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ABSTRACT 

The majority of striatal neurons are GABAergic projecting medium spiny neurons 

(MSNs), of which there are two types based on their primary axonal projection pathway 

and dopamine receptor expression.  MSNs that express the dopamine D2 receptor (D2+) 

inhibit the globus pallidus to inhibit movement, while those that express the dopamine D1 

receptor (D1+) inhibit the substantia nigra to facilitate movement.  Although these 

neurons are morphologically and electrophysiologically indistinguishable, D2+ MSNs 

express greater GABAergic inhibitory tonic currents than D1+ MSNs in young mice.   

In this thesis, I identify putative GABAA receptor subunits that underlie tonic 

current in striatal MSNs.  Using whole-cell recordings in acute mouse brain slices from 

bacterial artificial chromosome transgenic mice where EGFP is driven by the Drd2 

promoter and tdTomato protein is driven by the Drd1a promoter, I show that the GABAA 

receptor β3 subunit largely regulates tonic current based on phosphorylation state and 

dopamine receptor activation.  Thus, D2+ MSNs express tonic current through a basally 

phosphorylated β3 subunit, while under proper conditions where the β3 subunit becomes 

phosphorylated, D1+ MSNs also express tonic current.  Indeed, a transgenic mouse with 

β3 subunits selectively knocked-out of D2+ MSNs failed to demonstrate the typical tonic 
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current pattern seen in wild type mice, suggesting that this subunit is particularly 

important in mediating tonic current.   

In this thesis, I also compare striatal MSNs to a subtype of striatal GABAergic 

interneurons that express Neuropeptide Y (NPY +).  These neurons have a characteristic 

cell-attached firing pattern, making them a likely source for the ambient GABA 

necessary for MSN tonic currents.  My data suggest that these interneurons receive fewer 

inhibitory inputs with different presynaptic origins than MSNs. 

My thesis work has revealed important players in striatal tonic current and such 

insight offers innumerable pharmacological targets in the treatment of Parkinson‟s 

disease, and other striatally relevant diseases, where an imbalance in the D2+ and D1+ 

MSN projection pathways causes symptomatic akinetic behaviors.   
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INTRODUCTION 

 

I. GABA Receptor Mediated Inhibition 

GABA (γ-aminobutyric acid) is the primary inhibitory neurotransmitter in the 

adult central nervous system (CNS), and is largely implicated in many developmental 

stages, as well as disease states and disorders, ranging from epilepsy to sleep 

disturbances.  GABA binds to and activates both fast-acting ionotropic GABAA and 

GABAC receptors and slower metabotropic G-protein coupled GABAB receptors.  

GABAA receptors are pentameric ligand-gated ion channels that undergo a 

conformational change upon binding two agonist molecules to allow Cl
-
 and, to a lesser 

extent, HCO3
-
 ion flow (Bormann et al, 1987; Kaila, 1994).  The inward or outward flow 

of these ions is based upon the electrochemical gradient.  In mature neurons, the 

postsynaptic membrane potential typically becomes hyperpolarized upon receptor 

activation due to the inward ionic flow, resulting in reduced neuronal activity.  GABAA 

receptors are responsible for the majority of GABAergic inhibition in the adult CNS, and 

are the GABA receptors investigated in this thesis. 

GABAC receptors are ionotropic, chloride-sensitive channels that are related to 

the GABAA receptor, but are insensitive to the GABAA receptor antagonist, bicuculline 

(Bormann, 2000).  GABAB receptors are chloride-independent receptors that mediate 

inhibition by heterotrimeric G protein activation.  These metabotropic GABAB channels 

also regulate cell excitability and are located both pre- and post-synaptically.  Pre-

synaptic GABAB receptors serve as autoreceptors and mediate a reduction in calcium 
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currents at the nerve terminal, while post-synaptic GABAB channels activate potassium 

channels that hyperpolarize the neuron (Bormann, 1988; Owens & Kriegstein, 2002). 

 

a. Phasic and Tonic Inhibitory Currents 

GABAA receptors produce two forms of inhibition based on certain biophysical 

features and cell surface location (Figure 1).  Receptors in the post-synaptic active zone 

experience a rapid increase in GABA concentration due to pre-synaptic vesicular release, 

and GABA binding causes ion channel openings.  This phasic mode of inhibition is 

defined by the short duration (< 1 ms) in which the receptors are exposed to high GABA 

concentrations (0.3 - 1 mM) due to rapid reuptake and diffusion away from the synapse 

(Nusser et al, 2001; Mozrzymas et al, 2003).  Activation of phasic receptors induces 

inhibitory postsynaptic currents (IPSCs), characterized by high amplitudes and fast decay 

kinetics.  Phasic inhibition is essential in setting the temporal window for synaptic 

integration (Farrant & Nusser, 2005), and may also generate rhythmic network activities 

(Cobb et al, 1995; Huntsman et al, 1999).   

GABAA receptors are also located outside the active zone, and play a role in the 

slower form of inhibition, tonic inhibition.  Continuous, or tonic, activation of these 

receptors likely occurs from ambient neurotransmitter (near µM levels) (Tossman et al, 

1986) present in the extracellular space that binds to the high affinity extrasynaptic and 

perisynaptic GABAA receptors.  Although tonic current is small in amplitude, the 

persistent inhibition is likely central for modulating cellular excitability (Mody, 2001).  

Tonic currents are revealed by their blockade and application of a GABA antagonist that 

reduces the amount of current required to keep the membrane potential fixed (holding  
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Figure 1.  Phasic and Tonic GABAA Receptors Mediate Inhibition. (A) Single 

vesicular release from a presynaptic terminal activates GABAA receptors in the 

postsynaptic active zone (yellow).  The blue shading indicates the spread of released 

GABA.  The current trace (below) shows a representative example of a mIPSC, with the 

charge transfer colored in green.  (B) Action-potential mediated release of multiple 

presynaptic vesicles activates both synaptic (yellow) and extrasynaptic (blue) receptors 

due to the large spread of GABA, or “spillover.”  The current trace (below) shows a 

representative example of a sIPSC with the light green showing the resultant charge 

transfer with the mIPSC charge transfer superimposed (green).  (C) Low concentrations 

of ambient GABA fail to activate synaptic receptors, but activate the high-affinity 

extrasynaptic receptors (blue) to mediate tonic inhibition.  The current trace (below) 

shows that application of the GABA receptor antagonist gabazine reduces the holding 

current and RMS noise, revealing tonic current.  The green shaded area represents the 

charge transfer via these extrasynaptic receptors.  Reprinted with permission from 

Farrant & Nusser, 2005.  See Appendix for permission rights.  
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current).  This decrease in input conductance is also accompanied by a reduction in 

current variance due to the reduced number of open GABAA channels (Brickley et al, 

1996; Wall & Usowicz, 1997; Glykys & Mody, 2007).  By increasing a cell‟s input 

conductance, tonic inhibition decreases the size and duration of excitatory postsynaptic 

potentials (EPSPs) while narrowing the temporal and spatial window in which synaptic 

integration can occur (Semyanov et al, 2004; Farrant & Nusser, 2005).   

 

b. GABAA Receptor Subunits  

There are 19 known subunits that comprise the GABAA channel: α1-6, β1-3, γ1-3, 

δ, ε, θ, π, and ρ1-3 (Macdonald & Olsen, 1994; Owens & Kriegstein, 2002; Seighart & 

Sperk, 2002).  Each GABAA receptor typically expresses two α subunits, two β subunits, 

and either a δ or γ subunit to form the pentameric channel (McKernan & Whiting, 1996; 

Tretter et al, 1997).  The subunit composition of a GABAA receptor determines the 

channel‟s subcellular location and biophysical properties.  Therefore, the extent and type 

of inhibition exhibited by a neuron relies heavily on subunit composition.   

Although no GABAA subunit appears to have an exclusive synaptic location, α1, 

α2, α3, β2, β3, and γ2 subunits are enriched at GABAergic synapses in many brain 

regions (Craig et al, 1994; Somogyi et al, 1996; Brünig et al, 2002).  Indeed, it has been 

shown that the γ2 subunit clusters receptors at the synaptic localization (Essrich et al, 

1998; Nusser et al, 1998), although α5βXγ2 receptors are usually located 

extrasynaptically (Brünig et al, 2002) and mediate tonic current (Caraiscos et al, 2004; 

Prenosil et al, 2006; Ade et al, 2008).  Receptors that incorporate the δ subunit appear to 

be exclusively present in the extrasynaptic plasma membrane in cerebellar granule cells 
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(Nusser et al, 1998) and hippocampal dentate gyrus cells (Nusser & Mody, 2002; Wei et 

al, 2003).  δ subunits prefer to form receptors with α6, α4, and β2/β3 subunits (Jones et 

al, 1997; Barnard et al, 1998) to mediate tonic inhibition in many brain regions (Nusser & 

Mody, 2002; Stell et al, 2003; Cope et al,
 
2005; Jia et al, 2005; Mangan et al, 2005; 

Drasbek & Jensen, 2006; Mtchedlishvili & Kapur, 2006;
 
Glykys et al, 2007). 

Although post-synaptic localization of the β subunit has not been well 

characterized, immunostaining in cultured hippocampal pyramidal neurons suggests that 

β1 GABAA receptor subunits are not synaptically located, while β2/β3 subunits are 

present at both synaptic and extrasynaptic locations (Mangan et al, 2005).  An additional 

study found that α4β2δ GABAA receptors mediate tonic current in dentate gyrus granule 

cells (Herd et al, 2008).  As β subunit expression may play a unique role in mediating 

both types of inhibitory currents because of its phosphorylation capability and potential 

changes in biophysical properties (McDonald et al, 1998; see Introduction, Section 

VIIb), its expression and function is of central importance in this thesis. 

GABAA receptor subunits also dictate GABA sensitivity and other biophysical 

properties of the receptor.  These properties prime the receptors with characteristics of 

phasic or tonic currents.  In recombinant GABAA receptors, α subunits dictate much of 

the GABA sensitivity; α6 subunits have the highest affinity for GABA (Ducic et al, 

1995), a property necessary for receptors in the extrasynaptic space due to low ambient 

GABA levels.  Additionally, the incorporation of the δ subunit increases GABA affinity 

in receptors heterologously expressed in fibroblast cells (Saxena & Macdonald, 1994; 

Fisher and Macdonald, 1997).  Receptor deactivation and desensitization rates are also 

dependent upon subunit composition.  α1 subunit-containing receptors have the fastest 
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deactivation rate (Bianchi et al, 2002), whereas γ2 subunit-containing receptor have more 

rapid kinetics than δ subunit-containing receptors (Haas and Macdonald, 1999), ideal for 

their role in synaptic inhibition.  Compared with γ2-containing receptors, αβδ receptors 

have slower and less extensive desensitization (Haas & Macdonald, 1999; Bianchi et al, 

2001; Bianchi et al, 2002), priming them to generate inhibitory tonic current.    

 

 

II. The Basal Ganglia. 

 The basal ganglia are a group of forebrain structures, associated with motor 

control and learning, that include the striatum, globus pallidus, substantia nigra, and 

subthalamic nucleus.  In a complex array of organization, these regions integrate 

excitatory input from the cortex and generate a net inhibitory output to the thalamus that 

largely dictates motor control and movement (Kreitzer, 2009).   

Excitatory input from the cortex and thalamus converge in the largest basal 

ganglia structure, the striatum.  These connections are topographically complex, such that 

an area of the cortex forms more connections in a particular region of the striatum 

compared to others (Voorn, 2004).  This complex patterning of corticostriatal 

connections conditions areas of the striatum for procedural learning.  The dorsomedial 

striatum receives much of its input from the association cortex, while the dorsolateral 

striatum receives most input from the sensorimotor cortex (Brown et al, 1998).  The 

ventral striatum, also known as the nucleus accumbens (NAc), receives excitatory input 

from both the frontal cortex and limbic regions (Voorn, 2004), but can be further divided 

into shell and core regions, which also differ in their input.  Because the ventral striatum 

is not the subject of this thesis, further discussion of the striatum will be referring to the 
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dorsal striatum, although concepts investigated in the dorsal striatum may also be 

relevant for ventral striatal pathways. 

Another important input structure for the striatal function, the substantia nigra 

pars compacta (SNpc), provides the striatum with dopamine.  Due to the large 

dopaminergic input, the striatum contains the highest density of dopamine receptors in 

the rodent brain (Richtand et al, 1995).  Although dopamine does not fit the classic 

definition of a neurotransmitter, it modulates striatal output from both the “direct” and 

“indirect” pathways (Gerfen et al, 1990).   

Histochemically, the striatum is often divided into two distinct compartments, the 

patch and matrix.  Each region is distinct in neuronal connectivity and biochemical 

characteristics.  The patch, also called striosome, consists of cells surrounded by the 

larger matrix of grey matter, and while it receives input from the superficial layers of 

layer V of the cortex, deeper areas of layer V and layer VI constitute the primary input to 

the matrix (Gerfen, 1992).  Patches express high levels of opiate receptors, dopamine 

receptor 1 (D1R), Substance P, and tyrosine-hydroxylase reactive fibers (Graybiel & 

Ragsdale, 1978; Gerfen, 1992).  Acetylcholinesterase-, calbindin-, and somatostatin-

positive neurons largely populate the matrix (Gerfen, 1992).   

 Striatal output is GABAergic and acts to inhibit neurons in other basal ganglia 

structures through one of two pathways.  Striatal pathways that project to the internal 

segment of the globus pallidus (GPi) and the substantia nigra pars reticulata (SNr) 

comprise the “direct” pathway, which serves to disinhibit thalamocortical projections and 

facilitate movement (Kreitzer & Malenka, 2008).  The striatal “indirect” pathway sends 
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Figure 2. Striatal Circuitry.  Cartoon depicting the striatal circuitry within the basal 

ganglia.  The striatum receives excitatory input from the cerebral cortex and thalamus 

(green arrows).  Striatal neurons are comprised of dopamine D1 receptor (D1+) and 

Substance P (SubP) expressing neurons that constitute a direct pathway (blue arrows) that 

inhibits the substantia nigra pars reticulata (SNr) and medial globus pallidus (GPm).  

Both of these areas are output nuclei of the basal ganglia.  The indirect pathway of striatal 

neurons (red arrows) consists of dopamine D2 receptor (D2+) and Enkephalin (Enk) 

expressing neurons, whose axons terminate in the globus pallidus (GP).  GP neurons 

project to the subthalamic nucleus (STN), which then projects to the output structures of 

the GPm and SNr.  Modified and reprinted with permission from Gerfen, 2006.  See 

appendix for permission rights.  
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inhibitory projections to the external segment of the globus pallidus (GPe) and 

subthalamic nucleus (STN).  The STN is not an output structure, and projects within the 

basal ganglia to the GPi and SNpr.  Therefore, this pathway inhibits thalamocortical 

projections to inhibit movement (Kreitzer & Malenka, 2008).  The balance between these 

two output pathways ensures proper movement control.  Figure 2 attempts to simplify the 

complex basal ganglia organization and circuitry. 

 

III.  Striatal Medium Spiny Neurons. 

Striatal neurons represent a heterogeneous population of neurons that either 

release acetylcholine (from Cholinergic interneurons, see Introduction, Section IVa) or 

GABA (from GABAergic interneuron and medium spiny neurons).  Medium spiny 

neurons (MSNs) represent 90-95% of the striatal population (Graveland & DiFiglia, 

1985) and nearly equal amounts of MSNs belong to the “direct” and “indirect” pathways 

(Gerfen, 2004).  MSNs of the “direct” pathway primarily express the dopamine D1 

receptor (D1+) and substance P (SubP), while MSNs of the “indirect” pathway primarily 

express the dopamine D2 receptor (D2+) and enkephalin (Enk) (Figure 2).  In the larger 

basal ganglia circuit, D1+ MSN output acts to facilitate movement, while D2+ MSN 

output inhibits movement control. 

Although the two subtypes of MSNs have distinct output pathways and deliver 

opposing messages on movement initiation and control, these neurons are 

indistinguishable in size and basic physiology.  Anatomically, all MSNs are medium 

sized (soma size ranges between 10-20 µm), and their dense dendritic tree is covered with 

small bulbular protrusions, called spines (Figure 3A).  GABA and dopamine terminals 
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Figure 3. Medium Spiny Neuron Characteristics. (A) Confocal z-stack image of 

biocytin injected MSN.  Calibration bar: 25 µm.  Inset is 1.5 times magnification of the 

boxed red region, showing densely spiny dendrites. (B) Representative trace from a 

current clamp recording of a striatal MSN with a set holding potential of -70 mV.  

Current injection steps are 10 pA. Hyperpolarized current injections show significant 

inward rectification (i).  Depolarizing current injections to threshold are characterized by 

delayed action potential firing (ii).  Further depolarizing current injections show 

repetitive action potential firing (iii).  Scale bars: 20 pA and 500 ms.  
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are both found on the spine neck, in a unique position to filter and regulate excitatory 

input, which is found on spine heads (Smith et al, 1994). MSN dendritic arborization is 

spherical, offering dense local innervation to other MSNs. 

The distal dendritic arborization of MSNs receives dense glutamatergic, 

excitatory innervation from the cortex and intralaminar thalamus, while modulatory 

dopaminergic afferents arise from the SNpc.  Glutamatergic synapses primarily act 

through excitatory AMPA and NMDA receptors, while dopamine acts through 

metabotropic G-protein coupled receptors (GPCRs).   

In addition to sending inhibitory projections out of the striatum, some MSNs also 

form axon collaterals with other MSNs at distal portions of the dendritic tree (Tunstall et 

al, 2002; Czubayko & Plenz, 2002; Taverna et al, 2004; Tepper et al, 2004), forming a 

feedback inhibitory network (see Introduction, Section V).  These connections allow 

neurons of both pathways to influence and be influenced by neurons of the same and 

opposite output pathway, adding to their complex circuitry.  MSNs also receive inhibitory 

input from neighboring GABAergic interneurons that only make connections within the 

striatum, constituting an inhibitory feedforward circuitry (see Introduction, Section V).  

The inhibitory connections between presynaptic MSNs and interneurons and among 

interneurons remain subject for debate (Partridge et al, 2009; Gittis et al, 2010; Planert et 

al, 2010), although this issue will be revisited.   

 

a. MSN Electrophysiological Characteristics 

Morphologically indistinguishable, striatal D1+ and D2+ MSNs are characterized 

by several defining properties including hyperpolarized resting membrane potential 
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(RMP), low input resistance, delayed onset firing patterns, as well as both “up” and 

“down” states.  Unique potassium channels shape many of these characteristics.  At rest, 

a striatal MSN‟s membrane potential resides around -80 mV (Yasumoto et al, 2002; Shen 

et al, 2005; Ade et al, 2008).  Because the MSN RMP resides far from the reversal 

potential for Cl
- 
(-60 mV) (Mercuri et al, 1991), much of the GABAergic input results in 

membrane depolarization (Kita, 1996; Tunstall et al, 2002; Ade et al, 2008).   This 

hyperpolarized membrane potential is principally determined by an inwardly rectifying 

potassium channel (Kir) (Bargas et al, 1988) where the current magnitude depends on the 

voltage difference between the RMP and reversal potential for potassium (Jiang & North, 

1991, Nisenbaum & Wilson, 1995).  At membrane potentials more negative than the 

chloride reversal potential, these channels are open, priming the MSN with unique inward 

rectification evoked by hyperpolarized current and low input resistance (Nisenbaum & 

Wilson, 1995) (Figure 3Bi).  Therefore, Kir channels are thought to shunt the amplitude 

of excitatory synaptic input and reduce the efficacy for temporal summation of excitatory 

currents (Nisenbaum & Wilson, 1995).  

As the MSN membrane potential becomes more depolarized due to a barrage of 

excitatory input, Kir channels close and polyamines block the pore (Ficker et al., 1994).  

At potentials near -60 mV, transient-outwardly rectifying potassium channels (IAs) open, 

and function to slow the depolarization (Bargas et al, 1988; Nisenbaum & Wilson, 1995; 

Nisenbaum et al, 1996; Shen et al, 2004).  Such Kv1.2 channels (Shen et al, 2004) have 

been shown to delay first spike latency in response to depolarized currents and slow the 

repetitive spike discharge of these cells (Nisenbaum et al, 1994), which are two 

additional MSN characteristics (Figure 3Bii, iii). 
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Lastly, while membrane “up” and “down” states are also regulated by these 

potassium channels, they are under direct influence of cortical and thalamic excitatory 

input.  At rest, the mature MSN displays a hyperpolarized membrane potential (-90 to      

-80 mV) due to the Kir channels and the lack of synchronous excitatory input.  Upon a 

barrage of synchronous excitatory input in vivo, Kir channels close, and the membrane 

potential reaches its “up” state, near -55 mV, due to outwardly rectifying potassium 

channels.  In the “up” state, MSNs are more likely to fire action potentials, and modest 

excitatory input has greater impact on MSN firing.  Therefore, closure of Kir channels 

increases MSN excitability as it allows for easier transitions into the more excitable “up” 

state.  

The advent of bacterial artificial chromosome (BAC) technology combined with 

fluorescent protein labeling has allowed identification of D1+ and D2+ MSNs in acute 

striatal slices (Gong et al, 2003; Shuen et al 2008), and has exponentially increased both 

investigation into and reliability of MSN subtype studies.  These studies showed that in 

addition to their different projection patterns, striatonigral and striatopallidal neurons 

have different electrophysiological characteristics; D2+ MSNs are significantly more 

excitable than D1+ MSNs (Ade et al, 2008; Day et al, 2008; Gertler et al, 2008).  In 

addition, D1+ and D2+ MSNs express different amounts of GABAergic tonic current.  

While young D1+ MSNs express small amounts of tonic current, young D2+ MSNs 

express a significant amount of tonic current (Ade et al, 2008; Santhakumar et al, 2010); 

this difference in tonic current is likely due to differences in GABAA receptor subunit 

expression.    
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b. GABAA Receptor Subunit Expression in Striatal MSNs. 

The GABAA receptor subunits expressed in the striatum have been thoroughly 

researched for many years with the aid of antibody staining (Liste et al, 1997; Waldvogel 

et al, 1997; Pirker et al, 2000; Rodriguez-Pallares et al, 2000; Schwarzer et al, 2001; Ade 

et al, 2008), single cell PCR (Flores-Hernandez et al, 2000), and pharmacological 

sensitivity (Ade et al, 2008; Santhakumar et al, 2010).  Although all studies do not agree 

on subunit expression, the striatum stained positive for α1-α5 subunits, all β subunits, as 

well as γ2 and δ subunits in a comprehensive GABAA receptor antibody staining study 

performed by Pirker et al. (2000).  While this study did not address which types of striatal 

neurons expressed which subunits, it has been shown that α3 and α6 subunits are not 

expressed in MSNs (Liste et al, 1997; Rodriguez-Pallares et al, 2000; Schwarzer et al, 

2001), while they do express α2 and β2/β3 subunits (Liste et al, 1997).  Although the β 

subunit antibody used in that study does not discriminate between β2 and β3 subunits, 

single-cell PCR studies suggest that β1 and β3 subunits are expressed by MSNs (Flores-

Hernandez et al, 2000), while β2 subunits appear to be solely expressed on striatal 

interneurons (Schwarzer et al, 2001).   

The GABAA receptor subunits that mediate tonic current in striatal MSNs have 

been an interest in our lab for many years.  Ade et al. (2008) showed that receptors 

containing α5 and γ2 subunits contribute to tonic current in young mice (p 16-21), while 

both α1 and δ subunits do not contribute to MSN tonic current.  The β subunit responsible 

for MSN tonic current is a central component to this thesis, and I demonstrate that the β3 

subunit largely mediates MSN GABAA tonic current in young animals (Janssen et al, 

2009). 
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IV. Striatal Interneurons 

 As indicated by their name, striatal interneurons‟ axons are restricted to the 

striatum and form connections with MSNs to modulate network activity and regulate 

inhibitory output.  Although they only represent a small portion (about 5%) of striatal 

neurons, aspiny interneurons can be categorized into cholinergic and GABAergic cells 

(Kawaguchi et al, 1995).   

 

a. The Cholinergic Interneuron 

Cholinergic interneurons are giant (20-50 µm diameter soma) aspiny 

interneurons, representing approximately 2% of all striatal neurons.  They express 

choline acetyltransferase (ChAT) (Kawaguchi et al, 1995) and release acetylcholine 

(Ach) in the striatum.  Electrophysiologically, ChAT+ cells are characterized by their 

depolarized RMP and high input resistance (Kawaguchi, 1993), as well as a membrane 

potential sag in response to hyperpolarizing current injections (Bennett & Wilson, 1998).  

Limited cortical and thalamic excitatory input (Meredith & Wouterlood, 1990; 

Lapper & Bolam, 1992) at proximal locations along the neuron (Wilson et al, 1990) is 

able to produce enough depolarization (1-5 mV) for ChAT+ interneurons to tonically fire 

action potentials, giving them the name “tonically active neurons” (TANs) (Zhou et al, 

2002).  These interneurons also receive GABAergic inputs originating from MSN axon 

collaterals (Bolam et al, 1986; Martone et al, 1992; DeBoer & Westerink, 1994; Bennett 

& Wilson, 1998) that may influence cell excitability.   

Dopamine is also thought to modulate ChAT+ neuronal output due to their 

expression of both dopamine D1- and D2- like receptors.  Activation of D1-like receptors 
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increases Ach release through depolarization (Aosaki et al, 1998; Damsma et al, 1990; 

Consolo et al, 1992), while D2 activation inhibits Ach release (Lehmann & Langer, 1983; 

Stoof et al, 1992; Maurice et al, 2004).   

Their dendritic arborization offers dense, local innervation, primarily onto MSN 

distal dendrites (Bolam et al, 1984; Phelps et al, 1985; Zhou et al, 2002), overlapping 

with dopamine terminal fields (Bolam et al, 2000).  In addition to synaptic transmission, 

these interneurons are also thought to release Ach via volume transmission, which has 

been shown to depolarize GABAergic fast-spiking interneurons (Chang & Kita 1992; 

Koós & Tepper, 2002; Zhou et al, 2002).   

ACh, the output transmitter of ChAT+ interneurons, is thought to alter MSN 

activity primarily by acting on M1 and M4 muscarinic receptors located on both types of 

MSNs (Hersch et al, 1994, Yan et al, 2001).  Activation of these receptors will modulate 

voltage-gated ion channels and alter MSN excitability.  ACh may reduce striatal 

glutamatergic transmission at corticostriatal synapses through presynaptic muscarinic 

receptors (Hernández-Echeagaray et al, 1998; Malenka & Kocsis, 1988; Sugita et al, 

1991; Calabresi et al, 2000; Pakhotin & Bracci, 2007) and attenuate GABAergic 

inhibition of MSNs through postsynaptic nicotinic receptors on GABAergic interneurons 

(Koos & Tepper, 2002; Perez-Rosello et al, 2005). 

 

b. The GABAergic Calretinin-Positive Interneuron 

The least well described type of striatal GABAergic interneuron expresses 

calretinin (CR), a calcium binding protein, and GAD67, an enzyme used in GABA 

synthesis (Kubota et al, 1993).  However, no other biochemical marker is expressed to 
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allow differentiation of these neurons, and they have not been described 

electrophysiologically.  Immunostaining has revealed that CR+ interneurons are medium 

sized, and contain few aspiny, infrequently branched, dendrites (Bennett & Bolam, 1993).  

In the rodent, these cells account for less than 1% of striatal neurons (Tepper & Bolam, 

2004), but are the most abundantly expressed interneuron in the human striatum 

(Cicchetti et al, 1998).  Human striatal immunochemistry shows that CR is also expressed 

in a subset of large, cholinergic interneurons (Cicchetti et al, 1998) further compounding 

the role of CR+ interneurons in striatal physiology. 

 

c. The GABAergic Fast-Spiking Interneuron.  

A second type of aspiny striatal GABAergic interneuron, which expresses the 

calcium binding protein parvalbumin (PV) (Gerfen et al, 1985), has been characterized 

biochemically and electrophysiologically.  In addition to expressing PV, these neurons 

also express GAD67 and the Kv3.1 potassium channel (Chesselet & Robbins, 1989; Lenz 

et al, 1994).   

These neurons are also called fast-spiking (FS) interneurons, based on their firing 

patterns evoked by depolarization.  Just above threshold, FS interneurons fire several  

spikes in bursts, followed by a quiescent period (Kawaguchi, 1993; Koós & Tepper, 

1999; Kubota & Kawaguchi, 2000), a pattern also known as “stuttering” (Figure 4A).   

With stronger depolarization, these interneurons fire repetitively with frequencies around 

200 Hz (Koós & Tepper, 1999; Plotkin et al, 2005; Taverna et al, 2007) with large-

amplitude afterhyperpolarizations and abrupt peaking (Koós & Tepper, 1999). These 

neurons are also characterized by their low input resistance and RMPs that are more 
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Figure 4. Fast Spiking Interneuron Characteristics.  (A) Representative trace from a 

current clamp recording of a striatal FS/PV+ interneuron with a set holding potential of -

60 mV.  Current injection steps are 10 pA. Upon depolarizing current injections at 

threshold, FSI fire action potentials in bursts followed by a short quiescent period. Scale 

bars are 20 pA and 500 ms. (B) Biocytin injected FS/PV+ interneuron from rat.  

Calibration bar: 25 µm.  Panel B reprinted with permission from Planert et al, 2010.  

See appendix for permission rights.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

A B

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

negative than other striatal interneurons (approximately -75 mV) (Kawaguchi, 1993; 

Kubota & Kawaguchi, 2000; Taverna et al, 2007).  Because these interneurons are 

identified by both biochemical and physiological characteristics, they will be called 

FS/PV+ interneurons for the entirety of this thesis. 

Morphologically, these cells‟ somata are slightly larger than MSNs, averaging 17 

μm in diameter (Kita et al, 1990; Kawaguchi et al, 1995).  Their aspiny dendrites form a 

restricted, yet compact and elaborate, arborization (Cowan et al, 1990; Kawaguchi, 1993) 

(Figure 4B).  Electron microscopy studies have shown that FS/PV+ cells form synaptic 

connections on the soma and proximal dendrites of MSNs (Kita et al, 1990; Kubota & 

Kawaguchi, 2000) and other FS/PV+ interneurons (Kita et al, 1990; Chang & Kita, 

1992).  These findings have been confirmed electrophysiologically, indicating that 

FS/PV+ interneurons synaptically innervate MSNs (Taverna et al, 2007; Gittis et al, 

2010) and other FS/PV+ interneurons (Gittis et al, 2010).  In addition to the classical 

chemical synapse, FS/PV+ interneurons have also been shown to form gap junctions, or 

electrical synapses, with other FS/PV+ interneurons (Kawaguchi et al, 1995; Gibson et al, 

1999; Koos & Tepper 1999; Hjorth et al, 2009; Galarreta & Hestrin 2001), suggesting 

that they integrate excitatory input on a much larger scale than the single cell.    

FS/PV+ cells receive cortical excitatory input onto their soma and proximal 

dendrites (Plotkin et al, 2005), while cortical-MSN asymmetric synapses are formed on 

distal dendritic spines (Bennett & Bolam, 1994).  In addition, these interneurons receive 

multiple contacts from a single corticostriatal axon within a short distance (Ramanathan 

et al, 2002; Plotkin et al, 2005), priming the FS/PV+ interneuron with more powerful 

excitatory input than the MSN.  Paired recordings with a presynaptic MSN and a 
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postsynaptic FS/PV+ cell have not found MSN-FS/PV+ connections (Koós & Tepper 

1999; Taverna et al, 2007), suggesting that inhibitory input on the FS/PV+ cells originate 

from other striatal interneurons.  Inhibitory pallidal axons may provide inhibitory input to 

striatal interneurons (Bevan et al, 1998; Bolam et al, 2000).  A subpopulation of neurons 

originating in the globus pallidus project to the striatum and were anatomically shown to 

form synaptic contacts with PV+ interneurons (Bevan et al, 1998), although these results 

have not been electrophysiologically verified.    

Dopamine D5 (D1-like) and D2 receptors are also expressed on FS/PV+ 

interneurons.  Dopamine mediates the depolarization of FS/PV+ cells via postsynaptic 

D5 receptors, while presynaptic D2 receptors are known to decrease inhibitory synaptic 

input onto these cells (Bracci et al, 2002).  As described previously, FS/PV+ interneurons 

also receive cholinergic input that depolarizes the postsynaptic cell through non-

desensitizing nicotinic receptors (Chang and Kita, 1992; Koós & Tepper, 2002). 

 

d. The GABAergic Low-Threshold Spiking Interneuron.  

The third type of striatal GABAergic interneuron co-expresses neuropeptide Y 

(NPY), somatostatin (SS), nitric oxide synthase (NOS), and NADPH diaphorase 

(Figueredo-Cardenas et al, 1996), and represents approximately 1-2% of striatal neurons 

(Kawaguchi et al, 1995).  These aspiny interneurons were first electrophysiologically 

characterized by Dr. Kawaguchi, and based on their firing pattern are called persistent 

low thresholding spiking (PLTS) neurons due to their persistent depolarizing spikes in 

response to depolarizing current injection (Kawaguchi, 1993).  Further studies revealed 

another type of striatal interneuron, similar to the PLTS, but that lacks the persistent 
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depolarization (Koós & Tepper, 1999).  These cells were named low-threshold spiking 

(LTS) cells.  Electrophysiological characteristics between the PLTS and LTS cells are 

similar, with a relatively depolarized RMP compared to FS/PV+ interneurons and MSNs, 

large input resistance, and action potential firing to small depolarizing current injections 

(Kawaguchi, 1993; Koós & Tepper, 1999; Kubota & Kawaguchi, 2000).  These cells are 

also prone to firing “rebound spikes” after cessation of hyperpolarizing current pulses 

(Kawaguchi, 1993) and a time dependent Ih voltage sag during hyperpolarization 

(Kawaguchi, 1993; Koós & Tepper, 1999; Tepper et al, 2008) (Figure 5A).  Because 

these interneurons are identified by both biochemical and physiological characteristics, 

they will be called LTS/NPY+ interneurons for the entirety of this thesis, although these 

cells co-express other peptides and have other physiological characteristics. 

 Morphologically, LTS/NPY+ interneurons‟ soma is somewhat larger than that of 

a MSN (approximately 18 µM in diameter) (Kawaguchi, 1993; Kubota & Kawaguchi,  

2000).  Their aspiny dendrites radiate longitudinally with infrequent branching 

(Kawaguchi, 1993) (Figure 5B).  These cells target the dendrites of spiny neurons, with 

smaller synaptic junctional areas (a morphological measure of postsynaptic receptor 

number) than FS/PV+ cells (Kubota & Kawaguchi, 2000).   

These LTS/NPY+ striatal interneurons receive their excitatory drive from the 

cortex (Vuillet et al, 1989), but the origin of their inhibitory drive remains poorly 

understood.  Like FS/PV+ interneurons, LTS/NPY+ cells may also receive inhibitory 

inputs from the globus pallidus (Bevan et al, 1998), although it has not yet been shown 

electrophysiologically.  In addition, LTS/NPY+ cells may be electrically coupled like 

striatal FS/PV+ interneurons (Kawaguchi, 1995; Koós & Tepper, 1999; Galarreta & 
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Figure 5. Characteristics of Low Threshold Spiking Interneurons. (A) Representative 

trace from a current clamp recording of a striatal LTS/NPY+ cell with a set holding 

potential of -60 mV.  Current injection steps are 10 pA. Small depolarizing current 

injections are sufficient for LTS/NPY+ interneuron action potential firing (i). At 

cessation of hyperpolarizing current injection steps, LTS/NPY+ cells often have rebound 

firing (ii). Upon hyperpolarizing current injections, LTS/NPY+ cells display a voltage 

sag (iii). Scale bars are 40 pA and 1 s.  (B) Z-stack image of biocytin injected NPY-

expressing, LTS interneuron with long apical dendrites.  Calibration bar: 50 µm.  
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Hestrin, 2001) and neocortical LTS neurons (Gibson et al, 1999), providing an added 

layer of complexity to their physiology. 

Paired recordings have shown that these striatal interneurons may participate in 

feedforward inhibition with MSNs (Koós & Tepper, 1999), although other studies have 

been unable to find traditional synaptic connections between these two types of cells, or 

any other striatal neuron (Gittis et al, 2010).  These conflicting results will need to be 

fleshed out to more fully understand the role of LTS/NPY+ cells in striatal physiology.   

Dopamine D1Rs are also expressed on LTS/NPY+ interneurons (Rivera et al, 

2002), and activation of these receptors has been shown to increase action potential firing 

through a membrane depolarization (Centonze et al, 2002).  

Upon stimulation, these cells are thought to also co-release nitric oxide (NO), SS, 

and NPY, and therefore can regulate brain physiology aside from inhibitory 

neurotransmission (Kawaguchi et al, 1995; Fu & van den Pol, 2007).  NO is known to 

promote vasodilation, and therefore, LTS/NPY+ cells are likely to control striatal blood 

flow (Kelly et al, 1994).  In addition, NO may act on ion channels and modulate the 

release of striatal neurotransmitters (Manzoni et al, 1992; Kawaguchi et al, 1995).  A 

recent study showed that neocortical interneurons with similar biochemical and 

electrophysiological characteristics are inhibited by both NPY and SS application, 

suggesting an intrinsic control in LTS/NPY+ excitability (Fu & van den Pol, 2007).   
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V. Feedforward and Feedback Inhibition. 

 Both GABAergic interneurons and MSNs provide striatal MSNs with local 

synaptic GABAergic input.  The feedforward circuit of striatal inhibition consists of 

GABAergic interneurons which synaptically inhibit both D1+ and D2+ MSNs, while the 

feedback circuit with MSN lateral connections provides substantially less GABAergic 

input to MSNs (Planert et al, 2010).   

Anatomical studies show that both FS/PV+ and LTS/NPY+ interneurons form 

symmetric synapses with spiny cells (Koós & Tepper, 1999).  The synaptic connections 

between FS/PV+ cells and MSNs are more widely studied than those connections 

between LTS/NPY+ cells and MSNs, and therefore much of the current knowledge 

regarding feedforward inhibition relies on the FS/PV+ type of interneuron.  Extensive 

research with immunostaining, single cell filling, and paired recordings has shown that 

the predominant target of FS/PV+ cells is the soma and proximal dendrites of MSNs 

(Kita et al, 1990; Bennett & Bolam, 1994; Koós & Tepper, 1999; Kubota & Kawaguchi, 

2000; Taverna et al, 2007).  Paired recordings have shown high connection rates between 

these cell types and that single evoked spikes in FS/PV+ cells can evoke large IPSCs in 

connected MSNs, decreasing the transitory MSN firing rate (Koós & Tepper, 1999; Koós 

et al, 2004; Gustafson, et al 2006; Gittis et al, 2010).  Two recent studies independently 

investigated FS/PV+ interneuron input onto both types of MSNs, and found that these 

interneuron target both D1+ and D2+ MSNs (Gittis et al, 2010; Planert et al, 2010). 

Because spiny cells receive inhibitory inputs from as many as 27 FS/PV+ interneurons 

and one FS/PV+ cell may be connected to 130 MSNs (Koós & Tepper, 1999), 
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feedforward inhibition is both powerful and widespread, regulating striatal output of both 

pathways. 

When LTS/NPY+ cells‟ connections onto MSNs were studied, presynaptic spikes 

evoked IPSCs with a high failure rate in the postsynaptic MSN, suggesting few 

connections between these cell types (Koos & Tepper, 1999; Gittis et al, 2010).  Further 

insight between LTS/NPY+ and MSN connections will be offered below (see Discussion, 

Section X).   

GABAergic inhibition onto MSNs through MSN axon collaterals, also known as 

feedback inhibition, was once widely thought to provide the majority of inhibition onto 

MSNs because the major contact of MSN collaterals is other MSNs (Wilson & Groves, 

1980; Somogyi et al, 1982; Bolam et al, 1983).  These axons form synapses with MSN 

distal dendrites (Wilson & Groves, 1980), a poor location for extensive control, and it is 

currently thought that feedback inhibition does not provide the majority of GABAergic 

inhibition in spiny cells.  In recent years, paired recordings between MSNs show synaptic 

connections, albeit small and with a high failure rate (Czubayko & Plenz, 2002; Tunstall 

et al, 2002; Koós et al, 2004; Taverna et al,  2004; Venance et al, 2004; Gustafson et al, 

2006; Planert et al, 2010).   These studies also found that MSN-MSN synaptic 

connections were unidirectional (Tepper et al, 2008).  A brief hyperpolarization in a 

presynaptic MSN has been shown to delay action potential firing in a postsynaptic MSN 

(Koós & Tepper, 1999), and therefore feedback inhibition may function to help 

synchronize neuronal population activity (Plenz, 2003) or provide strong effects on local 

dendritic processing. 



31 

 

 Immunostaining with SubP and Enk initially showed that D1+ and D2+ MSNs 

formed connections with each other (Bolam et al, 1983; Yung et al, 1996), but more 

comprehensive studies have shown that D1+ MSNs primarily form synapses with other 

D1+ MSNs, whereas D2+ MSNs form unidirectional connections with both types of 

MSNs (Taverna et al, 2008; Planert et al, 2010).  Taverna et al. (2008) also showed that 

synapses with presynaptic D2+ MSNs are stronger due to the number of postsynaptic 

receptors that these synapses target, suggesting that the connectivity between MSNs is 

highly ordered and systematic in controlling output.   

 The presence of gap junctions among MSNs is controversial as some groups have 

seen evidence for such coupling (Czubayko & Plenz 2002; Venance, 2004), while others 

have not (Taverna et al, 2008; Koós et al, 2004; Taverna et al, 2004; Tecuapetla et al, 

2007).  Although the age of mice may influence the presence or absence of electronic 

coupling, the role of gap junctions among striatal MSNs remains unknown.  Therefore, 

although the majority of GABAergic contacts onto MSNs are made from axon 

collaterals, the primary source of GABA input comes from local GABAergic 

interneurons. 

 

 

VI.  Modulation of Striatal MSNs  

a. Dopamine 

Dopamine‟s importance in proper striatal function is sufficiently illustrated by the 

detrimental effects of Parkinson‟s disease (PD), where the degeneration of dopaminergic 

cells in the SNpc results in dopamine loss in the striatum.  Because dopamine receptors 
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are GPCRs, receptor activation leads to numerous downstream effects through various 

second messenger systems (see Introduction, Section VIIbi).  Early studies investigated 

dopamine‟s regulation of MSN excitability, showing that D1 receptor (D1R) activation 

decreases spike activity in response to current injections (Uchimura et al, 1986; Akaike et 

al, 1987; Calabresi et al, 1987), while D2 receptor (D2R) activation enhances (Uchimura 

et al, 1986; Akaike et al, 1987) or suppresses MSN firing (Hooper et al, 1997).  Although 

dopamine receptor agonists may not significantly alter D1+ or D2+ striatal MSN RMP, 

(cf. Uchimura et al, 1986 and Calabresi et al, 1987; Onn et al, 2003), many studies have 

investigated dopamine‟s influence on individual ionic currents, which may ultimately 

affect cell excitability (reviewed in Nicola et al, 2000).   

D1R agonists have been shown to decrease peak Na
+
 currents (Zhang et al, 1998; 

Surmeier et al, 1992; Schiffmann et al, 1995) and increase rectifying Kir2 currents 

(Pacheco-Cano et al, 1996), which set the RMP of striatal MSNs (Mermelstein et al, 

1998).  D1R activation has also been shown to increase L-type Ca
2+

 currents (Surmeier et 

al, 1995; Song & Surmeier, 1996; Hernández-López et al, 1997; Nicola et al, 2000), 

while decreasing P/Q/N- type Ca
2+

 currents (Surmeier et al, 1995; Salgado et al, 2005).  

These modulations underlie D1R activation‟s ability to promote the “down” state of MSN 

RMP, reducing cell excitability.  However, at subthreshold membrane potentials, the 

increased L-type Ca
2+

 currents may promote D1+ MSN excitability. 

D2R mediated changes to MSN ionic conductances are less clear, as the predicted 

effects (opposite to those of D1Rs) are not often seen.  For example, Na
+
 channels can be 

enhanced or suppressed by D2R agonists (Surmeier et al, 1992; Perez et al, 2006).  It has 

also been shown that D2R agonists suppress L-type Ca
2+

 channel currents (Olson et al, 
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2005; Salgado et al, 2005), decreasing D2+ MSN excitability (Hernández-López et al, 

2000), further compounding original theories of D2R function in striatal MSN 

physiology.  A recent computational study included these alterations to ion channels, and 

the resultant model suggested that dopamine
 
decreases the excitability of D2+ MSNs, 

while increasing D1+ MSN excitability (Moyer et al, 2007). 

Dopamine‟s effect on inhibitory neurotransmission is not completely understood. 

In general, D1R agonists increase GABAergic transmission (Harsing & Zigmond 1997; 

Radniknow & Misgeld, 1998; Arias-Montaño et al, 2007; Tecuapetla et al, 2007), while 

D2R agonists decrease inhibitory current (Delgado et al, 2000; Cooper & Stanford, 2001; 

Momiyama & Koga, 2001; Centonze et al, 2002; Guzmán et al, 2003; Tecuapetla et al, 

2007) onto both D1+ and D2+ MSNs via a presynaptic mechanism (Tecuapetla et al, 

2009).  However, one study found that dopamine does not alter inhibitory currents in the 

dorsal striatum (Nicola & Malenka, 1998), suggesting that general statements about 

dopamine‟s influence over GABA currents are too simplistic.  Indeed, dopamine may 

modulate both pre- and post-synaptic receptors, adding to the confusion over their effects 

on GABAergic currents.   

Further evidence of dopamine‟s role in the striatum comes from animal models of 

dopamine depletion.  MSN excitability is enhanced when animals are subjected to 

dopamine depletion (Fino et al, 2007; Azdad et al, 2009); this modulation was attributed 

to a decrease in inactivating potassium currents, which play an important role in MSN 

repetitive spiking characteristics (Azdad et al, 2009).  However, these studies did not 

differentiate between D1+ and D2+ neurons, which are likely to respond differently to 

dopamine depletion.  Other studies have shown specifically that D2+ MSN excitability is 
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increased by dopamine depletion (Day et al, 2006; Day et al, 2008; Mallet et al, 2006; 

Shen et al, 2007).  In addition, dopamine depletion has been shown to markedly increase 

glutamatergic input onto MSNs (Calabresi et al, 1993), while the inhibitory connections 

between MSNs decreases (Taverna et al, 2008), suggesting further implications in 

dopamine modulation in striatal MSN connectivity.  

 

b. Adenosine 

Adenosine is produced locally in the striatum, and therefore is an intrinsic 

signal/modulator for striatal function.  With increased workload and cellular firing, 

intracellular ATP becomes dephosphorylated, causing adenosine levels to rise.  

Membrane transporters move the intracellular adenosine into the extracellular space 

where adenosine is able to modulate striatal function (Mori & Shindou, 2003; Schiffmann 

et al, 2007) by activating A1 and A2A receptors.  Additionally, neuronal firing activates 

vesicular release of ATP (Cunha, 2001), and offers another mechanism to increase 

adenosine levels at the synapse.  A1 receptors are found throughout the brain, while A2A 

receptors are found primarily in the striatum, nucleus accumbens, and the olfactory 

tubercle (Jarvis et al, 1989).  Striatal A1 receptors are known to colocalize with D1Rs in 

striatonigral MSNs, while A2A receptors colocalize with D2Rs in striatopallidal MSNs 

(Fink et al, 1992; Schiffmann & Vanderhaeghen, 1993; Augood et al, 1994; 

Svenningsson et al, 1997).  In these unique locations, adenosine and dopamine receptors 

have antagonistic functions because A1 receptors are inhibitory (D1Rs are faciliatory) 

and decrease presynaptic release, while A2A receptors have faciliatory actions (D2Rs are 

inhibitory) (Ferré et al, 1991; Ferré et al, 1997).   
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In addition, both A1 and D1 receptors and A2A and D2 receptors are thought to 

form heteromeric complexes (Ginés et al, 2000; Hillion et al, 2002; Canals et al, 2003; 

Ciruela et al, 2004), and intermembrane interactions may further antagonize receptor 

signaling.  Studies have shown that stimulation of A1 receptors decreases dopamine‟s 

binding affinity to D1Rs (Ferré et al, 1998; Ginés et al, 2000).  Similarly, A2A 

stimulation decreases dopamine‟s binding to the D2R (Ferré et al, 1991).   

Although the majority of A2A receptors are located post-synaptically (Rosin et al, 

2003), adenosine modulates both excitatory and inhibitory transmission in the striatum.  

Intrastriatal stimulation in the presence of A2A agonists decreases evoked IPSCs in D2+ 

neurons (Mori et al, 1996), whereas agonists enhance GABA release in the GP through 

pre-synaptic mechanisms in striatopallidal terminals (Floran et al, 2005).  Stimulation of 

presynaptic A2A receptors at glutamate terminals has been shown to increase glutamate 

release (Popoli et al, 1995; Rosin et al, 2003), whereas postsynaptic receptors reduce the 

amplitude of excitatory currents in D2+ MSNs (Nörenberg et al, 1997).   

In periods of high activity, adenosine provides additional fine-tuning in striatal 

function by increasing the efficiency of excitatory transmission in striatopallidal neurons.  

However, when considering striatal modulating transmitters, it is crucial to not only 

evaluate dopamine and adenosine, but the effects of their antagonistic, and complex, 

signaling.     

For the studies presented in this thesis, adenosine receptor activation is not 

considered although previous work in our lab has shown that A2A receptors are active in 

our striatal slice preparation (Ade, unpublished observations), and other studies have 

shown effects with A1 receptor antagonists (Choi & Lovinger, 1995). 
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VII. Post-translational Modifications of MSN GABAergic Currents. 

 Post-translational modifications can alter receptor number and spatial orientation, 

as well as receptor biophysical properties.  These modifications are essential to inhibitory 

network efficiency, and are a critical component in understanding the basic physiology of 

GABAA receptors.  Although many of the experiments referenced here were not 

conducted in the striatum, these concepts may be generalized to the striatum, where 

similar events are likely to occur. 

 

a. Receptor Assembly and Membrane Insertion 

Receptor assembly begins in the endoplasmic reticulum where individual subunits 

interact to form heteromeric channels that typically contain 2α-, 2β-, and 1γ-subunits 

(Moss & Smart, 2001; Lüscher & Keller, 2004).  Subsequent expression in the plasma 

membrane relies on the interplay of several key anchoring and receptor targeting 

proteins.  The protein Plic-1 has been shown to enhance membrane insertion by 

increasing the half-life of intracellular pools of GABAA receptors and inhibiting receptor 

degradation (Bedford et al, 2001; Saliba et al, 2008).  Blocking the interactions between 

Plic-1 and GABAA receptors has been shown to decrease GABAA receptor mediated 

currents (Bedford et al, 2001), presumably through a decrease in receptor insertion into 

the plasma membrane.   

Surface transport and synapse targeting is another area in which the GABAA 

receptor is under tight regulation by proteins such as the GABAA receptor-associated 

protein (GABARAP).  This protein binds specifically in the intracellular domain of γ 

GABAA receptor subunits (Nymann-Anderson et al, 2002) and has been shown to play an 
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important role in membrane trafficking as well as anchoring a receptor to the 

cytoskeleton (Kittler & Moss, 2003).   

Once receptors arrive at the synapse, additional proteins provide receptor stability 

within the plasma membrane.  The majority of inhibitory synaptic targeting is thought to 

depend on potential interactions between the γ2 receptor subunit and the gephyrin protein 

(Kneussel & Betz, 2000; Jacob et al, 2005), as deletion of subunit or protein disrupts the 

number of receptors that reach the cell surface (Essrich et al, 1998; Kneussel et al, 1999).  

Therefore, intracellular and cell-membrane mediated GABAA receptor stability is 

dependent upon various proteins that help to maintain the efficiency of fast synaptic 

inhibition.   

It has been suggested that receptor insertion primarily occurs at extrasynaptic sites 

(Lüscher & Keller, 2004; Bogdanov et al, 2006), and GABAA receptors may utilize 

lateral mobility to increase synaptic receptor numbers in the post-synaptic zone 

(Bogdanov et al, 2006; Bannai et al, 2009).  Indeed, unique receptor binding studies 

showed that when synaptic receptors were blocked, extrasynaptic receptors diffused 

through the plasma membrane to become functional „synaptic‟ receptors (Thomas et al, 

2005).  The investigators also found that this lateral mobility only takes approximately 

two minutes for extrasynaptic receptors to move into synaptic locations (Thomas et al, 

2005), suggesting that receptor diffusion may provide a means for receptor number 

consistency and maintaining homeostasis. 
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b. Phosphorylation 

Kinases are a group of proteins that catalyze the phosphorylation of many 

proteins.  This constitutively active intracellular process involves the transfer of ATP‟s 

highly charged phosphate group to the hydroxyl group on a serine or threonine residue.  

Hydrolysis of the phosphate group is aided by a phosphatase.  The protein‟s charge is 

altered after phosphorylation, often resulting in a conformational change and changes in 

protein activity.  Biochemical studies have shown that various protein kinases target ion 

channels, and therefore a great number of studies have been devoted to determining the 

effects and implications to GABAA receptor phosphorylation.   

Biochemical studies have shown that GABAA receptor subunits can be 

phosphorylated by 3'-5'-cyclic adenosine monophosphate (cAMP) dependent kinase 

(PKA) (Heuschneider & Schwartz, 1989), Ca
2+

/phospholipid-dependent protein kinase 

(PKC) (Sigel & Baur, 1988), type II Ca2+/calmodulin-dependent protein kinase (Machu 

et al, 1993), and protein tyrosine kinase (Moss et al, 1995).  This thesis will only focus on 

PKA and PKC actions because most of the phosphorylation studies on striatal GABAA 

receptors have shown effects with these two kinases.   

PKA becomes activated when cAMP binds to the inactive form of the kinase 

which frees the catalytic subunit from the regulatory domains.  PKC, on the other hand, is 

activated when Ca
2+

 binds to the kinase‟s regulatory domain, separating it from the 

catalytic domain.  Protein phosphatase 1 (PP-1) and calcineurin are phosphatases that 

have been shown to inhibit both PKA and PKC activity in vitro (Surmeier et al, 1995; 

Yan & Surmeier, 1997; Flores-Hernandez et al, 2000; Foster et al, 2003; Hourez et al, 

2005), providing additional regulation to the phosphorylation cascade.  PP-1 also controls 

http://en.wikipedia.org/wiki/Adenosine_monophosphate
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the phosphorylation state of many other phosphoproteins including receptors, ion 

channels, and transcription factors. 

PKA phosphorylates serine residues (S) in β1 (S
409

) and β3 (S
408/9

) GABAA 

receptor subunits, while the β2 subunit is not phosphorylated by this kinase (McDonald et 

al, 1998).  PKC targets all GABAA receptor β subunits on a conserved serine residue 

(S
409

 in β1 and β3 subunits and S
410

 in β2 subunits) in the intracellular domain 

(McDonald et al, 1998).  This latter kinase has also been shown to phosphorylate γ2 

GABAA receptor subunits on S
327

 (Moss et al, 1992a). 

The mechanisms behind PKA phosphorylation appear to rely on key signaling 

scaffold molecules because PKA itself is unable to directly bind to the GABAA receptor  

subunits (Brandon et al, 2003).  AKAP79/150, a neuronal A-kinase anchoring protein, 

has been shown to bind to PKA as well as both β1 and β3 subunits, effectively targeting 

PKA to these GABAA receptor subunits (Brandon et al, 2003).  Similar studies have 

shown that PKC is able to bind directly and, with the help of the receptor for activated C 

kinase (RACK-1), to target β residues (Brandon et al, 1999).  Because RACK-1 is not 

necessary for PKC to bind to these subunits, it may increase affinity between kinase and 

subunit (Brandon et al, 1999). 

GABAA receptor function is altered by PKA phosphorylation, although its effects 

on GABAA receptors appears diverse, since some studies show an enhancement in 

GABAergic whole-cell currents (Kano & Konnerth 1992; Feigenspan & Bormann, 1994; 

Veruki & Yeh, 1994; Kapur & Macdonald, 1996; Nusser et al, 1999), while others show 

inhibition (Porter et al, 1990; Moss et al, 1992b; Robello et al, 1993; Brünig et al, 1999).  

These discrepancies are likely due to the varying brain regions investigated since GABAA 



40 

 

receptor β subunit expression differs throughout the brain.  Indeed, PKA‟s effects on β1 

and β3 GABAA receptor subunits are quite different.  PKA increases whole-cell GABAA 

currents in cells expressing the β3 subunit (McDonald et al, 1998; Nusser et al, 1999), 

while phosphorylation of the β1 subunit decreases whole-cell GABAA currents (Moss et 

al, 1992b; Flores-Hernandez et al, 2000).  Mutation of S
408

 to an uncharged alanine 

residue on the β3 subunit showed effects of phosphorylation similar to those seen with 

the β1 subunit, suggesting that distinct phosphorylated serine residues underlie the 

functional differences in β subunit phosphorylation (McDonald et al, 1998).  It has also 

been found that β3 subunits exhibit basal phosphorylation by PKA (McDonald et al, 

1998; Poisbeau et al, 1999; Brandon et al 2003), which may also be due to the additional 

phosphorylation site on the β3 subunit. 

PKC‟s effects on GABAA receptors‟ functional activity are also confounded as 

PKC has been shown to enhance (Poisbeau et al, 1999; Choi et al, 2008) and inhibit 

GABAA receptors (Brandon et al, 2000; Brussaard et al, 2000; Filappova et al, 2000; 

Herring et al, 2005).   

Although GABAA receptor phosphorylation may affect cell surface expression, 

and changes in receptor levels may modulate inhibitory conductance (see Introduction, 

Section VIIc), short-term effects of phosphorylation have also been noted.  PKA 

phosphorylation of GABAergic currents has been shown to decrease mIPSC amplitude in 

cortical granule cells (Poisbeau et al, 1999) and cerebellar Purkinje cells (Kano & 

Konnerth, 1992), but increase it in olfactory granule neurons (Nusser et al, 1999); these 

differences are likely due to β subunit expression. On the other hand, many studies have 

shown that PKC phosphorylation increases mIPSC amplitude (Poisbeau et al, 1999; 
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Jovanovic et al, 2004; Terunuma et al, 2008) and tonic current (Choi et al, 2008) in 

cortex and hippocampus.   

Many studies suggest that phosphorylation may alter GABAergic currents 

through receptor desensitization, changes in single-channel open probability, and ligand-

receptor interactions.  Experiments in rat hippocampal neurons showed that 

phosphorylation induces a significant conformational change that directly affects and 

destabilizes ligand affinity for the receptor (Jones &Westbrook, 1997).  Further, a study 

investigating both β1- and β3- containing receptors expressed in HEK 293 cells showed 

that PKA phosphorylation regulates desensitization and deactivation parameters by 

increasing the fast phases of desensitization and prolonging deactivation (Hinkle & 

Macdonald, 2003).  A recent study found that PKA phosphorylation increased current 

through α4β3δ receptors by increasing their single channel mean open frequency (Tang et 

al, 2010), although a previous study by Angelotti et al. (1993) failed to discern changes in 

open and close times, bursting parameters, and conductance due to PKA phosphorylation.   

 

i. Dopamine’s influence on phosphorylation. 

Dopamine receptors are GPCRs whose second messenger system provides 

another layer of regulation to PKA phosphorylation.  D1Rs are coupled to the Gs protein, 

which promotes adenylyl cyclase (AC) and further activates cAMP and PKA 

phosphorylation (Stoof & Kebabian, 1981; Walaas & Greengard, 1991; Stoof &  

Kebabian, 1984).  On the other hand, D2Rs are inhibitory as they activate the Gi/o protein 

that blocks cAMP accumulation, preventing protein phosphorylation (Stoof & Kebabian, 

1981).  Additionally, all striatal MSNs express the dopamine- and cAMP- regulated- 
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Figure 6. PKA Phosphorylation Cascade is Regulated by Dopamine. D1R stimulation 

(left) promotes AC activation and allows cAMP to accumulate and activate PKA.  PKA 

phosphorylates target proteins such as β subunits of the GABAA receptor that affect the 

amount of current passing through receptors.  PKA also phosphorylates DARPP-32 at 

T
34

, which blocks PP-1 activity.  PP-1 dephosphorylates target proteins.  PKA also 

activates PP-2A which dephosphorylates T
75

 on DARPP-32.  The phosphorylated T
75

 

protein further blocks PKA activity.  Cdk-5 is the kinase responsible for phosphorylating 

T
75

 of DARPP-32.  D2R activation (right) inhibits AC activity and further blocks PKA 

phosphorylation by activating PP-2B, a phosphatase that dephosphorylates DARPP-32 at 

T
34

.  Abbreviations: AC, adenylyl cyclase; cAMP, 3'-5'-cyclic adenosine monophosphate; 

PKA, protein kinase A; DARPP-32, dopamine- and cAMP- regulated-phosphoprotein of 

32 kD; PP-2A, protein phosphatase 2A  ; T, threonine residue; PP-1, protein phosphatase 

1; Cdk-5, cyclin-dependent kinase 5; PP-2B, protein phosphatase 2B. 

 

 

http://en.wikipedia.org/wiki/Adenosine_monophosphate
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phosphoprotein of 32 kD (DARPP-32) (Ouimet et al, 1984; Walaas & Greengard, 1984; 

Ouimet & Greengard, 1990; Matamales et al, 2009; Rajput et al, 2009).  This protein is 

phosphorylated at threonine residue (T) T
34

 by PKA (Hemmings et al, 1984), and in this 

phosphorylated state, DARPP-32 acts as a key inhibitor of PP-1 (Hemmings et al, 1984; 

reviewed in Greengard et al, 1999) to further regulate the phosphorylation cascade.   

Under low cAMP and PKA levels, DARPP-32 is phosphorylated on T
75

 by cyclin-

dependent kinase 5 (Cdk5); in this state, DARPP-32 inhibits PKA activity (Bibb et al, 

1999).  When PKA levels rise, protein phosphatase 2A (PP-2A) catalyzes the 

dephosphorylation of T
75

, providing a positive feedback loop in PKA phosphorylation 

(Nishi et al, 2000). 

D1R agonists have been shown to increase DARPP-32 phosphorylation (Nishi et 

al, 1997; Svenningsson et al, 1998; Kuroiwa et al, 2008), while D2 agonists decrease this 

phosphorylation (Nishi et al, 1997; Lindskog et al, 1999) due to the receptors‟ influence 

over cAMP.  Thus, D1R activation will activate PKA phosphorylation by both cAMP 

accumulation and phosphorylated T
34

-DARPP-32 activity; D2R stimulation will block 

PKA phosphorylation by blocking AC activity and dephosphorylating T
75

-DARPP-32, 

rending the protein unable to block PP-1 activity (Figure 6). 

Although dopamine is not thought to directly activate PKC in young mice (Rashid 

et al, 2007), dopamine may regulate downstream players involved in the inactivation of 

PKC.  Dopamine receptors are linked to the DARPP-32/PP-1 pathway that primarily 

regulates PKA activity and function, yet PP-1 has also been shown to dephosphorylate 

PKC-phosphorylated residues in the nucleus accumbens (Snyder et al, 1998), suggesting 

that dopamine may regulate PKC activity though indirect mechanisms.   
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A relationship between dopamine, phosphorylation, and GABA receptor function 

was established in hippocampal slices (Terunuma et al, 2004): a D1R agonist was shown 

to increase GABAA currents in D1+ neurons via a PKA phosphorylated β3 subunit.  A 

study by Jim Surmeier‟s group has also made this link in striatal MSN GABAergic 

currents.  They showed a reduction in MSN GABA currents in response to D1R 

activation, through the PKA/DARPP-32/PP-1 signaling cascade‟s phosphorylation of the 

GABAA receptor β1 subunit (Flores-Hernandez et al, 2000).  This thesis serves to 

provide the essential link among dopamine, PKA phosphorylation, and MSN tonic 

currents. 

 

c. Endocytosis and Recycling 

Receptor recycling is a common feature of GABAA receptor populations that 

affects receptor numbers in the cell membrane and, therefore, the extent of GABAergic 

inhibition.  GABAA receptor endocytosis is predominately mediated through a clathrin-

dependent internalization process (Kittler et al, 2000).  Under basal conditions, 

approximately 25% of β3-containing receptors can be internalized within 30 minutes 

(Kittler et al, 2004), suggesting that receptor numbers are dynamic.   

A clathrin-adaptor protein 2 (AP2) complex is critical in recruiting cell surface 

proteins into clathrin-coated pits.  Direct binding sites between the GABAA receptor β1-3 

and γ2 subunits and the μ2 subunit of AP2 link the two proteins together (Kittler et al,  

2000; Kittler et al, 2005).  The β2 GABAA receptor subunit contains a di-leucine motif 

that is important for clathrin-dependent endocytosis (Herring et al, 2003), while β1 and 

β3 subunits bind to AP2 in an atypical basic binding pocket (
401

KTHLRRRSSQLK
412

 in  
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Figure 7. β3 Subunit-Mediated Endocytosis.  Endocytosis is blocked when the β3 

GABAA receptor subunit is phosphorylated (left).  Phosphorylation of this subunit also 

increases current through the receptor.  Upon dephosphorylation, AP2 binds to the β3 

subunit and mediates endocytosis, with the help of clathrin and dynamin (right).   

Dephosphorylation of the subunit also results in decreased current through the receptor.  

Abbreviations: P, phosphorylated; AKAP, neuronal A-kinase anchoring protein; PKA, 

protein kinase A; PP-1, protein phosphatase 1; AP2, adaptor protein 2.     
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the β3 subunit), which also contains the major PKA and PKC phosphorylation sites 

(S
408/409

 in the β3 subunit) (Kittler et al, 2005).  Phosphorylation of these serine residues 

reduces subunit association with AP2 (Kittler et al, 2005), increases receptor surface 

expression (Jacob et al, 2009), and increases GABAergic inhibition (Kittler et al, 2005).  

Likewise, blockade of the phosphorylation site (with  peptide blockade or mutations of 

serine residues to alanine residues) increases mIPSC amplitudes (Kittler et al, 2005; Chen 

et al, 2006; Jacob et al, 2009) (Figure 7).  Further evidence for an interaction between  

endocytosis and PKA/PKC phosphorylation on GABAA receptor β3 subunits comes from 

a study that pharmacologically enhanced β3 subunit PKC phosphorylation and reported 

increased cell-surface levels of β3-containing GABAA receptors and decreased AP2 

binding (Brandon et al, 2002). 

The γ2 subunit has two distinct AP2 binding sites which can regulate receptor 

endocytosis.  AP2 can bind at tyrosine residue (Y) binding site 
365

YGYECL
370

 with high 

affinity (Kittler et al, 2008).  Both tyrosine residues are principal phosphorylation sites 

for Src tyrosine kinases and phosphorylation of these residues decreases AP2 binding to 

the γ2 subunit, resulting in increased cell surface receptor expression and mIPSC 

amplitudes (Kittler et al, 2008; Smith et al, 2008).  Another AP2 binding site on the γ2 

subunit is similar to the binding pocket for β subunits as it is highly basic 

(
324

RKPSKDKDKKK
335

) (Smith et al, 2008).  Phosphorylation of these serine residues in 

the γ2 subunit blocks AP2 binding, resulting in increased IPSC amplitude (Smith et al, 

2008). 

Because dopamine is known to alter phosphorylation rates in the brain, this 

neuromodulator may alter the integrity of inhibitory transmission through subunit 
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phosphorylation state and receptor numbers at the cell surface.  Indeed, activation of a 

dopamine D3 receptor (of the D2R family) was shown to suppress the efficacy of 

GABAergic transmission by increasing phospho-dependent GABAA receptor endocytosis 

(Chen et al, 2006).  It was further shown that decreased β3 phosphorylation due to status 

epilepticus induced GABAA receptor internalization, contributing to compromised 

GABAergic signaling (Terunuma et al, 2008).    

When AP2 binds to the membrane-associated receptor, other key elements of the 

endocytotic mechanism, clatherin and dynamin, are recruited to form the clathrin coat 

(Marsh &McMahon, 1999; Takei et al, 1999).  Associations with dynamin have been 

shown to support endocytosis since blocking this protein, and therefore inhibiting 

endocytosis, has been shown to increase receptor numbers at the cell surface (Kittler et al, 

2000) and increase mIPSC amplitudes (Kittler et al, 2000; Herring et al 2003; van 

Rijnsoever et al 2005; Chen et al, 2006).  Upon internalization, clatherin coats are 

removed and some GABAA receptors are degraded by lysosomes (Jacob et al, 2009), 

while the majority are recycled to the plasma membrane (Kittler et al, 2004; Thomas et 

al, 2005).   
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HYPOTHESIS: GABAergic medium spiny neuron tonic current and excitability is 

largely regulated by dopamine receptor activation and PKA phosphorylation of the 

GABAA receptor β3 subunit. 
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MATERIALS AND METHODS 

 

I.  Animals   

Bacterial artificial chromosome (BAC) Drd2 EGFP (Gong et al, 2003; courtesy of 

Dr. Lovinger, National Institutes of Health), BAC Drd1a tdTomato (Shuen et al, 2008; 

courtesy of Dr. Calakos, Duke University) mice, and their progeny (BAC Drd2 

EGFP;BAC Drd1a tdTomato) were used for the reliable detection of D2+ and D1+ MSNs 

in the same animal.  GABAA receptor δ subunit knock-out (KO) (Mihalek et al, 1999; Dr. 

Huntsman, Children‟s Hospital) mice were also used in a subset of experiments.  

In addition, GABAA receptor subunit β3 conditional KO mice were generated 

from floxβ3 mice (Jackson Lab, B6;129-Gabrb3tm2.1Geh/J; Ferguson et al, 2007) and 

either Drd2-Cre (Gong et al, 2007) or Dlx5/6-Cre (Stenman et al, 2003) (both courtesy of 

Dr. Xu, Georgetown University) mice.  In some experiments D2+ MSNs were visually 

identified by a cross with the Rosa-EGFP reporter mouse where cells that express Cre 

recombinase also express EGFP (Jackson Lab, B6;129-Gt(Rosa)26Sor<tm2Sho>; Mao et 

al, 2001).  To accurately identify NPY+ interneurons, BAC NPY mice (Jackson Lab, 

B6.FVB-Tg(Npy-hrGFP)1Lowl/J; Fu & van den Pol, 2007; courtesy of Dr. Zukowska, 

Georgetown University) were used and crossed with BAC Drd1a tdTomato mice for 

simultaneous visualization of NPY+ interneurons and D1+ MSNs.   

 In general, mice of postnatal day (p) 15-21 were used for the experiments, but in a 

subset of studies, adult mice (p33-38) were used as well.  The sex of the animal was 

noted, but as there were no detectable electrophysiological differences between males and 

females, these data were pooled. 
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Figure 8. Generation of Conditional β3 Subunit KO Mice using the Cre-Lox System.  

(A) Mice that express the floxed β3 allele were crossed with mice that express Cre 

recombinase under the expression of the D2R promoter.  Their progeny had D2R 

expressing neurons that lacked the β3 subunit, while non-D2R expressing neurons still 

contained the β3 subunit.  (B) Mice that express EGFP under the ROSA promoter, with a 

STOP codon between, were crossed with Drd2-Cre recombinase expressing mice, so 

progeny would have EGFP+, D2+ neurons that expressed Cre recombinase. Black arrow 

is loxP site. 
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II. Cre-lox System 

 The Cre-lox recombination system uses the enzyme Cre recombinase to remove a 

targeted sequence of DNA.  In short, the target gene is flanked by two 34- base pair loxP 

sequences situated in the same direction, and Cre recombinase (with telomerase- and 

restriction enzyme-like activities) excises portions of each loxP site.  The strands of DNA 

are reannealed with DNA ligase, and in this new strand of DNA, the gene of interest is 

deleted.  For a conditional KO animal, Cre recombinase is expressed under a promoter 

that is specific for a certain cell type or tissue.  Therefore, a conditional KO animal lacks 

the gene of interest only in Cre-expressing tissue. 

Floxβ3 mice express two loxP sites that flank exon 3 of the GABAA receptor β3 

subunit gene (flox = flanked by loxP).  Excision of the 68 basepair exon 3 will leave a 

mutant β3 subunit product with a premature stop codon, rendering the subunit non-

functional, as exon 3 contains the genetic code for all transmembrane domains of the 

subunit (Ferguson et al, 2007).   

Drd2-Cre mice express Cre recombinase under the dopamine D2 receptor 

promoter, and therefore, Cre recombinase is solely expressed in D2+ striatopallidal 

neurons (Figure 8A).  Dlx5/6-Cre mice express Cre recombinase under the Dlx5/6 

promoter, and therefore Cre recombinase is expressed in GABAergic forebrain neurons 

(Stenman et al, 2003).  Rosa-EGFP mice express EGFP under the ubiquitous Rosa 

promoter, with a floxed STOP codon between them.  When crossed with mice expressing 

Cre recombinase, progeny will express EGFP in neurons where Cre recombinase is 

present (Figure 8B). 
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Dlx5/6-Cre+/-;floxTrkB+/- mice were originally obtained (Dr. Xu, Georgetown 

University), and crossed with wild-type C57BL/6J mice to yield pure Dlx5/6-Cre+/- 

mice.  These mice were then crossed with floxβ3+/+ animals to yield  

Dlx5/6-Cre+/-;floxβ3+/- mice, which were crossed with floxβ3+/+ mice to yield 

conditional β3 subunit KO (Dlx5/6-KO) and heterozygous animals (Dlx5/6-Cre;Hetβ3) 

that were used for experiments.  Drd2-Cre+/- mice were bred in a similar fashion 

(described thereafter as Drd2-KO, Drd2-Cre;Hetβ3) (Figure 8A).  Rosa-EGFP+/+ 

reporter mice were crossed with Drd2-Cre+/- mice and floxβ3+/+ mice, and their progeny 

were crossed (Drd2-Cre+/-;Rosa-EGFP+/- X Rosa-EGFP+/-;floxβ3+/-).  Progeny  

(Drd2-Cre+/-;Rosa-EGFP+/+;floxβ3+/-) were mated with Rosa-EGFP+/-;floxβ3+/- mice 

to generate the Drd2-Cre+/-;Rosa-EGFP+/+;floxβ3+/+ mouse.  Therefore, these mice 

have the β3 subunit knocked out in EGFP+, D2+ neurons.  

 

III.  Genotyping 

 BAC Drd1a tdTomato, BAC Drd2 EGFP;BAC Drd1a tdTomato, and BAC NPY 

mice were genotyped as 1-2 day old pups using a fluorescence microscope.  Heads were 

placed under the lens, and fluorescent light allowed visualization of fluorescent cortical 

areas.  This method proved to be nearly 100% accurate in determining if an animal 

expressed a fluorescent protein.  However, this method of genotyping is not useful for 

BAC Drd2 EGFP mice because levels of D2R expressing neurons are low in cortical 

areas. 

δ subunit KO mice were bred as heterozygotes and genotyped for the specific δ 

subunit deletion by Peijun Li with Southern blot analysis.  
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Table 1. PCR Reaction Protocols.  Details for Cre recombinase and Rosa-EGFP PCR 

thermocycler protocols. 
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Cre 

Recombinase

(400 bp) 

Rosa-EGFP 

(Mutant; 173 

bp) 

Rosa-EGFP 

(Wild Type; 

410 bp) 

Holding 92°C; 2 min 95°C; 15 min 95°C; 15 min

Melting 92°C; 30 sec 94°C; 30 sec 94°C; 30 sec

Annealing 61°C; 45 sec 60°C; 1 min 66.8°C; 1 min

Holding 72°C; 1 min 72°C; 1 min 72°C; 1 min

Repeat steps 2-

4

30 cycles 35 cycles 35 cycles

Capping 72°C; 7 min 72°C; 2 min 72°C; 2 min

Maintain 4°C 10°C 10°C
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Conditional β3 KO mice were genotyped using the polymerase chain reaction 

(PCR) method for the floxβ3 allele, Cre recombinase expression, and (when appropriate) 

Rosa-EGFP.  Snips of mouse tails were cut between p7-10, and total genomic DNA was 

isolated using the DNeasy Tissue Kit (Qiagen, Valencia, CA) according to the 

manufacturer‟s instructions.  Genomic DNA was amplified using primers (all from 

Invitrogen) for the loxP site in exon 3 of the β3 subunit (F- 

ATTCGCCTGAGACCCGACT, R- GTTCATCCCCACGCAGAC), Cre recombinase (F-

GGATGAGGTTCGCAAGAACC, R-CCATGAGTGAACGAACCTGG), Rosa-EGFP 

(Mutant F- AAFTTCATCTGCACCACCG, R- TCCTTGAAGAAGATGGTGCG; Wild  

Type F- CGTGATCTGCAACTCGACTC, R- GGAGCGGGAGAAATGGATATG).  

The floxβ3 PCR product was quite difficult to detect with standard PCR, so samples were 

sent to Transnetyx, Inc., where the presence of this allele was determined using real time 

PCR.   

Forward and reverse primers (1 µL of each), 2 µL of isolated DNA, and distilled 

water (to a final volume of 25 µL) were added to Ready-to-Go Beads (Amersham  

Pharmacia Biotech, Piscataway, NJ).  The PCR assay for Rosa-EGFP required the use of 

Thermo-Start (Thermo Scientific), and therefore 12.5 µL of 2X Thermo-Start PCR 

Master Mix, 1 µL of each primer, 2 µL of DNA, and distilled water (to a final volume of 

25 µL) were added to PCR reaction tubes.  DNA was amplified in a PTC-100 

thermocycler (MJ-Research, Inc.) with varying protocols, based on the gene of interest 

(Table 1).  

Amplified DNA (10 µL) and 6x Loading dye (2 µL) were mixed together and 

added to a 2% agarose gel.  DNA samples were separated by electrophoresis at 90 V for 
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approximately 40 minutes.  Gels were stained with ethidium bromide (Gibco BRL) and 

bands were visualized with a Kodak EDAS 290 camera (Kodak, Rochester, NY) and 

Foto/UV 21 lamps (Fotodyne, Harland, WI). 

 

IV.  Acute Slice Preparation 

 Mice were sacrificed by decapitation in agreement with the guidelines of the 

AMVA Panel on Euthanasia and the Georgetown University ACUC.  The whole brain 

was removed and placed in an ice-cold slicing solution containing (in mM): NaCl (85), 

KCl (2.5), CaCl2 (1), MgCl2 (4), NaH2PO4 (1), NaHCO3 (25), glucose (25), sucrose (75) 

(all from Sigma). Corticostriatal coronal or sagittal slices (250 – 300 µm) were prepared 

using a Vibratome 3000 Plus Sectioning System (Vibratome) and were incubated in 

slicing solution at 32°C for 30 minutes. Slices recovered for 30 minutes at 32°C in 

artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl (124), KCl (4.5), 

Na2HPO4 (1.2), CaCl2 (2), MgCl2 (1), and dextrose (10) of 305 mOsm and were 

maintained at room temperature. During experiments, slices were submerged in the 

recording chamber and continuously perfused (2-3 mL/min) with aCSF at room 

temperature, 22-24°C, or physiological temperature, 32°C, where noted.  All solutions 

were maintained at pH 7.4 by continuous bubbling with 95% O2/5% CO2. 

 

V.  Cell Identification. 

 Although BAC Drd2 EGFP;BAC Drd1a tdTomato mice allow for simultaneous 

visualization of D2+ and D1+ MSNs (Shuen et al., 2008), these mice were not available 

for the entirety of this thesis research.  When BAC Drd2 EGFP mice were used, “green” 
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neurons were identified as D2+ neurons, and “non-green” neurons as D1+ neurons.  

When BAC Drd1a tdTomato mice were used, “red” neurons were identified as D1+ 

MSNs and “non-red” neurons as D2+ MSNs.  No remarkable differences were observed 

between D1+ and D2+ cells from either mouse strain, and data was pooled as D2+ and 

D1+ MSNs, regardless of the transgenic mouse from which they originated.   

 NPY cells in the BAC NPY strain were identified as “green” neurons, and “non-

green” cells with MSN-like firing properties were deemed to be MSNs.  When BAC 

NPY; BAC Drd1a tdTomato mice were used to aid in the detection of MSNs, NPY+ 

interneurons were “green”, while “red” neurons were identified as D1+ MSNs.  MSN 

properties observed in both BAC NPY strains were confirmed with MSNs from other 

strains where MSNs were fluorescently labeled.   

 In experiments where the β3 subunit was deleted, MSNs were not tagged with 

fluorescent proteins, and MSN identification was largely determined by soma size.  In a 

few experiments, Rosa-EGFP expression allowed visualization of Cre-expressing D2+ 

MSNs, and “green” neurons were assumed to be D2+ neurons, while the “non-green” 

cells were assumed to be D1+ MSNs.   

 

 

VI.  Whole Cell Recordings 

 Slices were visualized under an upright microscope (E600FN; Nikon) equipped 

with Nomarski optics and an electrically insulated 60X water-immersion objective with a 

long working distance (2 mm) and a high numerical aperture (1.0). Recording pipettes 

were pulled on a vertical pipette puller from borosilicate glass capillaries (Wiretrol II; 
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Drummond) and filled with CsCl-, KCl- or KGluconate-based internal solutions.  The 

CsCl-based internal solution (CsCl internal) contained (in mM): CsCl (145), HEPES 

(10), ATP.Mg (5), GTP.Na (0.2), EGTA (10), adjusted to pH 7.2 with CsOH.  In KCl-

based internal solution (KCl internal), CsCl was replaced with equimolar KCl and pH 

was adjusted with KOH.  For Kgluconate-based internal solutions (Kgluconate internal), 

CsCl was replaced with equimolar Kgluconate and pH was adjusted with KOH.   

 Single and dual voltage-clamp recordings were performed using the whole-cell 

configuration of the patch-clamp technique at a pipette voltage of -60 mV using the 

Axopatch 200B and 1D amplifiers (Molecular Devices).  Access resistance was 

monitored during the recordings, and experiments with > 20% change were discarded.  

When potassium based solutions were used, the baseline membrane potential for current-

clamp recordings was set at -70 mV or -60 mV, as noted, before each series of current 

step injection protocols.  Rheobase current was defined as the first current step, within a 

series of 10 or 20 pA steps, from the set membrane potential that elicited an action 

potential. 

 For evoked current recordings, a single bipolar stimulating electrode was placed 

within the striatal tissue (in coronal slices) or the globus pallidus (in sagittal slices).  

Stimulation parameters were altered to evoke inhibitory currents of 100 – 400 pA in 

amplitude. 

 For anatomical reconstructions, biocytin (AnaSpec, Fremont, CA) was added at a 

final concentration of 1% to the intracellular solution.  Upon achieving whole-cell 

recordings, biocytin was allowed to diffuse through the cell for approximately 5 minutes.  

After the whole cell recording, the pipette was gently removed to form an outside-out 
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patch, and the slices were fixed in 4% paraformaldehyde (PFA) for 30 minutes.  After 

fixation, slices were washed in phosphate buffer saline (PBS) and stained with Texas red-

conjugated avidin-D dye (Invitrogen, Carlsbad, CA) at 2.5 µL/mL for 2 hours.  Slices 

were mounted on microscope slides and processed for confocal imaging as described in 

Methods, Section X.  

 

VII.  Drugs and Peptides 

Stock solutions of bicuculline methbromide (BMR), 6-chloro-1-phenyl-2,3,4,5-

tetrahydro-1H-3-benzazepine-7,8-diol (SKF-81297), quinpirole, sulpiride, 7-chloro-3-

methyl-1-phenyl-1,2,4,5-tetrahydro-3-benzazepin-8-ol (SCH 23390), GABA, 1,2,3,4-

Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide disodium salt hydrate 

(NBQX), and (±)-3-(2-Carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP) (all from 

Sigma) were prepared in water.  Tetrodotoxin (TTX), from Alamone Labs, and 

Neuropeptide Y, a kind gift from Dr. Kitlinska (Georgetown University), were also 

dissolved in water.  Etomidate and taurine (Sigma) were dissolved in dimethylsulfoxide 

(DMSO; <0.0001% final concentration).  Drugs were diluted into aCSF prior to experiments, 

and applied to the slice through the Y-tube method (Murase et al., 1989), modified for 

optimal solution exchange in brain slices (Hevers and Luddens, 2002).  This method 

allows rapid solution exchange in the immediate area of the target cell, without affecting 

the entire slice, as does bath application of drug. 

Additionally, phosphorylation peptides were supplemented into the internal 

solution in a subset of experiments: catalytic subunit of PKA (PKA), PKA Inhibitor 

Fragment 6-22 amide (PKI), and Protein Kinase C Fragment 19-36 (PKC-I) (all from 
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Sigma). For evoked IPSC experiments, lidocaine N-ethyl bromide (QX-314; Sigma) was 

added to the internal solution.  

 

VIII.  Measurement of GABA currents 

 Internal solutions with isotonic chloride were used to detect GABAergic currents, 

setting the reversal potential for Cl
-
 to 0 mV and allowing increased detection of 

inhibitory currents with a holding potential of -60 mV.  Currents were filtered at 2 kHz 

with a low-pass Bessel filter and digitized at 5-10 kHz using a personal computer 

equipped with Digidata 1322A data acquisition board and both pCLAMP9 and 

pCLAMP10 software (all from Molecular Devices).  Off-line data analysis, curve fitting, 

and figure preparation were performed with Clampfit 9 and Clampfit 10 software 

(Molecular Devices).   

 

a. Phasic GABAergic Measurements 

Spontaneous and miniature inhibitory postsynaptic synaptic currents (sIPSCs and 

mIPSCs) were identified using a semiautomated threshold based minidetection software 

(MiniAnalysis; Synaptosoft) and were visually confirmed. Event detection threshold was 

set at 5 times the root mean square (RMS) level of baseline noise.  NBQX was not 

included in IPSC measurements so as not to perturb network activity.  AMPA-mediated 

sEPSCs could easily be identified by the rapid decay kinetics (<2 ms) (Ortinski et al., 

2004), and were excluded from the analysis.  IPSC averages were based on more than 50 

events, and decay kinetics were determined using double exponential curve fittings and 

reported as weighted time constants (Tw): 



64 

 

Tw = η1*A1/(A1 + A2) + η2*A2/(A1 + A2) 

where ηx is the decay time constant for a particular component of the curve and Ax is the 

peak amplitude of the corresponding component.  mIPSCs were isolated with Y-tube 

application of TTX (0.5 µM). All detected events were used for event frequency, but 

superimposing events were eliminated for amplitude, rise time, and decay kinetic 

analyses.   

 

b. GABAergic Tonic Current Measurements 

Although much of the tonic current data presented in this thesis was analyzed 

with an all-points histogram that measured the mean holding current 10 seconds before 

and during BMR application (Ade et al, 2008), recent studies have shown that this 

method may not detect small changes in tonic current (Glykys & Mody, 2007).  

Therefore, when indicated, changes in tonic current were also measured by changes in 

RMS noise before and during BMR application.  These analyses were based on an all-

points histogram that was fitted to the Gaussian function:  

(x) = A·exp[–(x
 
– µ)

2
/2

2
]  

where ζ represents the RMS noise during the 10 second period before and during drug 

application and µ represents the mean holding current.  Tonic noise was then measured as 

a difference in RMS noise between two conditions. 

 When peptides were supplemented in the internal solution, phasic and tonic 

currents were analyzed at least 4 minutes after break-in to allow proper peptide function 

and equilibration with the cellular internal components. Likewise, effects of 
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dopaminergic agents were not analyzed until 5 minutes of application to allow proper 

downstream functions. 

 

c. Evoked Current Measurements 

Evoked IPSCs (eIPSCs) were isolated with NBQX (5 µM) and CPP (10 µM), and 

weighted decay kinetics were analyzed as described in Introduction, Section VIIIa with 

averages of at least 10 eIPSC events.  For short term plasticity measurements, post-

synaptic plasticity responses to 16 and 33 Hz stimulations were measured with two 

distinct methods: Each of the responses were measured from the original baseline 

(baseline plasticity) and from the individual response‟s baseline (global plasticity).  Short 

term plasticity ratios were calculated: 

Plasticity ratio = [amplitude of IPSC7/amplitude of IPSC1] 

to demonstrate the degree of depression or facilitation.  A ratio less than 1.0 represents 

depression, while a ratio greater than 1.0 represents facilitation.  BMR was applied at the 

end of each experiment to verify that all measured currents were mediated through 

GABAA receptors. 

 

 

IX.  HEK 293 Cell Culture and Transfection 

 Human embryonic kidney 293F (HEK 293) cells (American Type Culture 

Collection; CLF1573) were grown in minimal essential medium, supplemented with 10% 

fetal bovine serum, 100 units/mL penicillin, and 100 units/mL streptomycin (all from 

Invitrogen) in a 5% CO2 incubator at 36°C.  The colony was maintained by replacing the 



66 

 

medium twice a week and spitting the cells once a week.  For transfection, growing cells 

were dispersed with trypsin and seeded at approximately 2 x 10
5
 cells/35 mm dish in 2 

mL of culture medium on 12 mm glass coverslips coated with poly-D-lysine.  After 24 

hours from plating, the cells were transfected with rat GABAA receptor subunit cDNAs, 

because of their high homology to mouse receptors, and EGFP using calcium phosphate 

precipitation.  The following GABAA receptor subunit plasmid combinations were used: 

α2β1γ2, α2β3γ2, α5β1γ2, and α5β3γ2 at a ratio of 1:1:4.  Mixed plasmids (5 µg total) 

were added to the dish containing 2 mL culture medium for 8–12 hours at which point the 

media was refreshed.  The cells were used for electrophysiological recording 2-3 days 

after transfection.  EGFP expression in these HEK 293 cells was used as a marker for 

successful transfection, although EGFP uptake does not guarantee receptor subunit 

expression.  This method was often successful for about 70% transfection of total HEK 

293 cells plated. 

 GABAA receptor dose-response curves were measured with four GABA 

subsaturating concentrations which were normalized to a saturating GABA concentration 

(3 mM) in each cell.  Dose-response curves were fitted using GraphPad Prism (La Jolla, 

CA) software with the logistic function:  

Ipeak = Imin + (Imax – Imin/1 + ([Drug]
slope

/EC50)) 

where Imin and Imax are minimal and maximal evoked currents, [Drug] is the GABA 

concentration, and slope is slope of the curve. 
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X.  Immunofluorescence and Confocal Imaging 

 Brain sections were prepared from BAC Drd2 EGFP and BAC Drd2 EGFP;BAC 

Drd1a tdTomato mice aged ~3 weeks postnatally. Whole brains were dissected and 

stored in 4% PFA overnight at 4°C. 100 μm coronal or sagittal sections were cut with a 

Lancer Vibrotome (Series 1000, Sherwood Medical, St. Louis, MO). Fixed, free floating 

tissue sections were blocked with 4% normal donkey serum in PBS for 1 hour at room 

temperature, then washed 3 x 10 minutes in PBS/0.1% Triton-X100 (Tx). The rabbit α-

GABAA receptor β3 1° antibody (Millipore, Temecula, CA; AB5563; 1:1000) was 

diluted in PBS/Tx/1% bovine serum albumin (BSA). The 1° antibody incubation step was 

12-18 hours in duration at 4°C, and slices were then washed 3 x 10 minutes in PBS/Tx.  

Indocarbocyanine (Cy3)-conjugated 2° antibodies (Jackson ImmunoResearch, West 

Grove, PA) were diluted 1:1000 in PBS/Tx/BSA and exposed to tissue for 2-4 hours at 

room temperature. The 2° antibody was washed 3 x 10 minutes with PBS/Tx and sections 

were placed on microscope slides and sealed under glass cover slips with VectaShield H-

1000 mounting media (Vector Labs Inc., Burlingame, CA).   

 Images were captured using an Olympus Fluoview-FV300 laser scanning 

confocal microscope (Olympus Optical, Tokyo, Japan) or the Nikon Eclipse E600 

microscope (Nikon Instruments, Melville, NY), exciting endogenous EGFP and Alexa-

555 fluorophores.  For confocal imaging, Plan-Acromat objectives with sequential 

acquisition of separate color channels were used.  Stacks of consecutive sections (Z-stack 

images; 1 μm thick) were processed with MetaMorph software (Universal Imaging, 

Downingtown, PA). When noted, confocal images represent a projection image of 14-16 

z-stacks. 
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XI. Statistics.   

Box and whisker plots were generated for more complete representation of certain 

data.  The whiskers include the minimum and maximum values, while the box outlines 

the 25
th

 and 75
th

 percentile of data points.  The mean value is represented by a bar inside 

the box.  Scatterplots of data points are also included in these plots to further show data 

spread.  

Statistical significance was determined using the paired two-tailed
 
Student's t test 

to compare predrug conditions with recordings made under drug conditions of the same 

cell population. Unpaired two-tailed Student‟s t test was used for comparisons across cell 

groups. 
 
Significance criteria was set at p < 0.05, and all values in text and figures are 

expressed as mean ± SEM. n represents the number of cells/animals.  In text and figures,
 

*p < 0.05, **p < 0.005, and ***p < 0.0005.
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RESULTS 

 

I. GABAergic Tonic Conductances in Striatal MSNs 

a. Identification of MSNs in Acute Slice Preparation 

 Transgenic mice where EGFP was driven under the promoter for the D2 receptor 

and tdTomato fluorescent protein was driven under the D1 receptor promoter (BAC Drd2 

EGFP;BAC Drd1a tdTomato mice) were used when available to accurately and 

efficiently compare tonic currents between D2+ and D1+ MSNs. In these acute slices, 

there was very little overlap of fluorescent proteins (< 1%), suggesting the two primary 

striatally expressed dopamine receptors are largely segregated onto different striatal 

neurons.  Additionally, images taken from sagittal sections of this mouse brain showed 

distinct, non-overlapping pathways to the GP (D2+ neurons) and SNr (D1+ neurons), 

confirming distinct striatopallidal and striatopallidal pathways (Figure 9A).  While these 

results agree with those found recently in the same strain of mice (Shuen et al, 2008), 

previous reports found that D1Rs and D2Rs colocalize within the same neuron (Surmeier 

et al, 1993; Surmeier et al, 1996; Aizman et al, 2000). Therefore, under acute slice 

preparations, D1+ and D2+ MSNs were identified by their unique red and green 

fluorescence, respectively.  No recordings were made from the few cells that expressed 

both fluorescent proteins because their dopamine receptor identity remained ambiguous. 

Because the majority of experiments were conducted using CsCl internal 

solutions, neuronal firing patterns could not be used to confirm MSN identity.  Therefore, 

in many cases, fluorescent proteins were the only identifying marker used to identify 

MSNs in the slice preparation.  In a subset of experiments, to be described later,  
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Figure 9. Striatopallidal and Striatonigral Pathways are Distinct. (A) Sagittal slice 

taken from a BAC Drd2 EGFP;BAC Drd1a tdTomato mouse, showing distinct, non-

overlapping striatonigral (red) and striatopallidal pathways (green). (B) Confocal image 

of BAC Drd2 EGFP;BAC Drd1a tdTomato striatal slice (75 µm) with DIC and EGFP (i) 

and Tomato red (ii) fluorescence. Merged image (iii) of EGFP and Tomato red shows 

little overlap.  Dotted box denotes magnified section shown in (iv).  The yellow cell is the 

only doubly labeled cell in view.  Calibration bar: 150 µm.   
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Kgluconate internal solutions were used to determine MSN firing patterns.  In these 

experiments, MSN identity was confirmed by both fluorescence and firing pattern. 

Additionally, slices from β3 subunit conditional KO mice lacked fluorescently 

labeled cells.  CsCl internal solutions further complicated accurate MSN identification 

since firing patterns could not be recorded.  In these cases, MSNs were visually identified 

by soma size, and therefore, these data sets may contain a few GABAergic interneurons.   

However, the large sample population size coupled with the high percentage of MSNs in 

striatal slices is likely to offset potential inaccuracies. 

 

b. Unique GABAA Receptor Subunits Mediate MSN Tonic Current. 

 A previous study in our lab (Ade et al, 2008), showed that D2+ MSNs have 

significantly larger tonic current than D1+ MSNs in young mice (p16-25).  I have  

confirmed these results in BAC Drd2 EGFP;BAC Drd1a tdTomato mice and see distinct 

differences in D2+ and D1+ tonic conductances (Figure 10) in the absence of glutamate 

blockers (which may affect neuronal excitability and alter tonic current) and any uptake 

blockers that are often used to increase tonic current visualization (Santhakumar et al, 

2010).  Ade et al. (2008) hypothesized that differences in tonic current were due to 

different GABAA receptor composition between the two types of MSNs.  Indeed, 

pharmacological studies showed that the α5 GABAA receptor subunit mediated some 

tonic current in D2+ MSNs, but none in D1+ MSNs (Ade et al, 2008).   

A δ subunit KO mouse was used to determine the role of this subunit in young 

MSN tonic current, as it is implemented in tonic current elsewhere in the rodent brain 

(Nusser and Mody 2002; Stell et al, 2003; Cope et al,
 
2005; Drasbek & Jensen 2005; Jia  



73 

 

Figure 10.  Tonic Current Expression in BAC Drd2 EGFP;BAC Drd1a tdTomato 

Mice.  (A) Representative current traces displaying tonic current in striatal D2+ and D1+  

MSNs from BAC Drd2 EGFP;BAC Drd1a tdTomato mice. Right, all-points histogram 

and Gaussian fit from each segment. (B) Summary graph for the tonic current expressed 

in D2+ (n = 10/5) and D1+ (n = 15/5) MSNs from BAC Drd2 EGFP;BAC Drd1a 

tdTomato mice.  
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Figure 11. δ Subunits do not Mediate MSN Tonic Current.  (A) Representative 

current traces from two MSNs in δ subunit KO mice.  (B) Summary graph of the tonic 

current expression pattern from δ subunit KO mice (n = 8/1), which resembles the 

expression pattern seen in BAC D2 EGFP mice (D2+: n = 8/2; D1+: 8/2). 
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et al, 2005; Mangan et al, 2005; Mtchedlishvili & Kapur 2006; Glykys et al, 2007).  

These animals did not express fluorescent proteins, and D1+ and D2+ MSNs could not be 

identified, but the pattern of tonic current in the δ subunit KO mouse resembled the 

pattern in BAC Drd2 EGFP mice, suggesting that the δ subunit does not contribute to 

tonic current in young striatal MSNs (Figure 11).  

In addition to the α5 subunit, α4 GABAA receptor subunits are also known to 

mediate tonic inhibition (Jia et al, 2005; Mangan et al, 2005), and are expressed in the 

striatum (Pirker et al, 2000).  Therefore, pharmacological sensitivity to the α4 GABAA 

receptor subunit agonist taurine (Jia et al, 2008) was investigated for striatal MSNs, and 

compared between the two MSN subtypes to determine if the α4 subunit contributes to 

the differential tonic current pattern expressed by D1+ and D2+ MSNs.  Although this 

drug selectively activates glycine receptors at low concentrations, taurine activates α4-

containing GABAA receptors at much higher concentrations (Jia et al, 2008).  Therefore, 

to investigate taurine‟s effects on MSNs, a high concentration was used (50 µM), which 

was also likely to activate glycine receptors.  Yet, in 3 D2+ MSNs, taurine (50 μM) 

produced a substantial amount of inward tonic current (24.5 ± 13.4, n = 3/1).  The effect 

of this α4 subunit selective agonist was smaller in D1+ MSNs (7.2 ± 2.5 pA, n = 3/1, p = 

0.2), although this difference was not significant, likely due to the small number of cells 

in each group.  Follow up experiments are planned to further investigate the potential 

differences in α4 subunit expression in MSNs and the subunit‟s importance in mediating 

tonic inhibition.   
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Figure 12. β3 Subunit Expression in Striatal MSNs. (A) Fluorescent image of 

endogenous EGFP in striatal BAC Drd2 EGFP slice. (B) Fluorescent image of β3-subunit 

antibody staining. (C) Merged image of panels A, B. (D) Magnification of boxed area in 

(C), showing β3-antibody staining on both green (D2+ MSN) and non-green (D1+ MSN) 

cells. Images shown in A,B,C show the same field of view.  Calibration bar: 20 µm for 

A,B,C. 
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i. Importance of β Subunit Expression in MSNs. 

The next step in identifying the receptor composition required for MSN tonic 

current was to investigate the β subunit composition in these cells. Immunostaining in 

adult striatum suggested that all β subunits are expressed (Pirker et al, 2000), however a 

single-cell PCR study showed that D1+ MSNs have β1 and β3 mRNA, while β2 mRNA 

was absent from MSNs (Flores-Hernandez et al, 2000).  However, this study did not 

investigate mRNA levels for D2+ MSNs, but it remains likely that D2+ MSNs also lack 

the β2 subunit as the subunit is proposed to be expressed solely in striatal interneurons 

(Schwarzer et al, 2001).  To confirm the presence of β3 subunit expression in MSNs, I 

performed immunohistochemistry on BAC Drd2 EGFP slices and stained for the β3 

subunit.  As shown in Figure 12, both D1+ and D2+ MSNs express this subunit, and 

although fluorescence intensity analysis has not been conducted, the subunit appears to 

be more highly expressed on D2+ MSNs. 

Although β subunit expression is not often investigated in studies of tonic current, 

one study from Dr. Lambert‟s group found that a component of dentate gyrus tonic 

current is mediated through the β2 subunit, while β1 and β3 GABAA receptor subunits 

are located in synaptic areas (Herd et al, 2008).  Therefore, the contributions of β1 and β3 

subunits to striatal MSN tonic current were investigated subsequently.  To identify 

differences in β1 and β3 function, I used etomidate, a general anesthetic with selective 

agonist properties at β2/β3 subunits of the GABAA receptor (Belelli et al, 1996; Herd et 

al, 2008).   Since MSNs are presumed to lack the β2 subunit, this drug should be specific 

for β3 subunits in striatal MSNs.   
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Another anesthetic, loreclezole, has also been shown to be highly selective for 

β2/β3 over β1 GABAA receptor subunits (Wafford et al, 1994).  However, etomidate 

offers a potential experimental benefit over loreclezole.  Etomidate‟s ability to potentiate 

GABAA mediated currents is greater compared to the actions of loreclezole (Wafford et 

al, 1994), offering greater disparity between β3 and β1 subunits in my experimental 

setup.   However, loreclezole has been shown to inhibit α1β1γ2 single channel units when 

applied with high doses of GABA (Fisher et al, 2000), offering a potential means to 

pharmacologically identify the presence of the β1 subunit. 

 

ii. Etomidate is Selective for β3 Subunits in Recombinant 

Receptors 

 It remains necessary, however, to investigate the selectivity of this compound in 

recombinant receptors as interactions with other subunits may alter etomidate‟s 

selectivity.  The general anesthetic‟s selective properties to β2/β3 GABAA receptor 

subunits were maintained in recombinant receptors that contained the α1-, α2-, α3-, or α6  

subunits, with γ2 (Slany et al, 1995; Hill-Venning et al, 1997; Sanna et al, 1997).  

Because previous studies showed the importance of α5 subunits in MSN tonic currents 

(Ade et al, 2008), etomidate‟s pharmacological selectivity needed to be tested in 

recombinant receptors expressing α5 and γ2 subunits.  For these experiments, HEK 293 

cells were transfected with striatally relevant α2β1γ2, α2β3γ2, α5β1γ2, and α5β3γ2 

receptors.  Etomidate has both direct effects and potentiating effects (when combined 

with GABA) on GABAA receptors, and therefore, both effects were investigated in cells 

expressing these recombinant GABAA receptors.  Each transfected cell was subjected to a 
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Figure 13. GABA Dose Response Curves for Recombinant GABAA Receptors. Cells 

were subjected to 4 submaximal doses of GABA, and responses were compared to 3 mM 

GABA. α5β1γ2 receptors (n = 12, black solid line) have increased GABA sensitivity 

compared to α2β1γ2 receptors (n = 5, grey solid line).  The α2β3γ2 receptors (n = 5, grey 

dashed line) showed enhanced GABA sensitivity to the α2β1γ2 receptors (n = 5, grey 

solid line) at 3 µM and 10 µM GABA. 
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series of GABA concentrations (250 nM, 1 µM, 3 µM, 10 µM, and 3 mM saturating 

dose) to effectively determine the EC10 with which to compare etomidate‟s direct effects 

with those of GABA potentiation.  α5β1γ2 receptors had increased GABA sensitivity 

compared to α2β1γ2 receptors, suggestive of their role in tonic current (p < 0.05).  

Interestingly, in α2-containing receptors, the β3 subunit dictated enhanced GABA 

sensitivity over β1-containing receptors, shifting the dose-response curve to the left (p < 

0.05) (Figure 13).  A similar shift in GABA sensitivity was not observed in α5-containing 

receptors. 

Etomidate (3 µM) selectively activated α2β3- and α5β3-containing receptors (p < 

0.05), confirming etomidate‟s selective direct effects on β3-containing receptors.  When 

etomidate and each cell‟s EC10 for GABA were applied together, etomidate selectively 

potentiated α2β3γ2 currents (α2β1γ2: p = 0.6; α2β3γ2: p < 0.05), while this distinction 

was not apparent between α5β1γ2 and α5β3γ2 transfected cells (α5β1γ2: p < 0.0005; 

α5β3γ2: p < 0.05) (Figure 14) and etomidate potentiated GABA currents in both types of 

α5-containing receptors.  It should also be noted that the degree of potentiation did not 

differ between α5β3- and α5β1-containing receptors (p = 0.3).  These data confirm 

previous reports of etomidate‟s selectivity for direct activation of β3-containing receptors 

(Hill-Venning et al, 1997), although the drug‟s GABA potentiating role is not selective in 

α5-containing receptors.  As MSNs are known to express the α5 subunit, care will be 

taken to interpret data involving etomidate‟s effects on MSNs. 
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Figure 14. Etomidate’s Direct Effects are Selective for β3 Subunit-Containing 

Recombinant Receptors. (A) Representative current traces from HEK 293 cells 

transfected with α2β1γ2 or α2β3γ2 receptors with the EC10 GABA concentration (3 µM 

for α2β1γ2 and 1 µM for α2β3γ2) and etomidate (3 µM) application, showing β3-subunit 

selectivity for direct and potentiating effects.  Calibration bars: 200 pA, 10 s.  (B) 

Representative current traces from HEK 293 cells transfected with α5β1γ2 or α5β3γ2 

receptors with the EC10 GABA concentration (250 nM) and etomidate (3 µM) 

application, showing β3-subunit selectivity for direct effects only. Calibration bars: 50 

pA, 10 s. (C) Summary of etomidate‟s direct effects on striatally relevant GABAA 

receptors (α2β1γ2, n = 5; α2β3γ2, n = 10; α5β1γ2, n = 5; α4β3γ2, n = 7). (D) Summary of 

etomidate‟s potentiating effects of GABA currents evoked by EC10 concentrations of 

GABA on each receptor type (α2β1γ2, n = 5; α2β3γ2, n = 4; α5β1γ2, n = 6; α6β3γ2, n = 

13).  
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iii. MSNs have Different Etomidate Responses 

Taking these potential restrictions on etomidate selectivity into account, etomidate 

was applied in the acute striatal slice preparation to determine β3 subunit activity in D1+ 

and D2+ MSNs.  Etomidate (3 µM) was applied to both D1+ and D2+ MSNs, where it  

produced substantial tonic current in D2+, but not D1+, MSNs (D2+: 42 ± 13.2 pA, n = 

12/3; D1+: 9.0 ± 3.0 pA, n = 14/3; p < 0.05).  Because local interneurons may express 

β2/β3 GABAA receptor subunits, etomidate‟s activation of these receptors may increase 

GABA levels in the acute slice (Ade et al, 2008), these experiments were repeated in 

TTX (500 nM).  D2+ MSN etomidate responses remained significantly greater than those 

from D1+ cells (p < 0.005, Figure 15), suggesting that D2+ MSNs express more β3 

GABAA receptor subunits than D1+ MSNs. 

Etomidate‟s potentiating role was also assessed as it may give a more accurate 

account of MSN physiology, because low levels of ambient GABA are always present in 

the slice and contribute to tonic GABAA currents.  Therefore, etomidate‟s potentiating 

roles were determined by comparing exogenously applied GABA (1 µM) to co-

application of etomidate and GABA, in the presence of TTX.  Etomidate potentiated 

GABA currents 188 ± 68.6% (n = 9/4, p < 0.005) in D2+ MSNs, but only 56.6 ± 29.6% 

(n = 3/3, p = 0.09) in D1+ MSNs, also suggesting that D2+ MSNs have a greater number 

of β3-containing GABAA receptors that may mediate tonic current. 

 

iv. Etomidate does not Affect mIPSC Properties 

Because the composition of synaptic GABAA receptors also remains unknown, I 

investigated etomidate‟s effects on mIPSCs in both types of MSNs.  Although etomidate  
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Figure 15. Etomidate Selectively Activates Extrasynaptic Receptors in D2+ MSNs. 

(A) Representative current traces of a D2+ and a D1+ MSN in 0.5 µM TTX showing 

greater etomidate-mediated currents in the D2+ MSN.  (B) Representative traces of two 

individual MSNs, showing the direct effect of etomidate (3 µM), response to 1 µM 

GABA, and etomidate‟s potentiating role with 1 µM GABA, all in 0.5 µM TTX.  (C) 

Summary data of etomidate‟s direct (D2+: n = 21/9; D1+: n = 17/8) and potentiating 

(D2+: n = 10/4; D1+: n = 6/4) effects on D2+ and D1+ MSN tonic current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 

 

A
D2+

Etom               BMR Etom BMR
D1+

40 s

30 pA

R
e

s
p

o
n

s
e

 (
p

A
)

C

D2+

D1+

B

20 s
100 
pA

Etom GABA GABA + Etom

0

50

100

150

Direct Potentiation

GABA

GABA + 

Etom

D2+

D1+
**

D2+

D1+

**

 

 

 

 

 

 

 



90 

 

Figure 16. Etomidate does not Affect Striatal Synaptic GABAA Receptors.  (A) 

Examples of mIPSCs in D2+ and D1+ neurons before (grey) and after (black) etomidate 

application. Averaged mIPSC traces are normalized and overlaid (right) to demonstrate 

that etomidate had little effect on current decay. (B) Summary graph of mIPSC data 

demonstrating that etomidate had little effect on frequency (D2+: n = 13/4; D1+: n = 

11/4), amplitude (D2+: n = 13/4; D1+: n = 11/4), weighted tau (D2+: n = 12/4; D1+: n = 

8/4), or rise time (D2+: n = 3/2; D1+: n = 3/2) in both D2+ and D2+ MSNs. 
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did not significantly alter mIPSC frequency, amplitude, weighted tau, or rise time (Figure 

16), the presence of β3 subunits in synaptic receptors cannot be ruled out.  Heterogeneity  

in β subunit expression at this site may mask any effects of etomidate on β3 subunit- 

containing GABAA receptors.  Additionally, β1 and β3 subunit expression within the 

same synaptically-located GABAA receptor is a unique possibility which may underlie 

these results.        

 

c. PKA Phosphorylation Affects MSN Tonic Conductance 

i. Intracellular PKA Application Modulates D1+ MSN BMR-

Sensitive Tonic Current 

 The large etomidate response in D2+ MSNs suggests that β3 subunits are present 

in D2+ cells and that this subunit contributes to MSN tonic current.  Because both β1 and 

β3 GABAA receptor subunits are targets of PKA phosphorylation (McDonald et al, 

1998), it was crucial to determine the role PKA phosphorylation plays in mediating and 

regulating MSN tonic current.  In order to alter the post-synaptic cell‟s phosphorylation 

environment, many studies apply cell-permeable drugs to the extracellular space that will 

activate the PKA phosphorylation cascade in neurons.  For example, cell-permeable 

cAMP or forskolin is often applied exogenously to activate PKA phosphorylation in 

target neurons (McDonald et al, 1998; Flores-Hernandez et al, 2000).  However, these 

drugs are permeable to every neuron, and therefore affect not only the target post-

synaptic neuron, but also pre-synaptic terminals and release probability as well.  

Therefore, these drugs add another layer of complexity in understanding a post-synaptic 

neuron‟s response to changes in PKA phosphorylation.  To investigate an individual  
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Figure 17. Internal PKA Application Regulates GABA-Mediated Tonic Current. (A) 

Representative traces of two individual MSNs where PKA was supplemented in the 

internal solution, showing BMR-sensitive tonic current in both cells. (B) Summary graph 

for tonic current in D2+ and D1+ MSNs in control conditions (D2+: n = 16/10; D1+: n = 

12/9) and with internal PKA application (D2+: n = 10/3; D1+: n = 15/7).  (C) 

Representative traces from simultaneous dual recording of D2+ and D1+ MSNs, showing 

etomidate responses with internal PKA application.  (D) Summary graph for current 

induced by etomidate with internal PKA application.  D2+ MSN responses decreased 

slightly (CsCl: n = 21/9, CsCl + PKA: n = 5/2), while etomidate responses in D1+ MSNs 

were significantly greater with internal PKA application (CsCl: n = 17/8, CsCl + PKA: n 

= 9/4).   
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neuron‟s response to phosphorylation, kinases and phosphatases were included in the 

internal recording solution in this study.  The catalytic subunit of PKA (50 – 75 μg/mL; 

used for only 3 days following dilution) was supplemented into the CsCl internal solution 

for ideal phosphorylation of PKA substrates. The first step in identifying the effects of 

phosphorylation on striatal MSNs was to monitor tonic current in both D1+ and D2+ 

MSNs upon intracellular application of PKA.  In these conditions, tonic current in D1+ 

MSNs increased (p < 0.005), while D2+ MSN tonic current decreased (p < 0.05) (Figure 

17).   

Since β3 subunit phosphorylation results in larger currents (McDonald et al, 1998; 

Nusser et al, 1999), the increase in D1+ MSN tonic current could reasonably be attributed 

to a phosphorylated β3 GABAA receptor subunit.  Etomidate‟s effects were also 

measured in the presence of TTX and intracellular application of PKA.  In these 

conditions, the D1+ MSN etomidate response increased (p < 0.05), while the D2+ MSN 

response was slightly decreased (p = 0.2) (Figure 17C&D).  Interestingly, etomidate 

responses between D1+ and D2+ MSNs did not differ with intracellular PKA application 

(p = 0.5), indicating that the two MSN subtypes contain similar amounts of extrasynaptic 

β3 subunit-containing GABAA receptors which may mediate tonic current when 

phosphorylated.  These data suggest that D1+ MSN tonic current is mediated through a 

phosphorylated β3 subunit.   
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ii. Basal Phosphorylation of β3 Subunits in D2+ MSNs 

Because intracellular PKA application did not increase D2+ MSN tonic current, 

the next obvious question to investigate was if D2+ MSN β3 subunits were basally 

phosphorylated to mediate tonic current.  Indeed, many studies have also suggested that  

β3 GABAA receptor subunits are basally phosphorylated by PKA (McDonald et al, 1998; 

Poisbeau et al, 1999; Brandon et al 2003).  If D2+ MSNs mediate their tonic current  

through basally phosphorylated β3 subunits, PKA blockade should eliminate tonic 

current.  Therefore, I investigated the PKA phosphorylation blockade next by including 

the PKA inhibitor, PKI (20 μM), in the internal recording solution and measuring MSN 

tonic current.  In these conditions, D2+ MSN tonic current decreased (p < 0.0005), while 

D1+ tonic current remained unaffected (p = 0.3), suggesting that D2+ MSNs are basally 

phosphorylated by PKA (Figure 18B). Because D1+ MSN tonic current was unaltered 

with internal PKI application, but increased with internal PKA application, β3 subunits in 

these cells are unlikely to be basally phosphorylated.   

Basal phosphorylation has also been attributed to PKC activity in cortical neurons 

(Brandon et al, 2000), so I also supplemented the specific PKC inhibitor, PKC fragment 

19-36 (PKC-I, 10 µM), into the internal solution to determine its effects on D2+ MSN 

tonic current.  In these conditions, D2+ MSNs expressed just 8.0 ± 1.13 pA (p < 0.0005) 

of tonic current, while D1+ MSN tonic current was largely unaffected (p = 0.09) (Figure 

18B).  Therefore, it appears that both PKA and PKC may be responsible for basal 

phosphorylation of D2+ MSNs, although it is likely that the pharmacological inhibitors 

are not selective enough for assigning the role of basal phosphorylation to PKA or PKC 

exclusively.    
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Figure 18. D2+ MSNs are Basally Phosphorylated by PKA and PKC.  (A) 

Representative traces of normal D2+ tonic current (left) and D2+ tonic current with 

intracellular PKI application (right).  (B) Summary graph for D2+ and D1+ MSN tonic 

current in normal conditions (D2+: n = 16/10; D1+: n = 15/7), with intracellular 

application of PKI (D2+: n = 15/8; D1+: n = 4/3), and intracellular application of PKC-I 

(D2+: n = 12/2; D1+: n = 4/2).    
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Figure 19. Synaptic Receptors are Unaffected by PKA and PKI.  (A) Summary graph 

showing no changes in sIPSC frequency in control conditions (D2+: n = 31/14; D1+: n = 

26/11), internal PKA application (D2+: n = 16/5; D1+: n = 21/5), and internal PKI 

application (D2+: n = 16/5; D1+: n = 7/5).  (B) Summary graph showing no changes in 

sIPSC amplitude in control conditions (D2+: n = 31/14; D1+: n = 26/11), internal PKA 

application (D2+: n = 16/5; D1+: n = 20/5), and internal PKI application (D2+: n = 16/5; 

D1+: n = 7/5).  (C) Summary graph of changes in weighted tau among control conditions 

(D2+: n = 31/14; D1+: n = 26/11), internal PKA application (D2+: n = 14/5; D1+: n = 

21/5), and internal PKI application (D2+: n = 15/5; D1+: n = 7/5).  Internal application of 

PKI significantly decreased D2+ MSN decay time from control.  
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However, due to striatal dopamine‟s importance in regulating the PKA second messenger 

cascade (Stoof & Kebabian, 1981), I have largely focused on PKA‟s influence on MSN 

tonic current.   Future studies are warranted to further investigate the potential role for 

PKC in this system. 

 

iii. sIPSC Properties are Largely Unaffected by PKA and PKI 

To better understand the role of PKA phosphorylation in striatal MSNs, sIPSC 

properties were also measured with intracellular PKA and PKI application and compared  

to those properties measured in control conditions.  Intracellular application of PKA did 

not affect sIPSC frequency, peak amplitude, or decay time in MSNs as shown in Figure 

19.  Because PKA phosphorylation modulates β1 and β3 subunits differently, these 

results are somewhat expected since synaptic receptor β subunit composition is likely 

heterogeneous, and presence of both subunits will likely mask the effects of the other.  

Additionally, intracellular application of PKI did not affect sIPSC properties in MSNs, 

although it decreased D2+ MSN decay time (p < 0.005, Figure 19).  The decrease in 

decay kinetics may also suggest that β3 subunits in D2+ MSN synaptic receptors are 

basally phosphorylated, as dephosphorylation will decrease the amount of current 

through the channel.   
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d. Dopamine’s Regulation of MSN Tonic Current.   

i. Little Basal Dopamine Present in Acute Slice Preparation. 

 Given dopamine‟s extensive control over PKA phosphorylation and PKA 

phosphorylation‟s role in MSN tonic current, I next sought to reconcile these two 

observations and determine how dopamine may modulate striatal MSN tonic current.   

Striatal dopamine will promote PKA activity in D1+ MSNs, while inhibiting it in D2+ 

MSNs, and ambient dopamine affects the system in drastically different ways.  Although 

basal dopamine levels are not usually measured with real-time voltammetry studies, one 

study investigated dopamine release in the nucleus accumbens of rat acute slices, and 

found that the neuromodulator is only released when electrical or pharmacological 

stimulus is provided (Lee et al, 2001). Although conducted in the nucleus accumbens 

where dopamine concentrations are lower than the dorsal striatum, these studies suggest 

that dopamine is not present in the acute slice preparation, and dopamine receptors are 

unaffected.  Therefore, to investigate the basal levels of dopamine in the dorsal striatum 

of the acute slice preparation, I applied D1R and D2R selective antagonists to MSNs and 

measured tonic currents.  In 4 D2+ MSN whole-cell recordings, the D2R antagonist 

sulpiride (2 µM) did not affect tonic currents (19.5 ± 2.1 pA, n = 4/3, p = 0.2).  Likewise, 

SCH23390 (10 µM), the D1R antagonist, had no effect on D1+ MSN tonic current (1.8 ± 

1.0 pA, n = 4/2, p = 0.2), suggesting that basal levels of dopamine do not affect D1 and 

D2 receptors in young animals.   
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ii. Dopamine Receptor Agonists Alter MSN Tonic Current. 

 In order to determine if dopamine affects the PKA phosphorylation cascade in 

striatal MSNs, dopamine‟s effects on MSN tonic current were assessed by applying D1R- 

and D2R-like agonists to the slice, and measuring tonic current in D1+ and D2+ MSNs, 

respectively.  The endogenous compound dopamine was not applied because it will bind 

and activate both D1R and D2Rs, and may alter presynaptic functions, muddling the 

effects of dopamine on postsynaptic MSNs.   Quinpirole (10 µM), the D2R-like agonist, 

was applied to D2+ MSNs, and BMR (25 µM) was applied following at least 5 minutes 

of whole-cell recording (to allow full GPCR effects).  In these conditions, quinpirole 

decreased the D2+ MSN tonic current (p < 0.05, Figure 20), while the D1R-like agonist 

(SKF-81297, 10 µM), increased D1+ MSN tonic current (p < 0.05).  To be confident that 

these effects were due to activation of their dopamine receptors, I applied SKF-81297 and 

quinpirole to D2+ and D1+ MSNs, respectively.  In these conditions, the D1R-like 

agonist did not alter the D2+ MSN tonic current (p = 0.3) nor did the D2R-like agonist 

alter the D1+ MSN tonic current (p = 0.9).  Therefore, D2R activation decreases tonic 

current, which is in line with a GPCR-mediated inhibition of PKA phosphorylation which  

I found to decrease D2+ MSN tonic current.  On the other hand, D1R activation increases 

tonic current; this effect is likely mediated through PKA activation, which I found to 

increase D1+ MSN tonic current.   

These same experiments were repeated at more physiological temperatures (32 

ºC) since phosphorylation rates are likely altered under such conditions.  In these 

conditions, D2+ MSN tonic currents remained greater than those expressed by D1+ 

MSNs (D2+: 21.7 ± 11.4 pA, n = 3/2; D1+: 7.0 ± 2.5 pA, n = 3/2, p = 0.2).  At  
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Figure 20.  Dopamine Agonists Alter MSN Tonic Conductance.  (A) Representative 

current traces from individual D2+ and D1+ MSNs illustrating that the D2R agonist, 

quinpirole, reduces tonic current in the D2+ MSN, whereas it does not affect tonic current 

in the D1+ MSN.  (B) Representative traces of a simultaneous dual recording between a 

D2+ and D1+ MSN illustrating that the D1R agonist, SKF-81297, induces a tonic current 

in the D1+ MSN, while not affecting tonic current in the D2+ MSN.  (C) Summary graph 

showing effects of tonic current with quinpirole and SKF-81297 application on D2+ (n = 

5/3, 7/3) and D1+ neurons (n = 5/3, 3/3).  
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physiological temperatures, quinpirole continued to decrease the D2+ MSN tonic current 

to 38.9 ± 18.3 % of control (n = 3/2; p = 0.1), while SKF-81297 continued to increase the 

D1+ tonic current to 183.6 ± 33.9 % of control (n = 3/2, p = 0.08).  Although these 

findings were not significant, likely due to the small numbers of cells where control tonic 

current could be compared to the effects of agonists within the same cell, the effects seen 

at room temperature are consistent with the trends seen at physiological temperatures.  

These experiments suggest that the dopamine-PKA phosphorylation-tonic current 

relationships remain intact at more physiological temperatures.   

 

iii. The Link Between Dopamine Receptor Activation, 

Phosphorylation, and GABA-Mediated Tonic Current 

 To confirm that the increased D1+ MSN tonic current with SKF-81297 

application was due to a phosphorylated β3 subunit, etomidate was applied alone and 

after the cell was bathed in SKF-81297 for over 5 minutes.  When co-applied with the 

D1R-like agonist, etomidate produced a significantly greater response than when it was 

applied alone (etomidate, 8.3 ± 2.2 pA; SKF-81297 + etomidate, 16.0 ± 4.2 pA, n = 4/1, p  

< 0.05; Figure 21).  These data support the hypothesis that D1+ MSNs express tonic 

current through phosphorylated β3 subunit-containing GABAA receptors upon dopamine 

receptor activation.  

 

iv. Tonic Current in Adult MSNs. 

 While such experiments in young mice (p 15-21) are necessary and important to 

the understanding of neuronal physiology, experiments in adult animals offer additional  
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Figure 21. SKF-81297 Increases Etomidate Response in D1+ MSNs.  Representative 

current trace from a D1+ MSN where etomidate was given before and during SKF-81297 

application.  SKF-81297 was given for over 5 minutes before co-application with 

etomidate.  In a total of 4 cells, SKF-81297 + etomidate currents were significantly larger 

than etomidate currents alone from the same cells (p < 0.05). 
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insight into potential disruptions that occur in primarily adult-onset diseases, like PD.  

For this reason, I recorded MSN tonic current from adult mice (p 33-37) and investigated 

how tonic current in these cells was modulated by dopamine receptor agonists and 

regulators of PKA phosphorylation.  Strikingly, older D1+ MSNs expressed significantly 

more tonic current than young neurons (18.3 ± 1.19 pA, n = 6/2, p < 0.0005), while tonic 

current was decreased in D2+ MSNs (8.25 ± 3.1 pA, n = 4/2, p < 0.05) (Figure 22).  

These findings were confirmed by a recent study in adult mice by Santhakumar et al. 

(2010) who found that adult (p > 30) D1+ MSNs express more tonic current than D2+ 

MSNs, the opposite pattern from young (p 16-25) MSNs.    

 Basal dopamine levels are unable to activate receptors in young mice, but 

increased dopamine release in the adult striatum may provide a reasonable mechanism for 

the developmental changes in MSN tonic current expression.  Application of the D1R-

like antagonist decreased the adult D1+ MSN tonic current to 35.1 ± 14.9 % of control (n  

= 4/1, p = 0.05), suggesting that basal levels of dopamine may be altered in the adult 

animal, and underlie the observed changes in MSN tonic current.   

To investigate the role of PKA phosphorylation in these older animals, PKI was 

supplemented in the internal solution and tonic currents from D1+ and D2+ MSNs were 

measured.  In older animals with intracellular PKI application, tonic current in D2+ 

MSNs did not change (p = 0.9), while D1+ MSN tonic current was significantly reduced  

 (p < 0.0005) (Figure 22).  Although the dopamine receptor profile for tonic current is 

reversed in adult mice (likely due to altered dopamine release), the relationship between 

dopamine, PKA phosphorylation, and tonic current remains intact throughout 

development.   
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Figure 22. Adult Animals have Different Tonic Current Expression.  Summary graph 

showing the amount of tonic current expressed in young MSNs (p 15-21) (D2+: n = 

16/10; D1+: n = 12/9), old MSNs (p 33-37) (D2+: n = 4/2; D1+: n = 6/2), and old MSNs 

with intracellular PKI application (D2+: n = 4/2; D1+: n = 4/2).  * denotes significance 

between young and old mice.  # denotes significance between control and intracellular 

PKI application in old mice.  
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v. Dopamine Regulates MSN Excitability 

Because dopamine modulates MSN tonic currents and GABAergic tonic current 

regulates cell excitability (Ade et al, 2008), dopamine‟s effects on MSN rheobase and 

firing frequency were also investigated.  For these experiments, the Kgluconate internal 

solution was used with the current-clamp technique.  Cells were held at a pre-determined 

membrane potential (-70 mV), and subjected to 1 s hyperpolarizing and depolarizing 

current injections before and during dopamine receptor agonist application.  As 

previously reported, D2+ MSNs exhibited a lower rheobase compared to D1+ MSNs 

(Figure 23C), suggesting that D2+ MSNs are more excitable (Ade et al, 2008; Gertler et 

al, 2008).  Quinpirole (10 µM) significantly increased the rheobase and significantly 

decreased the firing frequency in D2+ MSNs (Figure 23).  However, no changes to 

rheobase or firing frequency were observed with the D1R agonist, SKF-81297 (10 µM).  

These data suggest that activation of D2Rs reduces D2+ MSN excitability, feasibly  

through dopamine regulation of the D2+ MSN tonic current.  Further investigation is 

necessary to make a definitive statement on how D1Rs regulate D1+ MSN excitability. 

 

vi. Dopamine Receptor Agonists do not Affect sIPSC Properties 

In order to determine the effects of dopamine receptor agonists on D2+ and D1+ 

MSN synaptic receptors, I measured sIPSC properties in these neurons after they were 

exposed to quinpirole or SKF-81297.  No changes to decay kinetics were observed in 

these conditions (D2+: 124.6 ± 17.7 % control, n = 4/3, p = 0.09; D1+: 99.5 ± 11.3 % 

control, n = 10/7, p = 0.8), in agreement with a study from Robert Malenka‟s lab (Nicola 

& Malenka, 1998) where dopamine failed to affect IPSCs in the dorsal striatum.   
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Figure 23. Dopamine Receptor Agonists Modulate MSN Excitability.  (A) 

Representative current-clamp recording from a D2+ MSN illustrating the responses to a 

series of depolarizing current injections (20 pA steps) from -70 mV, recorded with 

Kgluconate internal in the absence and presence of quinpirole and BMR.  (B) 

Representative example of a D1+ MSN in the same conditions as (A), but with the D1R-

like selective agonist, SKF-81297. (C) Summary plot showing the averaged rheobase 

current in D2+ (n = 5/2) and D1+ (n = 8/3) MSNs with dopamine receptor agonist and 

BMR application. Rheobase measured from -70 mV.  (D) Summary of action potential 

firing frequency in response to increasing depolarizing current injections in D2+ MSNs 

(black square) in the absence and presence of quinpirole (white square) and BMR (black 

circle) (n = 5/2).  (E) Summary of action potential firing frequency in D1+ MSNs (black 

square) in the absence and presence of SKF-81297 (white square) and BMR (black 

circle) (n = 7/3).  * denotes significance to D2+ control cells. # denotes significance 

between D2+ and D1+ MSNs.  Calibration bar: 20 µM and 500 ms.   
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e. The Importance of the GABAA Receptor β3 Subunit in MSN Tonic 

Current 

Because global β3 subunit KO mice are prone to developmental problems 

resulting in neonatal death (Homanics et al, 1997; Ferguson et al, 2007), conditional β3 

subunit KO mice were generated to identify the importance of this subunit in mediating 

striatal MSN tonic conductance.  Two strains of conditional KO animals were generated 

using the Cre-lox system, which as previously described, excises a gene of interest from a 

particular neuronal tissue or cell type.  Drd2-β3 subunit KO mice have Cre-mediated 

excision of the β3 GABAA receptor subunit only in cells that express the D2 receptor; 

cells that lack the D2 receptor still contain the GABAA receptor subunit.  Dlx5/6-β3 

subunit KO animals have Cre-mediated excision of the β3 subunit in cells that express 

Dlx5/6, which has been characterized in neurons that originate from the lateral ganglionic 

eminence (Stenman et al, 2003).  Thus, the β3 subunit is excised in all GABAergic 

forebrain neurons, including both types of striatal MSNs and interneurons, in Dlx5/6-β3 

subunit KO mice. 

  

i. Cre-lox Method Decreases β3 GABAA Receptor Subunit 

Expression 

Western blot analysis on adult pan-neuronal β3 subunit KO animals showed a 

significant Cre recombinase-mediated reduction in the β3 GABAA receptor subunit 

expression in all areas studied (Ferguson et al, 2007).  Although the subunit was not 

completely deleted, these animals offer unprecedented insight into the importance and 

function of the β3 subunit.  Western blot analysis on the conditional KO mice discussed 
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in this thesis was not conducted due to the complexity of the conditional KO tissue.  For 

example, D2R expressing neurons need to be effectively sorted from non-D2R expressing 

neurons for a meaningful Western blot analysis.  It can be assumed, however, that Cre 

recombinase expression in a conditional KO excises a similar amount of β3 GABAA 

receptor subunits as reported in the pan-neuronal KO because these two studies share the 

floxed β3 mouse strain. 

 

ii. Conditional β3 Subunit KO Mice Show Enhanced Lethality 

While a global deletion of the β3 GABAA receptor subunit resulted in 90% 

lethality within 24 hours, possibly due to issues involving cleft palate (Homanics et al, 

1997), pan-neuronal deletion of the subunit was found to cause neonatal lethality 

unrelated to cleft palate (Ferguson et al, 2007).  A similar finding was observed with the 

Dlx5/6-β3 subunit KO mice when the number of Cre expressing animals that were 

heterozygous for the floxβ3 allele (Hetβ3) surviving to p7 was compared to the number 

of Cre expressing animals with the homozygous floxβ3 allele (KO).  The number of Cre 

recombinase expressing animals that were Hetβ3 was 75%, while Cre recombinase 

expressing animals with both floxβ3 alleles represented just 25% of animals (n = 8).  This 

ratio of 3:1 differs from the predicted 1:1 ratio with my breeding scheme and Mendelian 

genetics, and suggests that the conditional Dlx5/6-β3 subunit KO mice may be prone to 

neonatal lethality before p7.  Neonatal lethality was not observed in Drd2-β3 subunit KO 

animals (n = 10). 

Despite these neonatal deaths, both Dlx5/6- and Drd2-β3 subunit KOs lacked any 

abnormal phenotypes like cleft palate and hyperactivity, which are observed in global β3 
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subunit KOs (Homanics et al, 1997), but not pan-neuronal KOs (Ferguson et al, 2007).  

Under general observation, conditional β3 subunit KOs were not behaviorally different 

from heterozygous littermates. 

 

iii. Conditional β3 Subunit KO Mice have Decreased Tonic 

Current 

Although dopamine receptor identity was not able to be determined in these mice, 

a large number of cells were sampled, and therefore the sample population likely contains 

both D1+ and D2+ MSNs.  Because cell identity was not known, box and whisker plots 

were generated to observe the spread and pattern of tonic current.  Presenting only 

averages and SEM would be misleading as these data contain two types of cells with 

differences in the measured characteristics.  However, averages and SEM were used to 

determine significance in these cells for lack of a better way to present statistical data.  

Tonic inhibition was measured and compared between Drd2-β3 subunit KO and 

Drd2-Cre;Hetβ3 mice to verify that any differences observed in tonic current were due to 

the lack of the β3 subunit.  As seen in Figure 24B, the presence of the wide box 

representing the 25
th

 and 75
th

 percentile demonstrates the high degree of variability in 

tonic current amplitudes (0 to 25.1 pA, n = 14/4) from MSNs in Drd2-Cre;Hetβ3 mice.  

This wide range is consistent with the inclusion of D1+ and D2+ MSN tonic currents 

among the recorded neurons, and suggests that any potential changes to tonic current in 

Drd2-β3 subunit KO mice is due to the lack of β3 subunit expression.  Indeed, Drd2-β3 

subunit KO mice had tonic current amplitudes that were confined to a much more narrow  
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Figure 24. Tonic Current Patterns in β3 Subunit KO Mice.  (A) Individual 

representative current traces displaying tonic current in Drd2-Cre;Hetβ3 mice (left) and 

Drd2-β3 subunit KO mice (right). (B) Summary box and whisker plots displaying the 

tonic current patterns in Drd2-Cre;Hetβ3 (n = 14/4), Drd2-β3 subunit KO (n = 26/4), 

Dlx5/6-Cre;Hetβ3 (n = 13/3), and Dlx5/6-β3 subunit KO (n = 8/2) mice.  Small squares 

represent each cell‟s tonic current. (C) Summary box and whisker plots displaying the 

tonic current patterns in Floxβ3 (n = 13/2) and wild type BAC Drd2 EGFP;BAC Drd1a 

tdTomato mice from D1+ (n = 15/5) and D2+ (n = 10/5) MSNs.  Small squares represent 

each cell‟s tonic current. 
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range (0 to 6.4 pA, n = 26/4), suggesting that the tonic current expression in Drd2-β3 

subunit KO mice does not differ between D1+ and D2+ MSNs.  In addition, the average 

tonic current between Drd2-β3 subunit KO and Drd2-Cre;Hetβ3 was significantly 

different; amplitudes were smaller in Drd2-β3 subunit KO animals (Drd2-Cre;Hetβ3: 

11.0 ± 2.3 pA, n = 14/4; Drd2-β3 subunit KO: 2.8 ± 0.4 pA, n = 26/4, p < 0.0005).  These 

results suggest that β3 subunit deletion in D2+ MSNs decreases the D2+ MSN tonic 

current to levels characteristic of D1+ MSNs. 

Tonic current was also measured by RMS noise analysis in these cells.  Although 

the difference was not significant, the average RMS noise difference tended to be lower 

in Drd2-β3 subunit KO animals (1.0 ± 0.15, n = 26/4) than Drd2-Cre;Hetβ3 animals (1.5 

± 0.24, n = 14/4, p = 0.07).  Again, this trend suggests that Drd2-β3 subunit KO animals 

express a lower average tonic current amplitude than the Drd2-Cre;Hetβ3 mice. 

Experiments conducted in Dlx5/6-β3 subunit KO and Dlx5/6-Cre;Hetβ3 mice 

gave similar results (Figure 24B).  While Dlx5/6-Cre;Hetβ3 mice showed a tonic current 

pattern suggestive of D1+ and D2+ MSNs (range of  0 to 22.3 pA), the spread of tonic 

current was more narrow in Dlx5/6-β3 subunit KO animals (0.4 to 12.7 pA).  The average 

tonic current between Dlx5/6-β3 subunit KO and Dlx5/6-Cre;Hetβ3 mice was not 

significantly different (Dlx5/6-Cre;Hetβ3: 10.9 ± 2.8 pA, n = 13/3; Dlx5/6-β3 subunit 

KO: 5.8 ± 1.6 pA, n = 8/2, p = 0.2), although may become significant with increased 

numbers of experimental Dlx5/6-KO animals.  These results suggest that β3 subunit 

deletion in striatal MSNs and interneurons decreases MSN tonic current. 

It is also possible that the floxβ3 allele alters β3 subunit and functionality, and 

therefore tonic currents were measured from mice that lacked Cre recombinase 
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expression, but were homozygous for the floxβ3 allele (Floxβ3).  Suggesting inclusion of 

both D1+ and D2+ MSNs in the sample population, Floxβ3 mice showed quite varied 

tonic current amplitudes (0 to 34.3 pA) (Figure 24C), agreeing with the Western blot 

analysis (Ferguson et al, 2007) that suggested that the subunit was not affected by the 

inclusion of loxP sites. 

 

iv. Etomidate Sensitivity in Conditional β3 Subunit KO Mice. 

Based on experiments already presented, etomidate (3 µM) is a selective 

pharmacological agent that identifies β3 subunit-containing GABAA receptors.  

Therefore, the effects of etomidate in TTX were tested on Drd2-β3 subunit KO and Drd2-

Cre;Hetβ3 mice.  Responses to etomidate (3 µM) averaged 43.6 ± 9.3 pA (n = 9/2) in 

Drd2-Cre;Hetβ3 mice, with a wide range of amplitudes (4.3 to 95.4 pA), suggesting that 

this population of MSNs contains both etomidate-sensitive D2+ MSNs and relatively 

etomidate-insensitive D1+ MSNs.  Interestingly, a similar wide range of etomidate 

responses was found in the Drd2-β3 subunit KO animals (0.4 to 34.6 pA), while the 

average was significantly smaller (14.9 ± 2.7 pA, n = 15/4, p < 0.005).   

These same experiments were repeated in Dlx5/6-KO mice with similar results.  

Although Dlx5/6-Cre;Hetβ3 mice had etomidate currents averaging 44.3 ± 13.6 pA (n = 

6/2) with a wide range of amplitude (6.5 to 95.2 pA), Dlx5/6-β3 subunit KO mice 

expressed somewhat lower average etomidate responses (33.4 ± 9.2 pA, n = 7/2, p = 0.5), 

although the range of currents was still quite wide (4.8 to 65.9 pA).  Data from both types 

of conditional β3 KO mice suggest that etomidate responses in β3 KOs are smaller 

compared to heterozygous littermates.   
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As previously reported, responses to 1 µM GABA in TTX are significantly 

smaller in D1+ MSNs compared to D2+ neurons (Ade et al, 2008).  Therefore GABA  

sensitivity was also tested in β3 subunit Drd2-β3 subunit KO mice in the presence of 

TTX.  The average response to GABA (1 µM) in the Drd2-Cre;Hetβ3 mice was 61.5 ± 

13.1 pA (n = 7/4) with a range of 15.3 to 100.5 pA.  In contrast, Drd2-β3 subunit KO 

mice expressed an average GABA current of 14.0 ± 2.7 pA (n = 6/2, p < 0.05), with a 

more narrow range of amplitudes (9.1 to 24.3 pA).  These data suggest that the β3 subunit 

may also affect GABA sensitivity in some receptors. 

 

v. Synaptic Responses in β3 Subunit KO Mice 

Although D1+ and D2+ MSNs do not differ in their mIPSC profile (Ade et al, 

2008), I sought to more fully understand the composition of phasic GABAA receptors, 

and mIPSC characteristics were compared between β3 subunit KO and Cre;Hetβ3 mice.  

As shown in Figure 25C, averaged mIPSC decay times were significantly shorter in 

Drd2-β3 subunit KO mice compared to Drd2-Cre;Hetβ3 mice.  On the other hand, both 

mIPSC frequency and peak amplitudes did not differ between the two transgenic animal 

strains.  Although there was no significant difference between mIPSC decay times in the 

Dlx5/6-β3 subunit KO and Dlx5/6;Hetβ3 mice (p = 0.4), β3 subunit KO animals tended 

to have more rapid decay kinetics.  As seen in the Drd2-β3 subunit KO mice, mIPSC 

frequency and peak amplitudes were no different from their Cre;Hetβ3 littermates (p = 

0.9, p = 1.0). 
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Figure 25. Synaptic Responses in Drd2-β3 Subunit KO Mice. (A) Summary graph for 

mIPSC frequencies in Drd2-β3 subunit KO (n = 17/4) and Drd2-Cre;Hetβ3 (n = 9/4) 

mice.  (B) Summary graph for mIPSC peak amplitudes in Drd2-β3 subunit KO (n = 17/4) 

and Drd2-Cre;Hetβ3 (n = 9/4) mice.  (C) Summary graph for mIPSC decay time in Drd2-

β3 subunit KO (n = 14/4) and Drd2-Cre;Hetβ3 (n = 9/4) mice.  
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II. Characterizing NPY+ Interneurons. 

a. Identification of LTS/NPY+ Interneurons in Acute Slice Preparation. 

 To accurately identify LTS/NPY+ interneurons and compare their 

electrophysiological characteristics with those of MSNs, BAC NPY mice were used that 

express EGFP under the NPY promoter.  Therefore, in acute slice preparations made 

from these mice, “green” neurons were assumed to be NPY+ interneurons.  Because 

firing pattern was not tested in all “green” NPY+ interneurons, these cells will be labeled 

as NPY+ interneurons for the purposes of this results section.   

In these acute slices, NPY+ interneurons were sparse in the striatum compared 

with cortical areas (Partridge et al, 2009), consistent with the observation that striatal 

NPY+ interneurons represent just 1-2% of the neuronal population (Kawaguchi et al, 

1995).  Because these experiments were conducted with a KCl-based internal solution, 

“green” cells were also confirmed with previously established characteristic firing 

patterns of LTS and PLTS-type interneurons (Kawaguchi, 1993; Koós & Tepper, 1999).  

In these slices, MSNs were identified as “non-green” cells with MSN characteristic firing 

patterns (Ade et al, 2008).  To confirm the MSN properties found in these slices, these 

experimental conditions were repeated in fluorescently labeled animals, where MSN 

identity was known. 

 

b. Intrinsic NPY+ Interneuron Characterization. 

 Striatal NPY+ interneuron electrophysiology had remained largely unexplored 

since initial work by Kawagushi in 1993, until Dr. John Partridge and I began a study that 

utilized the BAC NPY strain of mice to identify these cells in the acute slice preparation 
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Figure 26. Intrinsic NPY+ Interneuron Characteristics.  (A) Representative cell-

attach recording of spontaneous firing in an NPY+ interneuron.  (B) Superimposed 

representative current-clamp traces to hyperpolarizing and depolarizing current injections 

in distinct examples from NPY+ cells (left, center) and an MSN (right).  (C) Spike-

frequency plots of NPY+ interneurons (n = 8/4) and MSNs (n = 8/3) as a function of 

depolarizing injection current amplitude.  All cells held at -70 mV. (D) Box and whisker 

plot shows the range of input resistance values in NPY+ interneurons (n = 8/3) and MSNs 

(n = 6/3).  
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 (Partridge et al, 2009).  These cells were previously identified only by firing pattern 

characteristics and post-hoc immunohistochemistry, and were difficult to study due to 

their low abundance in rodent striatum.   

One of the first characteristics we observed was that about 85% of “green” NPY+ 

cells displayed spontaneous firing (16 of 19/7, Figure 26A), while “non-green” MSNs did  

not when a Kgluconate internal solution was used.  These findings suggest that in the 

acute slice preparation, NPY+ interneurons are continually releasing GABA, and may be 

providing the ambient GABA needed to activate tonic current in striatal MSNs.  Based on 

this hypothesis, further characterization was necessary to determine basic properties of 

these striatal interneurons and their potential role in providing ambient GABA in the 

acute slice preparation. 

 To identify firing pattern characteristics of NPY+ interneurons and MSNs from 

BAC NPY mice, I performed current clamp recordings with KCl internal solutions in 

both types of cells.  Each cell was subjected to 1 s hyperpolarizing and depolarizing 

current injection steps of 10 pA from a set membrane potential of -60 mV for NPY+ 

interneurons and -70 mV for MSNs based on their reported RMPs.  Of 20 NPY+ 

interneuron recordings, most cells exhibited rebound action potentials in response to 

hyperpolarizing steps and repetitive firing in response to depolarizing current injections 

(n = 15/9; Figure 26B, left).  The remaining cells also exhibited the rebound action 

potentials, but featured persistent depolarization in response to depolarizing current 

injections (n = 5/4; Figure 26B, center).  These defining characteristics have been 

previously noted for LTS and PLTS interneurons (Kawaguchi, 1993; Tepper & Bolam, 
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2005), and the striatal NPY+ interneuron population highlighted in the BAC NPY mice is 

likely to contain both types of these cells.   

Further analysis of these firing patterns showed that MSNs had a greater rheobase 

(55.0 ± 5.3 pA, n = 8/3) than NPY+ interneurons (27.5 ± 8 pA, n = 8/4, p < 0.005) when 

measured from -70 mV.  The relationship between frequency of action potentials and 

amount of injected current was also measured, and the frequencies were greater in 

LTS/NPY+ interneurons compared to MSNs from the same animals (Figure 26C).  These 

data suggest that LTS/NPY+ cells fire action potentials with greater frequency within a 

physiological membrane potential range than MSNs due to their Kv1.2 channel 

expression (Shen et al, 2007), and the interneurons may also provide a source of ambient 

GABA to the striatal acute slice preparation.  In addition, NPY+ interneurons had a 

significantly greater input resistance than MSNs (Figure 26D).  These findings agree with 

previously reported characteristics of LTS/PLTS interneurons (Kawaguchi, 1993), and 

verify the use of BAC NPY mice in the study of striatal LTS/NPY+ interneurons.  

  

c. GABAergic signaling in NPY+ interneurons. 

Although much is known about pre-synaptic inputs onto MSNs, much less is known 

about pre-synaptic input to NPY+ interneurons.  GABAergic IPSC data has not been 

described for striatal NPY+ interneurons, and therefore, I also investigated the 

differences in GABAergic signaling between striatal NPY+ interneurons and MSNs.   

GABAergic synaptic events were recorded with a KCl internal solution, and the cells 

were held at -60 mV in the voltage-clamp configuration.  There were no major 

differences in whole-cell synaptic activity parameters between NPY+ interneurons and  
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Figure 27. GABA Mediated Synaptic Transmission in NPY+ Interneurons.  (A) 

Representative traces of GABAergic sIPSCs in an NPY+ interneuron (top) and MSN 

(bottom) with KCl-based internal solution. (B) Summary graph showing no differences 

between NPY+ interneurons and MSNs in sIPSC (NPY+: n = 9/3; MSN: 7/3) and mIPSC 

(NPY+: 9/3; MSN: 9/3) frequency. (C) Summary graph showing no differences between 

NPY+ interneurons and MSNs in sIPSC and mIPSC amplitude.  (D) Summary graph 

showing no differences between NPY+ interneurons and MSNs in sIPSC and mIPSC 

weighted decay kinetics. 
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MSNs (Figure 27), suggesting that these two neuronal populations contain GABAA 

receptors with similar subunit composition.   

However, evoked GABAergic current responses (eIPSCs) to intrastriatal 

stimulation were significantly different between these types of neurons.  It must be noted,  

however, that intrastriatal stimulation does not stimulate a particular type of pre-synaptic 

cell (as dual recordings are able to control), and currents from intrastriatal stimulation are 

evoked from a population of striatal neurons.  eIPSCs were pharmacologically isolated 

with application of NBQX (5 µM) and CPP (10 µM), glutamatergic receptor antagonists.  

At the end of each experiment, BMR (25 μM) was applied to further ensure pure 

GABAergic eIPSCs.  In whole-cell recordings with KCl internal solutions supplemented 

with QX-314 (4 mM), the decay time of eIPSCs in NPY+ interneurons and MSNs were 

significantly longer than sIPSCs from the same cells (NPY+: 213.3 ± 21.5 % sIPSC 

decay, n = 19/9, p <  0.0005; MSNs: 459.4 ± 74.0 % sIPSC decay, n = 9/4, p < 0.005) 

(Figure 28B).  In addition, MSN eIPSCs were significantly longer than NPY+ 

interneuron eIPSCs (MSN: 175.6 ± 28.0 ms, n = 9/4; NPY+: 69.5 ± 6.6.ms, n = 19/9; p < 

0.0005), suggesting that MSNs receive more inhibitory input than NPY+ interneurons.  

MSN data from BAC NPY strains was confirmed in BAC Drd2 EGFP;BAC Drd1a 

tdTomato mice, and the eIPSC properties were found to be similar in confirmed MSNs 

(322.6 ± 41.0 % of sIPSC decay, n = 11/2, p = 0.1).  Because there were no differences 

between MSNs from BAC NPY mice and those from BAC Drd2 EGFP;BAC Drd1a 

tdTomato mice, the majority of the MSN data was obtained from the latter mouse strain 

so distinctions could be made between the two MSN subtypes. 
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Figure 28. Evoked GABAergic Currents in NPY+ Interneurons and MSNs. (A) 

Representative current traces of eIPSCs in the presence of NBQX and CPP in response to 

intrastriatal stimulation (black lines).  BMR was applied to confirm a purely GABAergic 

event (grey line).  (B) Summary graph comparing decay kinetics between sIPSCs and 

eIPSCs in the same NPY+ (n = 18/10) interneuron or MSN (n = 9/5). * denotes 

significance between sIPSCs and eIPSCs of the same cell type.  # denotes significance 

between eIPSCs in NPY+ interneurons and MSNs.  
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Application of the modulating neuropeptide NPY was shown to decrease the 

spontaneous firing of action potentials in cortical NPY+ interneurons (Fu & van den 

Pol,2007), and the effects of the NPY peptide (1 µM) were investigated on striatal eIPSC 

measurements with CsCl-based internal solutions supplemented with QX-314.  While 

these experiments were only conducted in 3 NPY+ interneurons from one mouse, the 

NPY peptide tended to reversibly decrease the eIPSC amplitude (control: 128.8 ± 67.3 

pA; NPY peptide: 97.7 ± 44.5 pA, n = 3/1, p = 0.3), suggesting that striatal NPY+ 

interneurons may also be inhibited by NPY peptide application.  

 

d. Inhibitory Short Term Plasticity 

 Differences in short term plasticity were characterized next to discern differences 

in pre-synaptic influences due to the apparent differences in GABAergic input between 

striatal NPY+ interneurons and MSNs.  In this set of experiments, intrastriatal stimulation 

was set at 33 Hz with 7 pulses spaced 30 s apart, and cells were recorded with CsCl-

based internal solutions supplemented with QX-314 (4 mM).  Figure 29A shows 

examples of these stimulus train eIPSC traces for both striatal cell types.  In these 

conditions, NPY+ interneurons displayed short term depression (STD) with an STD ratio 

([amplitude of IPSC7/amplitude of IPSC1]) of 0.18 ± 0.02 (n = 42/14), with both D1+ and 

D2+ MSNs from BAC Drd2 EGFP;BAC Drd1a tdTomato mice also expressing STD 

with a ratio of 0.32 ± 0.03 (n = 73/22).  However, the STD ratio was significantly greater 

in NPY+ cells than MSNs (p < 0.0005).  When this type of measurement of short term 

plasticity is used in this thesis, it will be referred to as baseline plasticity (Figure 29B).   
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Antidromic pallidal stimulation has also produced STD in striatal MSNs that was 

enhanced by D1R agonist application in the striatum (Tecuapetla et al, 2007).  In my 

hands, pallidal stimulation produced STD in MSNs (0.47 ± 0.15, n = 4/3) from sagittal 

slices in BAC Drd2 EGFP;BAC Drd1a tdTomato mice.  To determine if dopamine 

affects baseline plasticity differently between NPY+ interneurons and MSNs with 

intrastriatal stimulation, modulation by dopamine receptor agonists and antagonists was 

investigated.  In these experiments, the D1R agonist was applied to NPY+ interneurons 

for over 5 minutes because they are known to express D1-like receptors (Rivera et al, 

2002).  In 4 NPY+ interneurons, SKF-81297 (10 µM) failed to alter STD (NPY+: 0.15 ± 

0.04, SKF-81297: 0.16 ± 0.08, n = 4/2, p = 0.8).  In these experiments, D1R and D2R 

agonists also failed to significantly alter STD in D1+ and D2+ MSNs (D1+: 0.36 ± 0.05, 

SKF-81297: 0.41 ± 0.06, n = 14/7, p = 0.9; D2+: 0.31 ± 0.04, Quinpirole: 0.31 ± 0.05, n 

= 20/10, p = 0.9).  In order to determine whether striatal stimulation was evoking 

dopamine release in the striatum and preventing dopamine receptor agonists from having 

any significant effects, these same experiments were conducted in the presence of 

dopamine receptor antagonists.  However, SCH 23390 (10 µM) failed to have an effect 

on either NPY+ interneurons (NPY+: 0.08 ± 0.03, SCH 23390: 0.12 ± 0.02, n = 3/1, p = 

0.4) or D1+ MSNs (D1+: 0.29 ± 0.04, SCH23390: 0.36 ± 0.08, n = 14/8, p = 0.6), while 

Sulpiride (2 µM) slightly decreased the D2+ MSN STD (D2+: 0.26 ± 0.03, Sulpiride: 

0.38 ± 0.05, n = 16/8, p < 0.05).  Effects of D2R antagonists may be reflective of the 

increased dopamine sensitivity at D2Rs (Missale et al, 1998). 

 



137 

 

Figure 29. Short Term Plasticity in NPY+ Interneurons. (A) Representative traces of 

postsynaptic responses in NPY+ interneurons (left) and MSNs (right) to intrastriatal 

stimulation of 7 pulses (arrows) at 33 Hz.  (B) Summary graph showing baseline STD in 

NPY+ interneurons (n = 42/14) and MSNs (n = 73/22).  (C) Summary graph showing 

global depression in some NPY+ interneurons (n = 15/8), while others showed 

facilitation (n = 15/7).  MSNs invariably expressed global facilitation (n = 78/22).  
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Upon closer examination of individual short term plasticity traces, two types of 

NPY+ interneurons could be identified if the baseline was set at the cell‟s holding 

current.  If short term plasticity was measured this way, a population of NPY+ 

interneurons expressed short term facilitation (STF) (1.64 ± 0.07, n = 15/7), while others 

expressed STD (0.67 ± 0.02, n = 15/8), or no change at all (1.0 ± 0.03, n = 11/5).   

When recorded from BAC Drd2 EGFP;BAC Drd1a tdTomato mice, both D1+ and D2+ 

MSNs showed STF (2.28 ± 0.17, n = 78/22) with this analysis method.  Although this 

short term plasticity measurement is not used in the literature, it may suggest that there 

are two populations of NPY+ interneurons that receive inhibitory connections with 

differing release probabilities.  When this type of measurement of short term plasticity is 

used in this thesis, it will be referred to as global plasticity (Figure 29C).   

Due to the differences in global plasticity among NPY+ interneurons, their 

plasticity was also measured with a stimulus frequency of 16 Hz to potentially identify 

the origin of differences in these interneurons.  In a population of 10 NPY+ interneurons, 

5 expressed global facilitation with an STF ratio of 1.33 ± 0.02 (n = 5/2), while the other 

5 expressed global depression (0.72 ± 0.03, n = 5/3) when stimulated with 33 Hz.  In 

response to 16 Hz stimulation, the 5 cells that expressed global facilitation with 33 Hz 

stimulation showed neither facilitation nor depression (0.92 ± 0.06, n = 5/2, p < 0.005).  

The 5 cells that showed depression with 33 Hz stimulation continued to show global 

depression with 16 Hz stimulation (0.68 ± 0.05, n = 5/3, p = 0.6).  These data do not 

clearly indicate a presynaptic or postsynaptic origin for differences between these two 

types of NPY+ interneurons as these data can be explained by a frequency dependent 

presynaptic release or differences in postsynaptic receptor desensitization characteristics. 
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To determine if there are differences in presynaptic release probabilities onto 

these two types of striatal neurons, NPY+ interneurons and MSNs were subjected to two 

differing concentrations of Ca
2+

 and Mg
2+

, to alter presynaptic release conditions.  The 

extracellular solution contained 2 mM Ca
2+

, 1 mM Mg
2+

 (2 Ca / 1 Mg), and was altered 

to contain 4 mM Ca
2+

, 1 mM Mg
2+

 (4 Ca /1 Mg) or 1 mM Ca
2+

, 2 mM Mg
2+

 (1 Ca / 2 

Mg).  The 4 Ca / 1 Mg solution was hypothesized to increase the presynaptic release of 

neurotransmitter, making the postsynaptic response as much as four times larger.  On the 

other hand, the 1 Ca / 2 Mg solution was hypothesized to decrease neurotransmitter 

release as the greater Mg
2+ 

concentration would block many presynaptic Ca
2+

 binding 

sites.   

As shown in Figure 30B, enhancing presynaptic release significantly increased 

the first evoked current amplitude in MSNs, but did not alter any other characteristics in 

MSNs or NPY+ interneurons.  Decreasing presynaptic release probability, however, 

significantly decreased the amplitude of the first evoked current and the charge transfer in 

both NPY+ interneurons and MSNs.  Additionally, 1 Ca / 2 Mg tended to increase the 

baseline short term plasticity in both striatal cell types, further enhancing their existing 

STD, and suggesting that these two types of striatal interneurons receive presynaptic 

inputs with similar release probabilities.  If short term plasticity was measured as global 

plasticity, 4 Ca / 1 Mg and 1 Ca / 2 Mg largely had no impact on NPY+ interneurons, 

while they decreased and increased global facilitation in MSNs, respectively (Figure 

30C).  Thus, these experiments did not reveal any striking differences in presynaptic  

release probabilities between NPY+ interneurons and MSNs suggesting that differences 

between NPY+ interneuron and MSN global plasticity may be due to differences in  
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Figure 30. Alterations to Presynaptic Release Probabilities.  (A) Representative 

current traces from a MSN in response to different concentrations of Ca
2+

 and Mg
2+

.  

Calibration bars: 100 pA and 50 ms. (B) Summary graph showing % control changes 

with 4 Ca / 1 Mg and 1 Ca / 2 Mg solutions on 1
st
 amplitude, baseline plasticity, and 

charge transfer in NPY+ interneurons (n = 10/4) and MSNs (n = 12/3).  (C) Summary 

graph showing % control changes with 4 Ca / 1 Mg and 1 Ca / 2 Mg solutions on global 

plasticity in NPY+  interneurons (facil: n = 3/2; depr: n = 7/3) and MSNs (n = 12/3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



142 

 

%
 C

o
n

tr
o

l

1st Ampl.

Baseline Plasticity

Charge

0

50

100

150

200

250

4 Ca / 1 Mg 1 Ca / 2 Mg

MSN
*

*

*

*

0

40

80

120

160

4 Ca / 1 Mg 1 Ca / 2 Mg

* *

NPY+

%
 C

o
n

tr
o

l 

0

50

100

150

200

4 Ca / 1 Mg 1 Ca / 2 Mg

MSNs

NPY + (facil)

NPY + (depr) 

*

*

Global Plasticity

2 Ca / 1 Mg 1 Ca / 2 Mg2 Ca / 1 Mg BMR4 Ca / 1 Mg

A

B

C

 

 

 

 

 

 

 

 



143 

 

postsynaptic receptors.  Although not investigated in this thesis, it is possible that the two 

groups of NPY+ interneurons differ in the sheer number of active synapses or 

postsynaptic receptor desensitization properties.  For example, if MSNs have greater 

GABAergic synaptic inputs than NPY+ interneurons, as suggested with the eIPSC decay 

shown in Figure 28B, GABAergic synapses on NPY+ interneurons are likely to become 

desensitized faster than GABAergic synaptses on MSNs. 

Although both globally facilitating and depressing cells were seen within the 

same slice, the discrepancy between these two could be an issue of maturation.  For 

example, globally depressing cells may be the result of less pre-synaptic contacts  

due to their relative immaturity compared to globally facilitating cells within the same 

slice.   

Because NPY+ interneurons showed two different firing patterns and two 

different types of global plasticity, experiments in KCl-based solutions were used to 

determine if these two characteristics were related.  However, NPY+ interneurons with 

the PLTS-like firing patterns expressed both types of global plasticity and cells with 

LTS-like firing patterns also expressed both types of global plasticity, suggesting that 

these two characteristics are not related.  Although these distinct groups of neurons may 

be regulated by development, the distinctive firing properties of both neuron types, as 

well as distinct plasticity characteristics were observed within the same slice at various 

ages tested.  These data argue against these characteristics‟ developmental regulation. 

 

 

 



144 

 

DISCUSSION 

I. Summary 

 The major finding of these studies indicates that tonic GABAergic conductance 

expression patterns differ between striatonigral and striatopallidal MSNs based on their 

expression of phosphorylated GABAA receptor β3 subunits.  D2+ MSNs express tonic 

current in the acute slice preparation without pharmacological manipulation due to 

basally phosphorylated β3 receptor subunits.  Intracellular application of the PKA 

inhibitor, PKI, significantly decreases D2+ MSN GABA-mediated tonic currents.  

Quinpirole, the D2R-like agonist also decreases D2+ MSN tonic current through G 

protein-coupled inhibition of the PKA phosphorylation cascade.  Further, intracellular 

PKA phosphorylation was shown to induce significant β3 GABAA receptor subunit-

mediated tonic current in D1+ MSNs.  Application of SKF-81297, the D1R-like agonist, 

also induces D1+ MSN tonic current by promoting the PKA phosphorylation cascade.  In 

addition, studies using the β2/β3 selective agonist etomidate and conditional Drd2-β3 

subunit KO animals show that this subunit is essential to the GABA-mediated tonic 

current characteristic of these striatal neurons.   

 Prior to my thesis work, both the players and mechanism behind striatal 

GABAergic tonic current was unknown.  My findings provide novel insight into the 

modulation and regulation of striatal MSN output, as well as the pathogenesis of PD.  

 My work also characterizes the striatal LTS/NPY+ interneuron, which may 

provide the striatal slice with the ambient GABA necessary for tonic current.  The 

importance of these neurons in striatal physiology is only beginning to be recognized and 

understood.   
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II. Etomidate Sensitivity 

 As a general anesthetic, etomidate is an agonist at GABAA receptors containing 

either the β2 or the β3 subunit (Hill-Venning et al, 1997).  Although this drug directly 

affects GABA receptors, and therefore has GABA-mimetic activity, etomidate also 

modulates or potentiates GABA currents.  Because striatal MSNs are reported to lack the 

β2 subunit (Flores-Hernandez et al, 2000), etomidate proved to be an important 

pharmacological tool to investigate the role of the β subunit in mediating GABAA 

receptor tonic current.   

Previous studies have tested etomidate sensitivity in α1-, α2-, α3-, and α6-

containing recombinant GABAA receptors (Hill-Venning et al, 1997), and investigation 

into α5-containing recombinant receptors was needed to understand etomidate‟s effect in 

striatal MSNs since this subunit mediates tonic current in the striatum (Ade et al, 2008).   

My results show that etomidate lacks GABA potentiating specificity to β3 subunits since 

it potentiated GABA currents in α5β1γ2 and α5β3γ2 receptors to the same degree (see 

Figure 14).  Etomidate‟s GABA-mimetic actions on these recombinant receptors were 

specific for the β3 subunit.  β2 subunit specificity was not investigated since this subunit 

is not expressed in striatal MSNs (Flores-Hernandez et al, 2000).   

Because this is the first study to suggest that etomidate is not selective at β2/β3 

subunits when combined with the α5 subunit, one can only speculate on potential causes 

for its lack of specificity.  It is possible that etomidate‟s selectivity is determined by the β 

subunit, while maximal effects may be determined by interactions with other subunits.  It 

was shown that etomidate‟s maximal potentiation was greater for β2- than β1- containing 

receptors in α1, α2, and α6-containing receptors, the maximal enhancement of the inward 
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currents produced by etomidate was no different between α3β2- and α3β1-containing 

receptors (Hill-Venning et al, 1997).  Results from these recombinant receptor studies 

suggest that etomidate‟s ability to potentiate GABA responses is likely to depend on the 

identity of both α and β isoforms present in the receptor.   

The presence of the δ subunit may also increase etomidate‟s efficacy in 

recombinant receptors.  One study showed that etomidate-potentiated GABA currents 

were approximately ten times greater in α4β3δ receptors than α4β3γ2 receptors, whereas 

the responses to other anesthetics did not differ between the δ- and γ-containing 

recombinant receptors (Brown et al, 2002).  This study did not, however, determine the 

selectivity of etomidate in α4β1δ receptors.  These three studies suggest that etomidate‟s 

ability to potentiate GABA responses in β2/β3 subunit-containing receptors are both 

influenced by and dependent upon the α subunit isoform and the presence of δ or γ 

subunits.   

Because etomidate‟s GABA-mimetic effects are likely dependent upon other 

subunits present in the GABAA receptors, pharmacological effects in the slice preparation 

are further complicated as the exact receptor composition of GABAA receptors in striatal 

MSNs remains unknown.  It cannot be simply concluded that D2+ MSNs express 

substantially more β3 subunits than D1+ MSNs due to larger etomidate responses (see 

Figure 15) because other subunits may be influencing etomidate‟s effects in both types of 

striatal output neurons.  However, it is likely that in TTX, and without presynaptic 

GABA release, etomidate‟s effects in the slice may more closely resemble the direct 

effects seen in the recombinant study, where etomidate showed selectivity for the β3-

containing receptors over those expressing the β1 subunit, independent of the α subunit.  
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Therefore, the data presented in this thesis suggests that because striatopallidal MSNs had 

greater etomidate responses, D2+ MSNs have more functional β3 subunits than D1+ 

MSNs.   

Intracellular PKA application and the D1-like receptor agonist, SKF-81297, 

increases the etomidate response in striatonigral MSNs and provides two important 

details: 1) Etomidate‟s direct effects are modulated by β subunit phosphorylation, and 2) 

D1+ MSNs also express functional β3-containing receptors when they are 

phosphorylated.  This first finding is to be expected as β3 subunit phosphorylation has 

been reported to enhance GABA whole cell currents (McDonald et al, 1998), but implies 

that basal phosphorylation of GABAA receptor subunits may also modulate etomidate‟s 

activity and selectivity of β2 and β3 subunit-containing receptors.  The second finding 

from these studies regarding a larger etomidate response in D1+ MSNs under certain 

intracellular conditions suggests that the difference between striatonigral and 

striatopallidal MSNs does not lie in their β3 subunit expression, but rather the extent of 

phosphorylation on their β3 subunits.   

 

III.  PKA Phosphorylation of GABAA Receptor Subunits 

 Due to the importance of β3 subunits in mediating tonic current and their distinct 

regulation by PKA phosphorylation (McDonald et al, 1998), the role of PKA 

phosphorylation in modulating GABA-mediated MSN tonic currents was subsequently 

investigated.  To study the purely postsynaptic effects of PKA phosphorylation on MSN 

tonic current, kinases and phosphatases were supplemented into the internal solution to 

avoid unwanted effects on presynaptic terminal release of neurotransmitter (Asaumi et al, 
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2006).  Due to these experimental parameters, many of the changes seen with PKA 

phosphorylation modulators are likely due to postsynaptic regulation.  These experiments 

do not, however, rule out potential retrograde influences of the postsynaptic cell on 

presynaptic terminals (Sivakimaran et al, 2009), but they certainly decrease potential 

presynaptic effects.   

 Although PKA phosphorylation was shown to decrease whole cell currents from 

acutely-dissociated striatal MSNs (Flores-Hernandez et al, 2000), the results presented in 

this thesis suggest, for the first time, that PKA phosphorylation regulates GABA-

mediated tonic current and that PKA phosphorylated β3 subunits regulate striatal MSN 

tonic conductance.  Blockade of the PKA phosphorylation cascade and 

dephosphorylation of β3 subunits dramatically reduces tonic current in striatopallidal 

MSNs (see Figure 18).  On the other hand, promoting intracellular PKA phosphorylation 

with PKA‟s catalytic subunit increases striatonigral MSN tonic current through a 

phosphorylated β3 subunit (see Figure 17).  As tonic current regulates cell excitability in 

striatal output neurons (Ade et al, 2008), these studies suggest that a neuron‟s 

phosphorylation state may regulate tonic current as well as striatal excitability and output.   

 However, a particularly noticeable caveat to this experimental method is that 

intracellular application of kinases and phosphatases also affects other target proteins 

within the postsynaptic neuron.  PKA phosphorylation has been shown to modulate 

intracellular processes that lead to cell survival and cell division (Cross et al, 2000), as 

well as the function of many neurotransmitter channels (Moss et al, 1992b; Carvalho et 

al, 2000; Chen & Roche, 2007) and ion channels (Schiffmann et al, 1995; Chahine et al, 

2005) which may affect cell excitability themselves.  Therefore, intracellular application 
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of these peptides does not ensure that the changes observed in MSN tonic current are 

specifically due to the phosphorylation state of the β3 GABAA receptor subunit as PKA 

phosphorylation of other channels may also affect RMP and cell excitability themselves. 

 Recently, a new transgenic mouse was generated by Dr. Moss‟s laboratory at 

Tufts University, where the PKA targeted serine residues of the β3 receptor subunit were 

mutated to alanine residues (β3(S
408/9

A)).  Therefore, in these mice the GABAA receptor 

β3 subunit is unable to be phosphorylated.  I expect that MSN tonic currents in this 

transgenic mouse will represent a narrow range of amplitudes, suggestive of a decrease in 

D2+ MSN tonic current, confirming the present studies that suggest the phosphorylation 

state of the β3 GABAA receptor subunit is responsible, at least in part, for mediating 

MSN tonic current.  In a recent collaborative effort between Drs. Moss and Vicini, I have 

obtained these mice and plan to conduct these experiments to further verify the 

phosphorylated β3 subunit‟s role in striatal GABA-mediated tonic current and cell 

excitability. 

 

IV.  Dopamine Receptor Regulation of BMR-Sensitive Tonic Current 

 Although dopamine has been shown to affect whole cell currents in D1+ MSNs 

through interactions with the PKA phosphorylation cascade, the results presented here 

suggest that dopamine affects not only MSN tonic current, but also cell excitability as 

well.  D2+ MSNs express GABA-mediated tonic current in the absence of dopaminergic 

tone in young striatal slices, while D1+ MSNs lack tonic current due to inactivated D1Rs.  

In fact, while pharmacologically stimulating the D2R with quinpirole significantly 

decreases D2+ MSN tonic current, stimulating the D1R with SKF-81297 significantly 
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increases the D1+ MSN tonic current due to its interactions with the PKA 

phosphorylation cascade (see Figure 20).  Therefore, the dopaminergic tone of the striatal 

slice largely regulates the tonic current expression in striatal output neurons. 

 It has been shown that MSN tonic current is excitatory and facilitates MSN cell 

excitability (Ade et al, 2008; Janssen et al, 2009).  Indeed, application of quinpirole 

significantly decreases the D2+ MSN cell excitability by decreasing tonic current.  

Although the lack of tonic current in D1+ cells makes them less excitable than D2+ 

MSNs (Ade et al, 2008; Day et al, 2008; Gertler et al, 2008; Janssen et al, 2009), 

increasing tonic current with SKF-81297 application failed to affect young MSN 

excitability.   

The reasons why the D1R-like agonist failed to affect cell excitability while 

increasing tonic current remains unknown.  It is possible that presynaptic activation of 

D1Rs on striatal interneurons will affect D1+ MSN excitability.   For example, D1R 

agonists have been shown to depolarize LTS/NPY+ and FS/PV+ GABAergic 

interneurons (Chang & Kita, 1992), and their increased activity may enhance D1+ MSN 

tonic current due buildup of extracellular, ambient GABA.  Additionally, D1R activation 

will also activate cholinergic interneurons, and increase their release of ACh (Aosaki et 

al, 1998; Damsma et al, 1990; Consolo et al, 1992).  Downstream effects of ACh are 

complex, however, and vary with the type of postsynaptic receptor they activate.  It is 

also likely that activation of postsynaptic dopamine receptors will alter the function of 

other proteins, including other ion channels.  Dopamine-mediated modifications to these 

channels may also affect cell excitability, and counter any changes in cell excitability due 

to increased GABA-mediated tonic current.  Although no mechanism has been 



151 

 

established to explain the lack of increased cell excitability on D1+ MSNs with D1R 

activation, it is likely to depend on the striatal physiology and abundance of striatal 

D1Rs. 

 Several years ago, it was thought that the striatal output pathways were not 

distinct due to co-expression of D1R and D2R mRNA in single MSNs (Surmeier et al, 

1996).  However, two pieces of data presented in this thesis argue against this theory.  

First, receptor co-localization, as visualized with BAC Drd2 EGFP;BAC Drd1a tdTomato 

mice, is largely absent in young striatal brain slices (see Figure 9), as suggested by Shuen 

et al. (2008) with this same transgenic mouse.  In addition, pharmacological studies 

presented here also support the theory of separate striatal output pathways with distinct, 

non-overlapping dopamine receptor expression.  Application of D1R agonists had no 

effect on D2+ MSN synaptic or extrasynaptic receptors, and D2R agonists had no effect 

on D1+ MSNs.  Taken together, these data strongly suggest that D1+ MSNs primarily 

express D1Rs, while D2+ MSNs primarily express D2Rs with little overlap in receptor 

expression.  These data also indicate that dopamine regulates specific striatal output 

nuclei, offering more specific avenues for PD therapeutics. 

  Based on my studies with etomidate, PKA phosphorylation, and dopamine 

receptor agonists, I propose the following mechanisms regulate MSN GABAergic tonic 

conductance (Figure 31): First, in basal conditions where little dopamine is released in 

the striatal slice preparation, D2+ MSN tonic current is mediated through a 

phosphorylated β3 subunit since the Gi/o protein remains inactive.  The phosphorylated β3 

subunit passes more current than the dephosphorylated subunit and D2+ MSNs express 

tonic current.  Under the same conditions, D1+ MSNs lack tonic current because their β3 



152 

 

Figure 31. Tonic Conductance is Mediated through a Phosphorylated β3 Subunit. 

Under basal conditions (little to no dopamine), D2Rs do not activate the Gi/o protein to 

inhibit PKA phosphorylation, and β3 subunits are basally phosphorylated (green β3). 

Because the phosphorylated β3 subunit yields increased currents and may be more 

plentiful than extrasynaptic β1 subunits, D2+ MSNs exhibit GABA-mediated tonic 

current. Without dopamine, D1Rs do not activate the Gs protein to promote PKA 

phosphorylation, and the dephosphorylated β3 (red β3) subunits yield smaller tonic 

current in the D1+ than the D2+ MSNs. When stimulated, the D2R activates the Gi/o 

protein to inhibit PKA activity, dephosphorylating the β3 subunits. A dephosphorylated 

β3 subunit results in smaller tonic currents compared with basal conditions, reflective in 

the amount of tonic current observed. During D1R stimulation, the Gs protein activates 

cAMP and PKA phosphorylates the β3 subunit and increases D1+ MSN tonic currents. 

 

 

 



153 

 

D2R

β1

β3

β3

β3
β1

β3

PKA

D1R

β1

β3

β3

β3
β1

β3

PKA

Overall:    Tonic current                Tonic current

D2R

β1

β3

β3

β3
β1

β3

Quinpirole

cAMP,   PKA

D1R

β1

β3

β3

β3
β1

β3

SKF-81297

cAMP,   PKA

Basal Conditions

Overall:    Tonic current                 Tonic current

 

 

 

 

 

 

 

 



154 

 

subunits remain dephosphorylated since the PKA phosphorylation cascade remains 

inactive due to the unstimulated D1R-coupled Gs protein.  Next, when the D2R-like  

agonist quinpirole is applied, the D2R is stimulated and cAMP levels drop.  Thus, the β3 

subunits become dephosphorylated and tonic current is significantly reduced.  When the  

D1R-like agonist SKF-81297 is applied, β3 subunits become phosphorylated due to Gs 

stimulation and increased levels of cAMP.  β3 subunit-containing receptor currents 

increase and D1+ MSN tonic current is observed. 

 

V. Potential Role for GABAA Receptor Endocytosis 

The data presented here suggest that dopamine and intracellular phosphorylation 

regulate MSN tonic current.  However, enhancement or suppression of GABAA receptor 

endocytosis may also explain the results presented in this thesis.  As explained in the 

Introduction, Section VIIc, GABAA receptor endocytosis is regulated by PKA 

phosphorylation of the β3 subunit, and possibly the γ2 subunit.  Blockade of 

phosphorylation allows the proper endocytotic machinery to bind to the β3 subunit.  The 

receptors undergo endocytosis and the number of receptors at the cell surface decreases, 

leading to reduced current (Terunuma et al, 2008).  In this dissertation I show that 

intracellular PKI application decreases D2+ MSN tonic current.  While it is presumed 

that this decrease in current is due to decreased current through β3 subunits, it is possible 

that decreased cell surface β3-containing receptors may also be contributing to this 

observation.   

On the other hand, phosphorylation prevents the endocytotic machinery from 

binding to the β3 subunit, and effectively increases the numbers of GABAA receptors at 
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the cell surface (Kittler et al, 2000).  Indeed, intracellular PKA application increases D1+ 

MSN tonic current.  Again, while it is presumed that this increase in current is due to 

increased current through phosphorylated β3 subunits, it is possible that increased cell 

surface β3 subunit-containing receptors may also be contributing to this observation.  

Therefore, the results presented here may be due to complementing effects between 

altered current and altered receptor numbers at the cell surface although significant 

receptor endocytosis may take longer to occur than the 5 minute observation periods 

tested in this thesis (Kittler et al, 2004).  Further experiments to address the endocytosis 

mechanism in these experimental conditions are planned.  For such experiments, the 

dynamin inhibitory p4 peptide (QVPSRPNRAP, 50 µM) and PKA modulators will be 

added to the internal pipette solution as in Chen et al. (2006), and MSN tonic currents 

will be measured.  This peptide blocks interactions between dynamin and amphiphysin, 

preventing endocytosis.    

Because the δ subunit was shown to not mediate tonic inhibition in young mice 

(Ade et al, 2008), the γ2 subunit remains important to striatal tonic current.  The role that 

PKA phosphorylation has over this subunit and endocytosis was not investigated in this 

thesis, and therefore could also be playing a role in observed changes to tonic current.  

While altered rates of endocytosis may play a complementing role in the tonic 

current modulation presented in this thesis, I believe that the majority of the effects are 

indeed mediated through changes in individual receptor conductances.   
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VI.    Interpretations of Conditional β3 Subunit KO 

Because the pharmacological sensitivity of etomidate does not give a definitive 

picture of β3 subunit expression and GABA-mediated tonic current in MSNs, I 

complemented these pharmacological studies with genetic studies where the β3 subunit 

was deleted.  Conditional β3 subunit KO mice were generated in which the subunit was 

deleted from Drd2-expressing and Dlx5/6-expressing cells since pan-neuronal β3 subunit 

KO animals experience a high degree of neonatal mortality (Homanics et al, 1997).  As 

with any KO animal, it is important to remain cognizant that since the β3 subunit is 

absent since birth, adaptive changes through development may affect normal physiology, 

making it difficult to make definitive statements about the protein of interest from genetic 

manipulation alone.   

The most significant, yet hypothesized, finding with conditional β3 subunit KO 

mice was the dramatic reduction in tonic current that was shown to be specifically due to 

the lack of the GABAA receptor β3 subunit (see Figure 24).  Tonic current remained 

unchanged with Cre recombinase expression or homozygous floxed β3 alleles.  These 

data strongly indicate the importance of this subunit in mediating D2+ MSN tonic 

current.  These experiments do not address, however, the role of subunit phosphorylation 

in mediating tonic current.  As previously mentioned, future experiments will further 

address this issue using a transgenic mouse where the specific β3 subunit PKA 

phosphorylation sites are mutated.  

It was originally hypothesized that β3 subunit KO mice should not respond to the 

β2/β3 subunit agonist etomidate due to its relatively specific actions at β3 subunit-

containing GABAA receptors in striatal MSNs.  Surprisingly, mice from both strains of 
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conditional β3 subunit KOs expressed etomidate-mediated inward currents, although the 

average etomidate-mediated current was smaller in β3 subunit KO mice.  Several 

explanations can be offered as to why etomidate responses are still intact, albeit reduced, 

in β3 subunit KO mice.  First, Western blot data conducted in pan-neuronal β3 subunit 

KO mice suggest that the subunit is still present in small amounts (Ferguson et al, 2007) 

and, therefore, remaining β3 subunits may be responsible for the reduced etomidate 

response.  Second, deletion of the β3 subunit may result in upregulation of β2 subunit 

expression to maintain homeostasis, and observed etomidate responses could be due to 

etomidate‟s actions on β2-containing GABAA receptors in MSNs.  As presented in the 

Results, Section Ibii, etomidate‟s potentiating effects did not differ between α5β1- and 

α5β3-containing GABAA recombinant receptors.  Therefore, another possible explanation 

for the etomidate responses seen in β3 subunit KO animals is due to its effects at α5β1-

containing receptors.  Following this latter scenario, etomidate currents in wild-type mice 

would be mediated by a combination of α5β3- and α5β1-containing receptors.  Thus, 

smaller etomidate currents would be expected in the β3 subunit KO mice as etomidate 

would be only affecting α5β1-containing receptors. 

Support for the theory that a homeostatic mechanism dictates the observed 

etomidate response is reflected in synaptic receptor properties in the β3 subunit KO mice.  

Since a reduction in postsynaptic receptors is electrophysiologically reflected by 

decreased IPSC amplitude, and the mIPSC peak amplitudes did not differ between 

Cre;Hetβ3 and KO mice, it is likely that another type(s) of GABAA receptor is 

upregulated to take the place of the non-functional β3-subunit containing receptors.  The 

results presented here suggest that the α2 subunit primarily clusters with the β3 subunit, 



158 

 

as previously shown by Ramadan et al. (2003), since deletion of the β3 subunit reveals 

mIPSCs with significantly more rapid mIPSC decay kinetics.  Deletion of the β3 subunit 

and removal of its associated receptors from the plasma membrane may leave more 

rapidly decaying α1 subunit-containing GABAA receptors.  Additionally, it is possible 

that α1β2- or α1β1-containing receptors are upregulated upon β3 subunit deletion to 

further speed mIPSC decay. 

Because GABA-mediated tonic current has been shown to affect striatal MSN 

excitability and the β3 subunit affects tonic current, further experiments are planned to 

link the β3 GABAA receptor subunit with changes in MSN excitability.  Furthermore, 

global β3 subunit KO mice were observed to have epilepsy (Homanics et al, 1997), 

suggestive of the subunits‟ essential role in neuronal excitability.  

Many studies have noted the crucial importance of the GABAA receptor β3 

subunit; this subunit has been linked to many autism spectrum disorders (Buxbaum et al, 

2002; Handforth et al, 2005) and childhood absence epilepsy (Feucht et al, 1999; Urak et 

al, 2006).  Although the mechanism that links the β3 subunit with these developmental 

disorders is unknown, data presented in this thesis suggests that the β3 subunit is 

important in cell excitability and tonic current.  It is plausible, therefore, that improper 

excitation and GABAergic tonic currents may underlie many of the physiological 

alterations characteristic of these disorders. 

 

VII. Potential GABAA Receptor Composition in Striatal MSNs 

One of the original goals for my thesis research was to determine the composition 

of GABAA receptors in striatonigral and striatopallidal MSNs.  Although much of the 
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work presented in this thesis investigates receptor composition one subunit at a time, 

together these studies offer unprecedented pharmacological insight into MSN GABAA 

receptor composition.  Indeed, the studies presented here investigated the function of α4, 

β2/β3, and δ subunits using a combination of pharmacological and genetic techniques. 

It is possible that D1+ and D2+ MSNs have a similar synaptic receptor 

composition since these two types of neurons have similar decay kinetics and respond 

similarly to the α1/2 subunit receptor agonist, zolpidem (Ade et al, 2008; personal 

observations).  Etomidate‟s effects on mIPSCs did not differ between MSN subtypes, 

also suggesting that MSNs express similar synaptic receptors.  Additionally, etomidate 

failed to significantly prolong mIPSC decay kinetics suggesting that synaptic MSN 

GABAA receptors contain both β1 and β3 subunits.  Therefore, it is likely that both D1+ 

and D2+ MSN synaptic GABAA receptors are composed of α1β1γ2, α1β3γ2, α2β1γ2, 

α2β3γ2 receptors.     

Extrasynaptic or perisynaptic GABAA receptors that mediate tonic current have 

been shown to differ between D1+ and D2+ MSNs.  Pharmacological manipulation of the 

α5 subunit revealed that this subunit was primarily expressed on D2+ MSNs (Ade et al, 

2008), while pharmacology and genetic deletion of the δ subunit determined that this 

subunit was not mediating young MSN tonic current (Janssen et al, 2009), although it 

was expressed in MSNs (Ade et al, 2008).  In addition, studies presented in this thesis 

suggest that the α4 subunit is expressed in both MSN subtypes, with greater 

pharmacological effects in D2+ MSNs (see Results, Section Ib).  As the β2 subunit was 

not found to be expressed in striatal MSNs (Flores-Hernandez et al, 2000), etomidate 

sensitivity and subunit immunohistochemistry has shown that both D1+ and D2+ MSN 
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express β3 subunits (see Figure 12).  Since these studies did not directly investigate the 

presence of the β1 subunit, definitive statements about their expression in MSNs cannot 

be made.  Assuming that extrasynaptic and perisynaptic GABAA receptors regulate tonic 

current, D2+ MSNs are likely to express α4β1γ2, α4β3γ2, α5β1γ2, and α5β3γ2 receptors, 

while D1+ MSNs are likely to express α4β1γ2 and α4β3γ2 extrasynaptic receptors, as 

well as receptors with an unknown α subunit; extrasynaptic α2 subunit expression is 

possible.  Whether these combinations of subunits form fully functioning GABAA 

receptors has not been explored. 

 

VIII. Developmental Regulation of MSN Tonic Current 

 Because this thesis research focuses on tonic current in young mice, it is 

important to note the developmental changes in GABAA receptor composition (Laurie et 

al, 1992) and their potential impact on striatal MSN tonic current.  The developmental 

regulation of tonic current is clearly demonstrated by the shifts observed in MSN tonic 

current patterns (Janssen et al, 2009; Santhakumar et al, 2010).  While the α5 subunit was 

reported to mediate tonic current in young D2+ MSNs (Ade et al, 2008), this subunit 

failed to alter either D1+ or D2+ MSN tonic current in adult mice (Santhakumar et al, 

2010).  On the other hand, the δ subunit was not found to mediate tonic current in young 

mice (Janssen et al, 2009), whereas this subunit was essential to MSN tonic current in 

adult animals (Santhakumar et al, 2010).  mRNA expression studies have shown that 

young striatal tissue expresses primarily α2, α5, β3, and γX GABAA receptor subunits, 

while adult tissue abundantly expresses α2, α4, β3, and δ subunits (Laurie et al, 1992).  

Importantly, striatal β subunit expression remains intact throughout development, 
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although it is more developmentally regulated in other brain regions (Laurie et al, 1992).  

Based on the available data, young MSN tonic current is likely mediated through α5β3γ2 

receptors, while tonic current in older MSNs is likely mediated through αXβ3δ receptors.   

 

IX.  Functional Implications of Striatal MSN GABAergic Tonic Current 

My thesis work has shown that under certain conditions, both striatonigral and 

striatopallidal MSNs express tonic GABA currents, regardless of age.  These data suggest 

that these tonic currents are essential to the maintenance and proper function of striatal 

MSNs.  In agreement with Ade et al. (2008), I found that blockade of D2+ MSN tonic 

current shifts the current versus frequency plots to the right (see Figure 23), suggesting 

that GABAergic tonic current facilitates cell excitability.   

However, a recent study showed that adult MSN tonic current protects neurons 

from excitotoxic cell death (Santhakumar et al, 2010), suggesting that tonic current 

reduces neuronal excitability that can lead to cell death.  Therefore, my results suggest 

that GABAA receptor mediated tonic current enhances MSN excitability, while the study 

by Santhakumar et al. (2010) implies that tonic current reduces excitability.  These 

studies differ not only in the age of animals tested, but also in their ways of observing and 

interpreting neuronal excitability.  My study focused on young mice, and used whole-cell 

electrophysiology in current-clamp mode to determine changes in cell excitability.  The 

study from Dr. Mody‟s lab investigated tonic current from adult MSNs and determined 

excitotoxicity with application of NMDA and measurements of MSN swelling 

(Santhakumar et al, 2010).  Due to these different experimental parameters, it is possible 

that GABA-mediated tonic current exhibits a bimodal effect on neuronal excitability 
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based on the extracellular environment.  For example, under basal conditions where the 

striatal slice is relatively quiet and MSNs have a hyperpolarized membrane potential, 

GABAergic tonic current may be depolarizing and promote neuronal excitation.  Under a 

barrage of glutamatergic input (mimicked by the application of NMDA), the MSN 

membrane potential may sufficiently depolarize so that GABA-mediated tonic current is 

inhibitory, to prevent MSNs from potential toxicity and cell death. 

 

X. Inputs to NPY+ Interneurons 

 The results presented here and in Partridge et al. (2009) on striatal NPY+ 

interneurons indicate that these interneurons receive inhibitory input.  Although several 

analyses of sIPSC and mIPSC characteristics did not differ between striatal NPY+ 

interneurons and MSNs, data from striatally-evoked IPSCs strongly suggest that NPY+ 

interneurons receive far fewer inhibitory contacts than MSNs.  Extensive experiments 

investigating short term plasticity and presynaptic release probabilities (see Figures 29, 

30) failed to identify a clear explanation for this difference.  Most likely, input onto 

NPY+ interneurons is sparser than the inhibitory input to MSNs.  Or perhaps the 

postsynaptic receptors on NPY+ interneurons desensitize more rapidly than those on 

MSNs.   

 While the experiments presented here only suggest that these two populations of 

striatal neurons receive different inhibitory input, this research does not investigate or 

identify the possible pre-synaptic terminals on NPY+ interneurons.  In fact, intrastriatal 

stimulation in glutamatergic blockers will stimulate MSN axon collaterals, GABAergic 

interneuron axons, cholinergic interneuron axons, and inhibitory axons that originate in 
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the GP.  Axons arising from the GP originate from only about a quarter of all pallidal 

neurons (Kita & Kitai, 1994), and selectively innervate striatal interneurons (Bevan et al, 

1998).  While most pallidostriatal terminals make contact with FS/PV+ interneurons, 

about 3-32% of terminals make contact with LTS/NPY+ cells on the proximal dendritic 

arborization (Bolam et al, 2000), although the extent of their inhibitory input has not been 

determined.   

 Few contacts traveling over a great distance are likely to dampen the postsynaptic 

response seen in the striatal interneuron, and may actually make the response negligible.  

Although eIPSCs from NPY+ interneurons were smaller in amplitude and exhibited 

faster decay kinetics than MSNs, it is likely that NPY+ cells also receive intrastriatal 

inhibitory inputs to complement their nearly negligible pallidostriatal inputs.  Although 

no studies have identified additional pre-synaptic contacts onto LTS/NPY+ interneurons, 

the possibility remains that, in addition to pallidal inputs, these neurons receive inhibitory 

contacts from within the striatum.   

 The role that LTS/NPY+ interneurons play in striatal physiology remains unclear 

as studies have failed to find synaptic connections between LTS/NPY+ interneurons and 

striatal MSNs (Gittis et al, 2010).  However, due to their spontaneous firing of action 

potentials, these interneurons remain prime candidates for providing the striatal slice with 

ambient GABA.  If classical synaptic transmission does not occur with these pre-synaptic 

neurons, these cells may provide the slice with ambient GABA through volume 

transmission (for review, see Agnati et al, 2010).  Although this type of communication 

has not been shown in the striatum, volume transmission originating from NPY-

expressing neurogliaform cells has been shown to provide enough GABA for tonic 
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activation of extrasynaptic receptors in the cortex (Olah et al, 2009).  It remains to be 

determined if these striatal LTS/NPY+ interneurons communicate with MSNs through 

volume transmission; such studies would further establish the crucial role of NPY+ 

interneurons in the striatal network and pathological diseases. 

 

XI.   GABAergic Drugs in the Management and Treatment of Movement 

Disorders 

Although the causative physiology for many movement disorders has not been 

established, it is likely that striatal MSN output may play a role in the processing of 

motor control in many movement disorders.  My thesis research suggests that MSN 

excitability and output is dependent upon GABA-mediated tonic current, and therefore it 

is likely that modulating the GABAergic network may ameliorate many symptoms that 

are characteristic of movement disorders such as PD, Tourette‟s syndrome, Huntington‟s 

disease, tardive dyskinesia, and restless leg syndrome.     

While GABAergic drugs are not first-line therapy for any of these movement 

disorders, there is sufficient clinical and basic science data to suggest that these agents 

may play a role in future therapeutics for movement disorders.  My thesis works implies 

that MSN excitability and output is largely controlled by GABA-mediated tonic current 

(Janssen et al, 2009), and therefore, GABAergic agents may play a pivotal role in future 

therapeutics for PD.  In the treatment of Tourette‟s syndrome, clinical trials have shown 

that baclofen (a GABAB receptor agonist) is effective in controlling tics in children 

(Singer et al, 2001), and basic science research has shown that there are altered levels of 

PV+ interneurons in the basal ganglia (Kalanithi et al, 2005), suggesting that control of 
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GABA release in basal ganglia structures may alleviate motor tics.  While various 

treatments with GABAergic agents are being tested in Huntington‟s disease, tiagabine (a 

GABA reuptake inhibitor) has shown promise to reverse several behavioral and 

biochemical markers characteristic of the disease in experimental animal models (Dhir et 

al, 2008).  For treatment of tardive dyskinesia, one study has shown preliminary evidence 

suggesting that benzodiazepines may have some effects in treatment of this movement 

disorder (Bhoopathi et al, 2006).  Although dopaminergic agents are currently the first-

line therapy for treatment of restless leg syndrome, gabapentin (a GABA analogue) has 

shown to be beneficial in some clinical trials (Merlino et al, 2009).    It is likely that 

GABAergic drugs will be utilized in the management and treatment of many movement 

disorders in the near future. 

 

XII.    Implications to Parkinson’s Disease Research 

 The data presented here offers a possible mechanism by which striatal MSN 

excitability becomes imbalanced during PD.  Specifically, PD is characterized by 

increased excitability and output of striatopallidal D2+ MSNs, while the striatonigral 

pathway exhibits decreased activity (Raz et al, 2000; Galeffi et al, 2003; Starr et al, 2005; 

Mallet et al, 2006).  These imbalances result in the inability to move effectively.  While 

previous work has shown that GABAergic tonic conductance modulates MSN 

excitability (Ade et al, 2008), this thesis work suggests three additionally important 

concepts in regards to the generation and treatment of this disease.  First, dopamine alters 

both inhibitory tonic conductance and MSN excitability.  My data show that application 

of a D2R-like agonist decreases both the D2+ MSN tonic current and D2+ MSN 
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excitability.  It is likely that the converse is also true: dopamine depletion increases D2+ 

MSN excitability (Day et al, 2006; Mallet et al, 2006; Shen et al, 2007; Day et al, 2008).  

Secondly, dopamine modulation of tonic inhibition is mediated through its interactions 

with the PKA phosphorylation cascade.  Lastly, GABAA receptor β3 subunits are largely 

responsible for tonic current in MSNs.  These data suggest additional means of regulating 

MSN output, and present a possible therapeutic avenue for alleviating PD symptoms that 

arise due to imbalances in the striatal output pathways. 
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CONCLUSIONS 

 

 

 In the mouse, D1+ and D2+ MSNs constitute unique projection pathways to the 

substantia nigra pars reticulata and globus pallidus, respectively. 

 GABA-mimetic etomidate effects are selective for the β3 subunit in recombinant 

receptors expressed in HEK cells, although etomidate‟s ability to potentiate 

GABA currents appears to depend on both α and β subunits. 

 D2+ MSNs express enhanced etomidate current compared to D1+ MSNs, 

suggesting that these cell types differ in their expression of functional β3 subunits. 

 Intracellular PKA application increases D1+ MSN tonic current.  Enhanced 

etomidate responses suggest that D1+ MSN tonic current is mediated through a 

phosphorylated β3 subunit. 

  Intracellular PKI application reduces D2+ MSN tonic currents, suggesting the 

basal D2+ MSN tonic current is mediated via basally phosphorylated β3 subunits. 

 Dopamine release in the striatal slice preparation is low, and dopamine receptors 

remain unstimulated. 

 D2-like agonists decrease D2+ MSN tonic current, presumably through 

dephosphorylated β3 subunits, while D1-like agonists increase D1+ MSN tonic 

current through phosphorylated β3 subunits. 

 Current-clamp experiments show that the D2-like agonist quinpirole reduces D2+ 

MSN excitability, suggesting that D2+ tonic current is excitatory. 

 Drd2-β3 subunit KO animals express significantly less tonic current than wild-

type mice, suggesting that the β3 subunit is imperative to D2+ MSN tonic current. 
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 NPY+ interneurons and MSNs express similar synaptic GABAA receptor 

populations. 

 Intrastriatal stimulation suggests that MSNs receive more inhibitory input than 

NPY+ interneurons due to prolonged evoked IPSC decay kinetics. 
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