

Current responses to a voltage ramp from -150 to -30 mV, measured in indirect-pathway 

MSNs from control (grey line, n=7) and BACHD (black line, n=5) mice.B, Current 

response in indirect-pathway MSNs of BACHD mice with the addition of BDNF 

(75ng/ml) in the ACSF (green line, n=5), shown with BACHD in control ACSF for 

comparison (black line, same as A). Shaded areas are SEM. 
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Figure 3. Altered cellular excitability in indirect-pathway MSNs from older mice. A, 

Action potential firing as a function of injected current (F-I curves) recorded from direct-

pathway MSNs in wt (solid triangles, n=3) and BACHD (open triangle, n=9) mice at 5 

months old. B, F-I curves plotted for indirect-pathway MSNs recorded in wt (solid 

circles, n=2) or BACHD (open circles, n=9) mice at 5 months old. C,D, Data from B re-

plotted for comparison with data from indirect pathway MSNs in 1 month old mice 

(taken from Fig. 1D). Error bars are SEM. 
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Figure 4. Normal CB1 receptor function and mGluR-driven endocannabinoid release in 

indirect-pathway MSNs in BACHD mice. A, EPSC amplitude was monitored in indirect-

pathway MSNs during application of the CB1 receptor antagonist AM251 (5 µM) in wt 

(solid circles, n=5) and BACHD (open circles, n=4) mice. In this and subsequent panels, 

drugs were applied during the time marked by the black bars. B, EPSC amplitude 

recorded in indirect-pathway MSNs during application of the CB1 receptor agonist 

WIN55212 (WIN, 1 µM), followed by AM251 in wt (solid circles, n=3) and BACHD 

(open circles, n=4) mice. C, EPSC amplitude in indirect-pathway MSNs during 

application of the mGluR1/5 agonist DHPG (100 µM) in wt (solid circles, n=8) and 

BACHD (open circles, n=9) mice. D, EPSC amplitude in indirect-pathway MSNs from 

BACHD mice during application of DHPG in the presence of AM251 (open circles, n=5) 

mice. Error bars are SEM.
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 Indirect wt (n=7) Indirect HD (n=10) Direct wt (n=10) Direct HD (n=11) 
Rin 233±28 MΩ 305±61 MΩ 118±11 MΩ 155±22 MΩ 
Capacitance 66±6 pF 64±6 pF 78±3 pF 82±7 pF 
Vrest -91±0 mV -91±1 mV -90±0 mV -90±2 mV 
AP half-width 2.2±0 ms 1.7±0 ms 1.8±0 ms 1.7±0 ms 
AP threshold -45±1 mV -40±1 mV -40±1 mV -40±1 mV 
Rheobase 236±27 pA 211±30 pA 455±49 pA 391±43 pA 
Max Firing Rate 59±2 Hz 49±2 Hz 63±2 Hz 53±2 Hz 

 
Table 1. Comparison of membrane properties in wildtype and BACHD mice. Data are mean ± 

SEM.  
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Chapter 5: 5-HT4 receptors regulate long-term 
depression in striatal direct pathway projection neurons  
 
 
Abstract 

 

Plasticity at corticostriatal synapses alters the excitatory drive on direct and indirect 

pathway striatal projection neurons, which may regulate motor function in normal and 

pathophysiological states. Endocannabinoid-dependent long-term depression (LTD) is the 

most studied form of synaptic plasticity in the striatum, but whether it occurs in both 

direct and indirect pathway projection neurons remains controversial. Using Drd1-tmt or 

Drd2-GFP transgenic mice, we obtained targeted whole-cell recordings from direct-

pathway and indirect-pathway medium spiny neurons (dMSNs and iMSNs). Under 

standard recording conditions, LTD was only observed in iMSNs. However, inhibition of 

Gs-coupled serotonin 5-HT4 receptors, inhibition of PKA, or knockout of RGS4 was 

sufficient to reveal endocannabinoid-dependent LTD in dMSNs. Together with previous 

work, our results indicate that both dMSNs and iMSNs express endocannabinoid-

dependent LTD, which is regulated by cAMP/PKA and RGS4, but each MSN subtype 

possesses distinct G-protein-coupled receptors that enable pathway-specific regulation of 

LTD in response to different neuromodulatory signals.  

 

Introduction  
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The basal ganglia comprise a network of subcortical nuclei critically involved in adaptive 

motor control (Graybiel et al., 1994; Hikosaka et al., 2000; Yin and Knowlton, 2006). 

Afferents enter the basal ganglia primarily at the level of the striatum, which integrates 

major inputs from cortex and thalamus, as well as neuromodulatory signals from the 

brainstem (Bolam et al., 2000). Striatal projections diverge into two pathways conveyed 

by distinct populations of medium spiny neurons (MSNs), the projection neurons of the 

striatum. Direct-pathway MSNs (dMSNs) project directly to basal ganglia output nuclei -

- the substantia nigra pars reticulata (SNr) and internal globus pallidus (GPi), whereas 

indirect-pathway MSNs (iMSNs) project to the external globus pallidus (GPe) (Bolam et 

al., 2000). These two pathways have opposing roles in motor output and learning, with 

the direct pathway increasing locomotion and reinforcement, and the indirect pathway 

decreasing movement and promoting avoidance (Albin et al., 1989; DeLong, 1990; 

Kravitz et al., 2010, 2012). 

 

Plasticity at excitatory synapses onto MSNs has the potential to regulate the balance 

between the direct and indirect pathways, with important implications for overall basal 

ganglia function and motor behavior (Kreitzer and Malenka, 2008; Surmeier et al., 2009). 

Glutamatergic afferents are critical because MSNs are strongly hyperpolarized and 

mostly quiescent without converging excitatory inputs driving their activity (Wilson and 

Kawaguchi, 1996). The most studied form of plasticity within the striatum is 

endocannabinoid-dependent long-term depression (LTD) at corticostriatal synapses 

(Kreitzer and Malenka, 2008). This form of LTD is induced postsynaptically, through 

activation of group I mGluRs and engagement of endocannabinoid biosynthetic pathways 
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downstream of Gq (Sung et al. 2001; Gerdenman et al., 2002; Kreitzer and Malenka, 

2007).  

 

In iMSNs, Gi-coupled dopamine D2 receptors and Gs-coupled adenosine A2A receptors 

exert opposing modulatory effects on LTD induction: activation of A2A receptors blocks 

LTD, whereas activation of D2 receptors promotes LTD through inhibition of 

cAMP/PKA and RGS4 signaling (Shen et al., 2008; Lerner and Kreitzer, 2012). In 

contrast, LTD in dMSNs is controversial and has not been well characterized. Whether 

similar mechanisms regulate LTD in dMSNs is not known, and high-frequency 

stimulation protocols do not readily induce LTD in these neurons (Kreitzer and Malenka, 

2008). In this study, we define conditions in which LTD can be robustly and consistently 

induced in dMSNs, and we examine the underlying mechanisms, revealing a critical role 

of serotonin signaling and shedding light on the pathway-specific regulation of basal 

ganglia circuits. 

 

Materials and Methods 

 

Coronal brain slices (300 µm) containing striatum were prepared from BAC transgenic 

mice (P21-35) heterozygous for Drd1a-tdTomato (referred to as D1-tmt) or Drd2-EGFP 

(referred to as D2-GFP). Mice were also RGS4-/- where stated. Slices were allowed to 

recover for at least 1 h before recording. Whole-cell voltage clamp recordings were 

obtained from visually-identified MSNs in dorsolateral striatum. All experiments were 

performed at 30-32oC with slices continuously superfused in an extracellular solution 
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containing the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 

1.25 NaH2PO4 and 12.5 glucose, bubbled with 95% O2 / 5% CO2. Picrotoxin (50 µM) 

was also included to block GABAA-mediated currents. Resistance of patch pipettes was 

2.5-5MΩ when filled with an intracellular solution containing the following (mM): 120 

CsMeSO3, 15 CsCl, 8 NaCl, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 10 TEA, 5 

QX-314. EPSCs were evoked with intrastriatal microstimulation using a saline-filled 

glass pipette placed 50-100 µm dorsolateral to the recorded MSN. Cells were held at -

70mV, and test pulses consisting of two stimuli 50ms apart were delivered every 20 s. To 

induce LTD, 100Hz stimulation was paired with postsynaptic depolarization to -10mV 

for 1 s, repeated 4 times at 10 s intervals. Stimulus intensity was adjusted to yield EPSCs 

of at least 1.5nA during induction. Drugs were applied continuously via the superfusing 

solution, except for PKI which was dissolved in the intracellular solution. All drugs were 

obtained from Tocris Biosciences. Data acquisition and analysis were performed online 

with custom Igor Pro software written by Matthew Xu-Friedman. Statistical significance 

was evaluated using a two-tailed unpaired t-test or two-way ANOVA with Tukey’s 

HSD.  

 

Results  

 

We first tested the pathway-specificity of LTD in two separate BAC transgenic mouse 

lines: D2-GFP and D1-tmt. Because a recent study questioned whether fluorophore 

expression might alter striatal LTD (Bagetta et al., 2011), we recorded from fluorescence-

positive and -negative cells in brain slices from both mouse lines. In D2-GFP mice, 
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which express GFP in iMSNs, high-frequency stimulation (HFS) paired with 

postsynaptic depolarization induced robust LTD in D2+ but not D2- MSNs (48.8 ± 4% of 

baseline at 30-40min in GFP+; 92.6 ± 5% in GFP-) (Fig. 1A). Similarly, in D1-tmt mice, 

which express tmt in dMSNs, LTD was induced in D1- but not D1+ MSNs (93.4 ± 9% in 

tmt+; 60.6 ± 10% in tmt-) (Fig. 1B). HFS-LTD in control conditions is therefore limited 

to iMSNs, as previously reported (Kreitzer and Malenka, 2007) (two-way ANOVA, 

comparison of dMSN vs. iMSN, F2,2 = 29.85, p < 0.001). This pathway-specificity is 

preserved regardless of the mouse line or the expression of genetically-encoded 

fluorophores (two-way ANOVA, comparison of D1-tmt vs. D2-GFP mice, F2,2 = 29.85, p 

= 0.127).  

 

Since LTD is not expressed in dMSNs under control conditions, we sought to define 

conditions that were permissive for LTD to occur. Our laboratory recently identified a 

critical role in iMSNs for the regulator of G-protein signaling 4 (RGS4), a GTPase-

accelerating protein activated by protein kinase A (PKA) (Huang et al., 2007; Lerner and 

Kreitzer, 2012). While multiple RGS proteins are found in the striatum, RGS4 is the key 

protein that couples D2/A2A signaling with mGluR1/5-dependent endocannabinoid 

biosynthesis and LTD induction (Xie and Martemyanov, 2011; Lerner and Kreitzer, 

2012). HFS-LTD in RGS4 knockout mice is no longer under neuromodulatory control 

(Lerner and Kreitzer, 2012). To test whether RGS4 might play a similar role in the direct 

pathway, we recorded from dMSNs in RGS4 knockout mice and observed robust LTD 

(64.3 ± 2%; p  = 0.010 compared to control) (Fig. 2A). Because RGS4 is activated by 

PKA, we next tested the effect of directly inhibiting PKA activity with the small 
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inhibitory peptide PKI (100 µM). When PKI was present in the intracellular pipette 

solution, we again observed robust LTD in dMSNs (52.9 ± 4%; p = 0.004 compared to 

control) (Fig. 2B). 

 

PKA activity is determined by levels of cAMP, which in turn are regulated by Gs- and Gi-

coupled receptors that respectively stimulate or inhibit adenylyl cyclase. Given our 

results demonstrating the importance of PKA/RGS4 signaling, we suspected that a Gs-

coupled receptor might be involved in regulating LTD in dMSNs (Fig. 2C). It was 

previously suggested that LTD in dMSNs is gated by Gs-coupled D1 dopamine receptors, 

in a manner analogous to the gating of LTD by Gs-coupled A2A receptors in iMSNs (Shen 

et al., 2008). To test this, we applied the same HFS induction protocol described above 

while recording from dMSNs in the presence of the D1 antagonist SCH23390 (1 µM). 

However, LTD did not occur under these conditions (96.7 ± 2.3%, p = 0.726 compared to 

control) (Fig. 3A). We therefore hypothesized that a non-dopaminergic Gs-coupled 

receptor might be involved.  

 

Serotonin (5-HT), like dopamine, is a monoamine with important roles in learning and 

motor behavior (Cools et al., 2007; Di Matteo et al., 2008; Mathur and Lovinger, 2012). 

Moreover, the striatum is innervated by serotonergic fibers from the dorsal and medial 

raphe nuclei and contains a high density of 5-HT4 receptors, which, like D1, are coupled 

to Gs (Lavoie and Parent, 1990; Ullmer et al., 1996; Vilaró et al., 1996). Local striatal 

stimulation during our HFS-LTD protocol can elicit release of many neuromodulators, 

including serotonin. We tested whether serotonin might be an important neuromodulator 
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for striatal plasticity by recording in the presence of the 5-HT4 antagonist RS39604 (5 

µM). Under these conditions, robust LTD was elicited in dMSNs (47.2 ± 6%; p = 0.003 

compared to control) (Fig. 3B). We confirmed these results using a different 5-HT4 

antagonist, GR113808 (5 µM), yielding equally robust LTD (52.6 ± 6%; p = 0.002 

compared to control) (Fig. 3B). 

 

Although 5-HT4 signaling alone was sufficient to gate this plasticity, it was possible that 

dopamine might still have a role in regulating direct pathway LTD. For example, strong 

activation of D1 might compensate for the decrease in Gs signaling when 5-HT4 is 

blocked. To test this hypothesis, we added the D1 agonist SKF81297 (1 µM) while 

blocking 5-HT4 receptors with RS39604. This had no effect of diminishing the magnitude 

of LTD compared to RS39604 alone (45.5 ± 8%, p = 0.872) (Fig 3B,C). Another 

possibility was that LTD might be controlled by D2 receptors on cholinergic interneurons 

(Wang et al., 2006; Tozzi et al., 2011). However, even with the addition of the D2 

antagonist sulpiride (10 µM), LTD in RS39604 remained unchanged (43.0 ± 6%, p = 

0.623 compared to RS39604 alone) (Fig. 3D). Together these results suggest that HFS-

LTD in the direct pathway is completely independent of dopamine signaling.  

  

Finally, we sought to determine the signaling mechanisms downstream of 5-HT4, PKA, 

and RGS4. LTD in iMSNs is mediated by endocannabinoids (eCBs), retrograde signals 

produced on-demand in the postsynaptic cell that activate CB1 receptors on the 

presynaptic terminal, leading to inhibition of neurotransmitter release (Gerdeman et al., 

2002). To test whether LTD in RS39604 is eCB-dependent, we recorded in the presence 
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of the CB1 antagonist AM251 (5 µM). This manipulation completely blocked LTD (91.3 

± 8%; p = 0.002 compared to RS39604 alone) (Fig. 4A). In iMSNs, the biosynthetic 

machinery for eCB production is controlled by mGluR1/5 activation of Gq signaling, 

which is negatively regulated by RGS4 (Saugstad et al., 1998; Sung et al., 2001). We 

therefore tested the role of mGluRs in direct pathway LTD by recording in the presence 

of RS39604 and the group I mGluR antagonist AIDA (100 µM). LTD was completely 

blocked, confirming that mGluR signaling is required (88.7% ± 4%; p < 0.001 compared 

to RS39604 alone) (Fig. 4B). The entire signaling pathway is summarized in Fig. 4C. 

Together, our findings demonstrate that both dMSNs and iMSNs are capable of 

expressing LTD mediated by the same eCB-dependent pathway, but upstream regulation 

is achieved by distinct neuromodulatory signals. 

 

Discussion 

 

In this study, we show that LTD at excitatory synapses onto dMSNs is gated by Gs-

coupled 5-HT4 serotonin receptors. HFS-LTD, which is preferentially expressed in 

iMSNs under control conditions, occurs in dMSNs when 5-HT4 receptors are blocked. 

This LTD is mGluR- and eCB-dependent and regulated by a signaling cascade involving 

cAMP/PKA and RGS4. Moreover, this form of plasticity appears to be independent of 

dopamine signaling. Together, these results suggest that serotonin may regulate LTD in 

the direct pathway and reveal both common and divergent mechanisms underlying 

pathway-specific modulation of basal ganglia function.  

 



66

Our results reveal a novel system of neuromodulatory control of striatal plasticity that is 

independent of dopamine and instead relies on serotonin receptor signaling. Our 

observation that manipulation of D1 receptors has no effect on LTD was surprising in 

light of previous results suggesting that blocking D1 receptors is sufficient to allow LTD 

in dMSNs (Shen et al., 2008). This discrepancy may be due to differences between HFS 

and spike-timing-dependent protocols, or off-target effects of the D1 antagonist 

SCH23390, which is known to bind 5-HT4 receptors at higher concentrations (Schiavi et 

al., 1993). The fact that strong activation of Gs with a D1 agonist cannot compensate for 

the decrease in Gs signaling when 5-HT4 is blocked suggests that D1 and 5-HT4 are not 

localized in the same functional microdomain, and only 5-HT4 may be selectively 

coupled to the signaling machinery for LTD induction. It should also be noted that our 

results specifically apply to HFS-LTD. Dopamine is likely to play a role in other forms of 

direct pathway plasticity, such as long-term potentiation (Kett and Wickens, 2001; 

Surmeier et al., 2009; Lerner and Kreitzer, 2011).  

 

The signaling events we describe in this study, from upstream neuromodulatory GPCR 

signaling to release of eCBs, are likely restricted to the postsynaptic neuron. We found 

that the D2 antagonist sulpiride fails to block LTD in dMSNs, contrary to previous 

suggestions that striatal LTD is mediated by D2 receptors on cholinergic interneurons 

(Wang et al., 2006; Tozzi et al., 2011). In addition, because the drug PKI is membrane-

impermeable and applied within the intracellular pipette solution, our results confirm that 

the relevant signaling occurs entirely within the recorded MSN, rather than 

presynaptically or through other cells such as interneurons or glia.  
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We have demonstrated that decreasing Gs signaling by antagonizing 5-HT4 is sufficient to 

allow LTD. However, we cannot rule out a role for other receptors and signals. Inhibition 

of PKA with PKI allows LTD to occur even though 5-HT4 signaling is intact, which 

suggests that endogenous inhibition of PKA by strong Gi activation could oppose the 

effects of 5-HT4 and contribute to the gating of plasticity. A putative Gi-Gs receptor pair 

would be analogous to control of LTD in iMSNs by D2 receptors and A2A adenosine 

receptors, respectively (Shen et al., 2008; Lerner and Kreitzer, 2011). Striatal MSNs 

contain numerous Gi-coupled receptors, yet the precise type that is coupled to LTD 

remains elusive. 

 

The results presented here reveal a previously unknown role of serotonin receptors in the 

basal ganglia. Although the serotonergic innervation of the striatum has been 

characterized in detail and behavioral effects have been described, direct effects of 

serotonin on striatal MSNs, and plasticity in particular, are not well understood. Unlike 

previous studies showing that manipulations of striatal serotonin levels can induce 

changes in synaptic responses (Mathur et al., 2011), our results show that signaling by 

serotonin receptors can provide a gating mechanism for activity-dependent plasticity. 

Building on existing models of striatal plasticity, we now recognize at least two 

complementary neuromodulatory systems -- dopamine and serotonin -- controlling LTD 

in the two pathways of the basal ganglia. Although the precise behavioral role of 

serotonin is not fully understood, serotonergic neuronal activity correlates with motor 

output, especially repetitive or sustained motor behaviors (Jacobs and Fornal, 1999). In 



68

addition, serotonin is thought to encode aversive stimuli in a parallel, opponent process to 

dopamine encoding of reward-prediction error (Cools et al., 2007). Independent control 

of striatal plasticity by dopamine and serotonin presumably allows for greater selectivity 

in regulating direct or indirect pathway activity and overall basal ganglia output.  

 

Our results also raise the possibility of novel serotonin-based therapeutics for the 

treatment of disorders involving the basal ganglia. Dysfunction of the serotonin system is 

implicated in Parkinson’s disease, Tourette’s syndrome, and obsessive-compulsive 

disorder (Scatton et al., 1983; Miyawaki et al., 1997; Hornykiewicz, 1998; Di Matteo et 

al., 2008). Reports of the effects of non-specific manipulations such as selective serotonin 

reuptake inhibitors (SSRIs) in Parkinson’s patients have been inconsistent, most likely 

because of differential actions through the many different subtypes of serotonin receptors 

(Miyawaki et al., 1997; Di Matteo et al., 2008). Selectively targeting 5-HT4 could be a 

more ideal clinical strategy. Abnormal serotonin transmission is also implicated in the 

dyskinetic effects of L-DOPA as well as classic anti-psychotics (Di Matteo et al., 2008) 

These undesirable side effects are major obstacles in the treatment of patients. Targeting 

5-HT4 receptors may therefore be an extremely beneficial supplement for optimizing 

current treatments, in addition to being a potential therapy on its own. Drugs that 

specifically act on 5-HT4 receptors and cross the blood-brain barrier are in fact already 

FDA-approved for use in treating gastrointestinal disorders and are putative cognitive 

enhancers (King et al., 2008). Future studies will be required to explore the potential 

efficacy of these drugs in Parkinson's and other striatal-related disorders.  
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Figure 1. Differential expression of striatal LTD in dMSNs and iMSNs in two distinct 

BAC transgenic mouse lines. A, Left, in D2-GFP BAC transgenic mice, high-frequency 

stimulation (100Hz paired with depolarization to -10mV for 1 s, repeated 4 times at 10 s 

intervals) delivered at 10 min induces robust LTD in GFP-expressing iMSNs (closed 

circles, n = 8) but not in GFP-negative dMSNs (open circles, n = 5). In this and 

subsequent panels, normalized EPSC amplitude is plotted over time. Right, average 

EPSCs from representative experiments during the baseline period (0-10 min, thin trace) 

and during the last 10 minutes of the experiment (30-40 min, thick trace). B, Left, in D1-

tmt BAC transgenic mice, LTD occurs in tmt-negative iMSNs (closed circles, n = 6) but 

not in tmt-positive dMSNs (open circles, n = 6). Right, average EPSCs from 

representative experiments. Scale bars are 100 pA and 20 ms; data are mean ± SEM.  
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Figure 2. LTD in dMSNs is revealed by disrupting PKA or RGS4 function. A, Left, in 

RGS4-/- mice, high-frequency stimulation, delivered at 10 min, induces LTD in dMSNs 

(closed circles, n = 6). In this and subsequent panels, normalized EPSC amplitude is 

plotted over time. Right, average EPSCs from a representative experiment before (thin 

traces) and after LTD induction (thick traces). B, Left, in D1-tmt BAC transgenic mice, 

addition of the PKA inhibitor PKI (100 µM) to the intracellular recording solution is 

sufficient to reveal LTD in tmt-positive dMSNs (open circles, n = 5). Right, average 

EPSCs from a representative experiment. Scale bars are 100 pA and 20 ms; data are mean 

± SEM. C, Schematic showing the proposed signaling pathway regulating LTD. 

cAMP/PKA controls the activity of RGS4, which negatively regulates downstream LTD 

machinery. cAMP/PKA may be modulated upstream by a GPCR. 
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Figure 3. LTD in dMSNs is regulated by serotonin 5-HT4 receptors, but not by dopamine 

D1- or D2-like receptors. A, Left, in the presence of the D1 antagonist SCH23390 (1 µM), 

high frequency stimulation delivered at 10 min does not elicit LTD in dMSNs (open 

circles, n = 6). In this and subsequent panels, normalized EPSC amplitude is plotted over 

time. Right, average EPSCs from a representative experiment during the baseline period 

(0-10 min, thin trace) and during the end of the recording (30-40 min, thick trace). B, 

Left, LTD in dMSNs occurs in the presence of 2 distinct 5-HT4 antagonists: RS39604 (5 
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µM) (open circles, n = 5) and GR113808 (5 µM) (closed circles, n = 7). Right, average 

EPSCs from a representative experiment in RS39604. C, Left, LTD in RS39604 is 

unaffected by the addition of the dopamine D1 agonist SKF81297 (1 µM) (open circles, n 

= 6). Right, average EPSCs from a representative experiment. D, Left, LTD expression is 

unaffected by the dopamine D2 antagonist sulpiride (1 µM) (open circles, n = 5). Right, 

average EPSCs from a representative experiment. Scale bars are 100 pA and 20 ms; data 

are mean ± SEM.
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Figure 4. LTD in dMSNs requires mGluR1/5 and CB1 receptor signaling. A, Left, LTD in 

dMSNs elicited in the presence of the 5-HT4 antagonist RS39604 (5 µM, grey line) is 

blocked by the addition of the CB1 antagonist AM251 (5 µM) (open circles, n = 5). In 

this and subsequent panels, normalized EPSC amplitude is plotted over time. Right, 

average EPSCs from 0-10 min (thin traces) and 30-40 min (thick traces) from a 

representative experiment. B, Left, LTD in RS39604 (grey line) is blocked by the 

addition of the group I mGluR antagonist AIDA (100 µM) (open circles, n = 5). Right, 

average EPSCs from a representative experiment. Scale bars are 100 pA and 20 ms; data 

are mean ± SEM. C, Schematic showing the proposed signaling pathway by which 5-HT4 

modulates LTD. In this model, 5-HT4-Gs signaling increases cAMP/PKA activity, which 
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in turn inhibits mGluR-Gq signaling via RGS4. LTD is mediated by mGluR-Gq signaling 

leading to release of endocannabinoids that cause presynaptic inhibition via activation of 

CB1.  
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Chapter 6. Conclusions 
 
 
In this dissertation, I have presented findings related to many aspects of basal ganglia 

function. Because the results of each specific chapter have been discussed individually, 

this chapter is devoted to larger implications and future directions.  

 

The main conclusion of these combined studies is that there are countless ways to 

modulate the basal ganglia. This is not at all surprising considering the role the basal 

ganglia network plays in learning and adaptive behaviors. Within the striatum, I explored 

changes in the intrinsic excitability of MSNs and the synaptic inputs that drive their 

activity. Most notably, I identified a novel role for the 5-HT4 serotonin receptor in gating 

striatal LTD. This adds another layer of complexity to the standard model of striatal 

plasticity that focuses exclusively on dopamine, adenosine, and acetylcholine (Lerner and 

Kreitzer, 2011). Moreover, I demonstrated that unlike iMSNs, LTD at corticostriatal 

synapses onto dMSNs is independent of dopamine. Striatal plasticity is therefore 

controlled by distinct neuromodulators that make it possible to fine-tune the activity of 

each basal ganglia pathway. Furthermore, my results provide a robust protocol for 

studying direct-pathway plasticity ‒ a previously inconsistent and controversial 

phenomenon. This paves the way for future studies exploring regulation of the direct 

pathway in healthy and diseased states.  

 

At the level of basal ganglia output, I uncovered mechanisms for selectively altering 

synaptic integration within the primary projection neurons of the SNr. Dopamine 
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differentially modulates the strength of individual synaptic inputs, providing a 

mechanism for altering the balance between the direct and indirect pathways at the final 

step in the basal ganglia network. In addition, I identified GABAB as a potent modulator 

of short-term plasticity and a possible novel target of dopamine signaling. The results 

presented here also demonstrate a powerful method for selectively characterizing distinct 

inputs to the SNr. Our optogenetic approach therefore resolves several previous 

discrepancies in the field. Together, my findings underscore the importance of dopamine 

outside of the striatum. Future studies will surely reveal further mechanisms of 

modulation, from basal ganglia input to output and all the nuclei in-between.  

 

Another major research area will be defining the relationship between synaptic/neuronal 

modulation and behavior. Numerous types of synaptic plasticity have been defined in 

brain slices -- presynaptic and postsynaptic, transient and long-term, potentiation and 

depression. Yet it is unclear whether the protocols used to induce plasticity ex vivo 

adequately reflect physiological processes in vivo. Nor is it known which specific types 

of plasticity might underlie specific behaviors or subserve learning and motor 

adaptations. Addressing such questions will require a sophisticated combination of in 

vivo techniques to simultaneously track behavior, record neuronal activity, and control 

signaling in a selective and precise manner.  

 

The countless opportunities for fine-tuning and modulation of the basal ganglia also 

provide countless possibilities for errors. It is no surprise that basal ganglia dysfunction is 

implicated in so many different diseases and disorders. The results I've presented here 
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raise interesting possibilities for future therapeutic avenues. In Huntington's Disease, 

increasing the excitability of indirect-pathway MSNs might improve motor function at 

early stages and potentially slow disease progression if initial hypoexcitability causes 

compensatory changes that exacerbate circuit dysfunction. BDNF may be a useful 

therapeutic target, and in fact numerous groups are already investigating BDNF-based 

treatments in other animal models of HD (Zuccato and Cattaneo, 2007).  

 

My results also suggest novel considerations in the treatment of Parkinson's Disease. The 

current standard treatment, L-DOPA, has many negative side effects and eventually 

becomes ineffective. A more ideal strategy will require non-dopaminergic drugs in place 

of or in combination with L-DOPA. Drugs targeting 5-HT4 serotonin receptors may be 

ideal candidates. At the level of the SNr, GABAB is another intriguing, novel target. It 

appears to function downstream of dopamine, indicating that it could be useful even after 

L-DOPA has stopped working. A newer dopamine-based treatment being investigated by 

many groups is stem cell therapy, in which dopaminergic neurons are implanted into 

striatum in order to restore striatal dopamine levels (Bjorklund et al., 2002). However, 

my results highlight the importance of locally-released dopamine in the SNr and suggest 

potential problems in synaptic integration and basal ganglia output in diseases like 

Parkinson's where dopamine levels are altered. Although the relative importance of local 

versus terminal dopamine remains to be determined, it is almost certain that without 

restoring dopamine levels in the SNr, stem cell therapies will not be optimal. 
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The implications of the results I've presented here extend beyond Parkinson's and 

Huntington's disease. Treating the mechanisms altered when dopamine levels change can 

be useful in treating conditions like drug addiction or psychosis. Additionally, techniques 

to achieve pathway-specific manipulations, within the SNr or the striatum, have the 

potential to improve any basal ganglia disorder in which circuit imbalance is suspected. 

These are the types of issues that first sparked my curiosity for studying the brain. And 

my desire to help patients suffering from neurological diseases was the passion that 

fueled my research. I look forward to seeing where the science will lead. 
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