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ABSTRACT  
 

 The regulators of G-protein signaling (RGS) proteins negatively modulate 

heterotrimeric G protein signaling by acting as GTPase activating proteins 

(GAPs) for Gα subunits.  In the striatum and nucleus accumbens (NAc), brain 

regions critical for control of movement, motivation and reward, overlapping 

RGS expression profiles suggested that functional specificity could not be 

explained by anatomical localization alone.  We set out to assess striatal 

specificity within two distinct RGS pools, the R7 RGS subfamily and RGS10. 

 The highly striatal-specific splice form RGS9-2 is a negative modulator of 

dopamine D2 receptor signaling, and has been shown to inhibit drug stimulated 

(cocaine or direct dopamine receptor agonists) locomotor activity.  RGS9-2 is a 

member of the R7 subfamily, comprised of RGS6, -7, -9, and -11, which share 
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highly similar subdomain structure.  We analyzed the specificity of R7 

modulation of dopamine receptor signaling using a novel behavioral assay.  R7 

RGS proteins were virally-overexpressed in rat or mouse NAc via a stereotaxic 

injection of an engineered HSV virus.  Following this surgery, drug-stimulated 

locomotor responses were assayed.  We found that in rats and RGS9 KO mice, 

overexpression of R7 RGS proteins produces distinct acute locomotor and drug 

sensitization phenotypes, each of which occurs only during the period of RGS 

overexpression.  Moreover, studies using truncation and chimeric RGS mutants 

demonstrated that while all tested subdomains were necessary for activity, only 

the C-terminus of RGS9-2 was sufficient to convey activity to RGS7.  Lastly, 

RGS overexpression leads to distinct acute changes in weight: loss (RGS9-2) or 

gain (RGS7 and -11).   

 To begin to elucidate RGS10 function in the nervous system, we mapped 

RGS10 protein in rat and mouse brain using light microscopic (LM) and electron 

microscopic (EM) immunohistochemical techniques. The LM analyses showed 

that RGS10-like immunoreactivity (LIR) labels all cellular subcompartments of 

neurons and microglia, including their nuclei.  EM analysis confirmed the 

presence of dense RGS10-LIR in the euchromatin compartment of nuclei and 

resolved dense staining on terminals at symmetric synapses onto pyramidal cell 

somata.  Dual-labeling histochemistry showed that RGS10-LIR is expressed in 

specific neuronal cell types and circuits.  Taken together, these data support a role 

for RGS10 in diverse processes including modulation of pre- and postsynaptic G-

protein signaling and a potential role in modulating gene expression. 
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CHAPTER I: INTRODUCTION AND LITERATURE REVIEW 
 
 

Dysfunction of the dopamine (DA) neurotransmitter system underlies a 

multitude of widespread and costly human diseases, including addiction, ADHD, 

Parkinson disease, schizophrenia, Tourette syndrome, obsessive-compulsive 

disorder, and major depression.  Addictive drugs all impinge upon the DA system, 

while some of the most clinically useful drugs in neurology and psychiatry exert 

their primary mode of action on the DA system.  Though the DA system projects 

throughout the CNS, the striatum and its ventral subdivision, the nucleus 

accumbens, are particularly sensitive to neuromodulation by DA. 

 

Molecular circuitry of dopamine signaling 

The above-mentioned disorders share DA dysregulation as a primary 

cause and/or therapeutic target, but they differ in the valence of DA dysfunction: 

some are caused by DA deficiency, while in others DA is overabundant. Each of 

these diseases illustrates that dopaminergic tone must be maintained within a 

specific range, but also that the DA system is capable of substantial 

compensations to maintain this range.  Animal behavioral studies have illustrated 

the tremendous adaptability of the DA system. In a rat model of Parkinson disease 

(PD), lesion of the DA neurons in the substantia nigra (the major site of neuron 

loss in PD) using the toxin 6-OHDA produced significant impairment in skilled 

limb movements only after the animal had lost more than 75% of nigral DA 

neurons (Kirik et al., 1998).  In contrast, ablation of the gene for the dopamine 
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transporter (DAT), which removes DA from the synapse, results in the persistence 

of DA in the synapse at least 100 times longer than in wild-type mice, leading to 

striking hyperlocomotor activity. To compensate for this DA overabundance, 

DA synthesis and expression of DA receptors are diminished by half (Giros et al., 

1996), and corticostriatal glutamatergic transmission increases to counter the 

hyperdopaminergic state (Gainetdinov et al., 2001). The challenge of maintaining 

appropriate dopaminergic tone is compounded by the fact that the system must 

maintain not only appropriate signal intensity, but also the appropriate ratio of 

signaling through two pharmacologically distinct classes of receptor, the D1R and 

D2R. 

 

The two classes of dopamine receptor 

In the early 1980’s, it became clear that DA in the brain was signaling 

through two distinct classes of receptors. A series of studies revealed two 

pharmacologically distinct classes of DA receptor, the D1 and D2 class, which 

were distinguished by discrete radioligand binding and by their opposite effects 

on adenylyl cyclase activity. These findings were the work of numerous 

researchers, the most prominent of which were Creese, Sibley, and Leff (Creese et 

al., 1979; Leff et al., 1981; Sibley et al., 1982; Creese et al. 1983). Genomic 

analyses revealed that each class is composed of multiple gene products: the D1 

class includes by D1R and D5R, and the D2 class includes D2R, D3R, and D4R 

(Bunzow et al., 1988; Sokoloff et al., 1990; Zhou et al., 1990; Sunahara et al., 

1991; Van Tol et al., 1991). The distinct pharmacological properties and 
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independent anatomical and neuronal localization of each DA receptor are now 

recognized to mediate distinct functional roles for each DA receptor type. 

In addition to their functional and anatomical differences, the D1 and D2 

classes are modulated by distinct regulatory systems. To maintain signal 

specificity and integrity in the DA system, these regulatory systems must 

distinguish between DA receptor subtypes. To better understand the diverse 

functions of DA, and some of the primary regulators of DA, we must first 

consider the mechanism by which receptors transduce extracellular DA release 

into an intracellular signal. 

 

Fundamental GPCR mechanisms 

Dopamine receptors are seven-transmembrane domain-containing G-

protein coupled receptors (GPCRs).  GPCRs mediate a remarkable array of 

cellular signals, from vision and the sense of taste to communication between 

cells via hormone or neurotransmitter.  The G-protein heterotrimer, consisting of 

Gα, Gβ, and Gγ subunits, transduce these diverse extracellular signals into an 

equally complex array of intracellular responses (Gilman, 1997; Hamm, 1998).  

Activated GPCRs transduce signals by mediating Gα nucleotide exchange, 

causing the inactive Gα-GDP bound heterotrimer to form activated Gα-GTP and 

Gβγ heterodimers (Fig. 1.1).  Both Gα-GTP and Gβγ then modulate the activity of 

a host of intracellular effectors, initiating a variety of signaling events partially 

detailed below.  Gα-GTP remains active until its intrinsic GTPase activity 

hydrolyzes GTP to GDP, allowing Gα-GDP to rapidly reassociate with Gβγ. The  
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Figure 1.1 – RGS proteins function as GTPase activating proteins. (A) Seven 
transmembrane domain-containing receptors are coupled to heterotrimeric G-
proteins.  Upon binding of a ligand, such as the neurotransmitter dopamine (DA), 
G-protein coupled receptors (GPCRs) promote the exchange of GTP for bound 
GDP by the alpha subunit.  This exchange in turn releases activated alpha (Gα) 
subunits and beta-gamma dimers (Gβγ), which then go on to interact with 
secondary effectors.  (B) The duration of G-protein activation is regulated by the 
rate of hydrolysis of GTP to GDP by Gα.  In vitro experiments using purified 
components report that this cycle has a half-life of up to fifteen seconds (1-15s).  
(C) In the presence of a regulator of G-protein signaling (RGS) protein, the rate of 
GTP hydrolysis increases by 100-1000 fold, accelerating the half-life of 
deactivation to sub-second levels.  This is accomplished by activating the intrinsic 
GαGTPase activity by stabilizing the GTP-GDP transition state. 
 

 

half-life of Gα-GTP thus serves as a “molecular stopwatch” governing the 

duration of GPCR signaling. 

Gα subunits are structurally and functionally grouped into four subfamilies 

that have class-specific effects on downstream effector enzymes (Hamm, 
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1998). The Gαs family increases the activity of adenylyl cyclase, leading to 

accumulation of cAMP. Gαi, Gαo and Gαz (the Gαi/o family) modulate a large 

variety of effector activities, including the inhibition of cAMP synthesis. Gαq 

activates phospholipase C-β which cleaves PIP2 into DAG and IP3, which then 

activate protein kinase C and promote the release of intracellular Ca2+ stores, 

respectively. Lastly, the Gα12/13 family regulates the activity of the small G-

protein Rho. In addition, Gβγ subunits coupled with Gαi/o activate G-protein 

coupled inwardly rectifying potassium (GIRK) channels (Logothetis et al., 1987; 

Peleg et al., 2002), while Gαq can promote a slow, indirect inhibition of GIRKs 

(Sharon et al., 1997; Kobrinsky et al., 2000; Lei et al., 2001; Meyer et al., 2001; 

Cho et al., 2005). 

This listing represents only the major effects of each Gα class, and could 

include multiple other enzymes and ion channels. Since each class of Gα has 

multiple mechanisms by which it can inhibit other signaling pathways, selectivity 

for one type of signaling pathway likely also mediates selective inhibition of other 

pathways. These diverse downstream effects illustrate that selectively regulating 

a particular class of Gα subunit can produce distinct and highly varied 

consequences on cellular function.   

The discovery of G-proteins provided a molecular mechanism to explain 

the observed pharmacological differences between the two classes of DA 

receptor: the D1 class couple through Gαs, while the D2 class couple though Gαi/o, 

and thus have opposite effects on adenylyl cyclase and intracellular cAMP.  

Coupling to distinct Gαs also provides a mechanism by which the D2, but not the 
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D1, may be potently inhibited: the regulators of G-protein signaling (RGS) 

family. 

 

The RGS family of proteins 
 

Early measurements of GPCR signaling duration used purified, 

reconstituted systems and determined that the half-life of hydrolysis (from active 

[GTP-bound] to inactive [GDP-bound]) was ~15s. In vivo, however, GPCR 

signaling underlies processes such as visual transduction that occur on a 

subsecond timescale. Indeed, measurements of GTP hydrolysis in intact 

photoreceptors indicated a half-life of hundreds of microseconds, several hundred 

fold faster than the rate measured in vitro (reviewed in Ross and Wilkie, 2000). 

This dramatic increase in rate (and thus, decrease in signal duration) is achieved 

by the regulators of G-protein signaling (RGS) proteins (Koelle and Horvitz, 

1996; Fig. 1.1). 

 

RGS proteins are GAPs 

RGS proteins regulate the Gαi/o and Gαq classes by  binding to Gα-GTP 

and increasing its intrinsic rate of GTP hydrolysis (Berman et al., 1996, Watson et 

al., 1996). They are therefore known as GTPase activating proteins (GAPs) 

(Berman et al., 1996; Berman and Gilman, 1998). In addition to their GAP 

activity, RGS proteins potently modulate GPCR pathways by serving as kinetic 

scaffolds for the assembly of signaling complexes (Zhong et al., 2003) and 

through direct modulation of effectors (Doupnik et al., 1997; Sinnarajah et al., 
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2001; Ghavami et al., 2004). It appears that RGS proteins do not regulate Gαs, as 

the sole report of an RGS for Gαs (Zheng et al., 2001) is unsubstantiated despite 

repeated efforts by other labs (Siderovski and Willard, 2005; Wilkie TM, personal 

communication). RGS proteins display selectivity for classes of Gα (Hunt et al., 

1996; Watson et al., 1996), though different methodologies have yielded very 

different specificities for the same RGS proteins (see Chapter II: Introduction: 

RGS:Gα specificity). For a subset of RGS proteins it has been demonstrated that 

RGS proteins specifically inhibit particular receptors (Zeng et al., 1998; Xu et al., 

1999; Ghavami et al., 2004), perhaps by interacting directly with GPCRs (Hague 

et al.; Wang et al., 2005). 

RGS proteins also play a role in modulating the Gβγ dimer. The t1/2 of 

GTP hydrolysis determines the signaling duration of both α and βγ subunits, as βγ 

subunits are rapidly re-bound and inactivated as GTP hydrolysis occurs. In 

addition to this indirect regulation of βγ function, it has been argued that the R7 

RGS proteins, coupled with the neuronal-specific Gβ5, might act as βγ 

heterodimers (Jones et al., 2004; Siderovski and Willard, 2005); this has yet to be 

demonstrated. 

There are approximately 22 validated RGS proteins in humans (Siderovski 

and Willard, 2005), with numerous non-GAP proteins containing recognized 

RGS-like domains (Gainetdinov et al., 2003; Kohout and Lefkowitz, 2003; 

Vazquez-Prado et al., 2004). Though the RGS domain is conserved in all 

members, sequence variation is sufficient to divide the family into five distinct 

subfamilies (Zheng et al., 1999; Ross and Wilkie, 2000) which share a common 
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modular structure and protein sequence outside of the RGS domain. These five 

subfamilies are a useful organizational tool, and throughout this work they will be 

referred to according to the classification of Ross and Wilkie (2000). 

 

Specificity among the RGS proteins 

For signal transmission to be efficient and specific, signaling molecules 

must interact precisely in time and space. For the RGS proteins, specificity is 

achieved by three known mechanisms: localization (anatomically, cell-type and 

intracellularly; see Fig. 1.2), Gα specificity, and interaction with binding partners. 

However, in many cases, multiple RGS proteins are expressed in the same tissue 

(Larminie et al., 2004), brain region (Gold et al., 1997; Grafstein-Dunn et al., 

2001), or cell type (Doupnik et al., 2001; Cabrera-Vera et al., 2004), as can be 

seen in Figure 1.3. Similarly, RGS proteins generally appear to be specific for one 

class of Gα (Glick et al., 1998), but for many RGS proteins Gα specificity is 

either uncertain or the RGS protein appears to be a promiscuous GAP. While 

some RGS proteins have well-defined binding partners (Snow et al., 1998; Wang 

et al., 2005), the in vivo binding partners of most RGS proteins remain unknown. 

Thus for the majority of RGS proteins, localization, Gα specificity, and regulatory 

binding partners remain largely unknown. This begs the question: do the RGS 

proteins regulate specific signaling pathways, and if so, how do they achieve that 

specificity?   
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Figure 1.2 – Expression profile of nine RGS proteins in the rat caudoputamen.  
Film autoradiograms of RGS cRNA labeling reveal the striking specificity of 
RGS expression, both by region and intensity. Abbrev. - accumbens (acb), 
anterior commissure (ac), caudoputamen (cp), cingulated gyrus (cg), corpus 
callosum (cc), neocortex (Neo), olfactory tubercle (ot), piriform cortex (pc). 
Scale bar, 1.1 mm. From Gold et al., 1997. Used with permission from the author. 
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Ultimately, specificity is a direct consequence of particular protein 

structure – the presence of domains that may act as a substrate for interaction or 

modification. Therefore, the RGS proteins with greatest structural similarity may 

have the greatest potential to illuminate the mechanisms underlying signaling 

specificity. The R7 RGS subfamily is perhaps the best example of the specificity 

enigma: though they have very similar protein structure, an overlapping 

expression profile, and known common binding partners, the R7 RGS proteins are 

thought to modulate specific signaling pathways in vivo. Therefore, the R7 

subfamily is an ideal model for dissecting RGS protein specificity. 

 

The R7 Subfamily 

The R7 subfamily, comprised of RGS6, –7, –9, and –11 in mammals, is 

one of the most conserved RGS subfamilies both from ultrastructural and 

evolutionary perspectives (Sierra et al., 2002; Ross and Wilkie, 2002).  Their 

similarity underscores the problem of RGS specificity, especially when one 

considers their highly overlapping expression profiles (compare RGS6 to RGS7 in 

cortex and RGS7 to RGS9 in striatum, Fig. 1.2).  As seen in Figure 1.3, the four 

members of the R7 subfamily share three domains that are not shared with any 

other RGS subfamily – the DEP, the Linker (or Inter-domain), and the GGL – in 

addition to the obligate RGS domain.  To address the question of R7 subfamily 

specificity, it is helpful to consider what is known about each R7 subdomain. 

 

 



11 

 

 
 
Figure 1.3 – The high degree of similarity and important structural differences in 
the R7 subfamily.  The four members of the R7 subfamily share DEP, Linker, 
GGL, and RGS domains (RGS6 not shown).  Minor differences in length at the 
N- and C-termini vary with evolutionary relationships: closely related RGS6 and 
–7 have longer N-termini, while more distant RGS9-1 and RGS11 have longer C-
termini.  RGS6 and –7 also share a positively charged ~28 amino acid (aa) 
insertion (denoted by lighter green in RGS7) in the Linker domain not shared by 
RGS9 and –11.  The functional implications of these structural differences are 
unknown.  Two splice forms of the rgs9 gene, RGS9-1 and -2, are expressed in 
highly segregated patterns and are identical until aa 466, but diverge dramatically 
in their C-termini.  With a short 18aa tail, RGS9-1 is similar in length to other R7 
RGS proteins.  The C-terminal tail of RGS9-2 is unique among RGS proteins, but 
shares sequence and functional homology with the effector enzyme of RGS9-1, 
PDEγ.  The PDEγ-like C-terminus contains a Pro/Arg enriched cationic domain 
that abruptly transitions to an anionic domain (red and blue, respectively, in 
RGS9-2).  For a comparison with other RGS subfamilies, see (Siderovski and 
Willard, 2005). 
 
 
 
The GGL domain defines the R7 subfamily 

The GGL (G-protein gamma subunit like) domain is unique to and the 

defining feature of the R7 subfamily.  The stability of R7 RGS proteins is greatly 

enhanced by binding of the GGL domain to the unique G-protein beta subunit, 

Gβ5 (Snow et al., 1998; Posner et al., 1999; Krispel et al., 2003).  Unlike other  
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Gβ subunits, Gβ5 likely does not function as part of a conventional Gβγ dimer; 

rather it appears to function only in partnership with the R7 RGS proteins, a 

relationship conserved from nematodes to humans (Chase et al., 2001; Robatzek 

et al., 2001).  In addition to this Gβ5-dependent increase in stability, the GGL 

domain regulates R7 RGS proteins in several ways.  The complex of Gβ5:RGS7 

can translocate to the nucleus, and in neuronal cell lines, this complex is readily 

detectible in the nucleus by immunohistochemistry (Zhang et al., 2001).  Further 

work has demonstrated that Gβ5 requires binding of an R7 RGS protein for 

nuclear translocation (Rojkova et al., 2003), demonstrating that this is another 

obligate R7/Gβ5 function.  Gβ5 binding also increases R7 activity independently 

of increased stability/protein abundance.  Acceleration of muscarinic receptor 

activated GIRK channel kinetics by both RGS7 and –9 is markedly enhanced by 

coexpression of Gβ5.  The addition of Gβ5 to non-GGL containing RGS proteins 

does not alter the RGS-dependent acceleration of GIRK kinetics (Kovoor et al., 

2000).  In addition, multiple unique functions have been identified for the GGL 

domain of RGS6.  Via GGL domain-dependent protein-protein interactions, 

RGS6 is able to promote neuronal division, disrupt microtubule organization (Liu 

et al., 2002), and inhibit a repressor of transcription following translocation to the 

nucleus (Liu and Fisher, 2004).  These functions are independent of RGS 

domain:GPCR interactions, and provide evidence for GAP independent functions 

of the R7 subfamily. 
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The DEP domain is critical for membrane anchoring and intracellular 

localization 

The DEP domain (for homology with disheveled, EGL-10, and pleckstrin 

in D. melanogaster, C. elegans, and mammals, respectively) is part of a larger 

family of proteins implicated in membrane binding (Ponting and Bork, 1996). 

DEP proteins have in common a unique α/β fold structure, but the DEP domains 

of R7 RGS proteins contain an additional short helix (shared with pleckstrin) that 

likely mediates protein-protein recognition (Civera et al., 2005).  This role for the 

DEP domain has been supported in a number of in vitro and in vivo studies.  In 

disheveled, the DEP domain is critical for both membrane translocation and Wnt 

induced transcriptional activity (Pan et al., 2004).  In mice, deletion of the DEP 

domain from the retinal splice form of the rgs9 gene, RGS9-blocks its access to 

appropriate cellular compartments and ablates RGS function (Martemyanov et al., 

2003b).  DEP domains of R7 family members are known to anchor the RGS 

protein to the membrane via an interaction with the SNARE-type proteins R9AP 

in retina (Hu and Wensel, 2002) or R7BP in brain (Drenan et al., 2005; 

Martemyanov et al., 2005).  The DEP of RGS9 is both necessary and sufficient to 

target RGS9 to the D2 dopamine receptor, but not to other pertinent GPCRs 

(Kovoor et al., 2005).  Determining the sequence variations within the DEP 

domains of the R7 subfamily that mediate unique protein-protein interactions, and 

thus unique patterns of intracellular localization, will be critical to understanding 

inter-RGS specificity. 
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The function of the Linker domain in mammals is unknown 

The Linker (or Inter) domain is the least studied of the R7 subfamily’s 

shared domains, a point illustrated by its nondescript name – it simply links the 

DEP and GGL domains.  However, what little is known is compelling: the Linker 

domains of EGL-10 and EAT-16, R7 subfamily members in C. elegans, 

determines specificity for Gα o vs. Gα q (Patikoglou and Koelle, 2002).  This 

specificity leads EGL-10 and EAT-16 to have opposite effects on worm egg 

laying.  In murine RGS7, residues within the Linker domain (S241, T245 and 

T247) mediate a TNF-αdependent phosphorylation (via a MAP kinase-dependent 

pathway) that stabilizes RGS7 and produces a substantial and prolonged increase 

in RGS7 abundance (Benzing et al., 1999).  Injection of mice with 

lipopolysaccharide, a major cause of the neurological signs of sepsis, increases 

RGS7 levels through a TNF-α –dependent mechanism.  Interestingly, other R7 

subfamily members do not share these critical residues.  The Linker may also be 

somewhat involved in membrane anchoring (Hu et al., 2003) or Gβ5 binding 

(Patikoglou and Koelle, 2002), though to a lesser degree than the DEP or GGL, 

respectively. 

 

The conserved RGS domain 

The eponymous RGS or the closely related RGL (RGS-like) domains are 

present in approximately 37 human proteins (Siderovski and Willard, 2005). 

However, 1.5 billion years of evolution (present from plant to human) has 

produced only minor variations in RGS domain structure (Sierra et al., 2002; 
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Chen et al., 2003).  The diverse in vivo splice forms of RGS proteins – more than 

sixty distinct transcripts at the time of this writing – further demonstrate that 

variants lacking the RGS domain are maladaptive (Rahman et al., 1999; Zhang et 

al., 1999; Chatterjee and Fisher, 2000b; Barker et al., 2001; Haller et al., 2002; 

Chatterjee et al., 2003; Tosetti et al., 2003).  Only one report describes a partially 

truncated RGS domain (Doupnik et al., 2001), which suggests that the RGS 

domain is an inviolate functional unit.  However, since many screens for new 

RGS proteins or splice variants use the RGS domain as bait, it is possible that 

variants missing the RGS domain have been overlooked. 

Certainly, the RGS domain is the catalytic heart of any RGS protein 

(Popov et al., 1997), and selectivity of GAP function may be critical to achieving 

in vivo RGS specificity (see Ch. 2A, Introduction).  However, GAP activity may 

be only one of the important functions of the RGS domain.  Via interaction with 

the RGS domain, Gαsubunits can pull RGS proteins to the plasma membrane, 

independent of GAP activity, as has been demonstrated for RGS7 (Takida et al., 

2005) and other non-R7 RGS proteins (Druey et al., 1998; Heximer et al., 2001; 

Masuho et al., 2004).  In contrast, Chatterjee and Fisher (2000a) found that a 

diverse group of RGS proteins (RGS2, –4, –10, –16, and –Z) contain conserved 

nuclear localization sequences within their RGS domain; only via extra-RGS 

domain nuclear export sequences do these RGS proteins translocate to the 

cytoplasm.  Thus within the RGS domain there are competing mechanisms 

governing the subcellular localization, and therefore the functional efficacy and 

specificity, of RGS proteins. 
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In addition, the RGS domain of RGS7 contains a consensus recognition 

site for 14-3-3 proteins (Ser 434).  When this site is phosphorylated (putatively by 

PKC), 14-3-3 binds to and inhibits the GAP activity of RGS7 (Benzing et al., 

2002).  This requisite phosphorylation is inhibited by TNF-α, a cytokine mediator 

of inflammation and apoptosis; RGS7 GAP activity increases significantly and 

rapidly (15-30 min.) following treatment with TNF-α.  The 14-3-3 binding site is 

phosphorylated to near-constitutive levels in vivo (Benzing et al., 1999), 

indicating that levels of TNF-αcould be a major determinant of RGS7 activity in 

brain.  Interestingly, murine and human RGS11 share this same 14-3-3 site, while 

RGS6 and –9 have an alanine substitution that abrogates the interaction with 14- 

3-3.  Phosphorylation is therefore another mechanism through which interactions 

of the RGS domain with regulatory proteins can control RGS activity, and another 

mechanism to achieve specificity among R7 RGS proteins. 

 

A role for RGS proteins in the nucleus 

As modulators of membrane-bound GPCRs, it was initially hypothesized 

that RGS proteins would localize to the plasma membrane. However, a multitude 

of studies have demonstrated that RGS proteins can be found in essentially every 

cellular compartment (reviewed in Burchett, 2003), and that this distribution is 

dynamic (Druey et al., 1998; Chatterjee and Fisher, 2000a; Heximer et al., 2001; 

Roy et al., 2003). Immunohistochemistry for RGS proteins has demonstrated that 

cytoplasmic and nuclear localization occurs in vivo, and that the relative 

localization differs between cell types (Khawaja et al., 1999; Waugh et al., 2005). 
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Yeast two-hybrid analysis and immunoprecipitation studies have demonstrated 

RGS interaction with nuclear proteins in tissue culture (Liu et al., 2002), and in 

brain (Liu and Fisher, 2004), suggesting that RGS proteins in the nucleus are not 

merely sequestered away from their true site of action, but are involved in nuclear 

functions separate from GPCRs. 

A number of studies have demonstrated functional implications for 

nuclear expression of RGS proteins. All members of the R12 RGS subfamily 

(RGS12, –14, and –10) have intriguing roles in the nucleus. Splice forms of 

RGS12 localize exclusively to the nucleus, and some of those splice forms display 

sub-nuclear localization that suggests that they may function with or act as tumor 

suppressor proteins (Chatterjee and Fisher, 2000b). Native forms of RGS12 

associate with metaphase chromosomes during mitosis, and overexpression of 

RGS12 splice forms disrupts the division of nucleoplasm during mitosis 

(Chatterjee and Fisher, 2000b). The closely related RGS14 has a similar role in 

the nucleus: in the one-cell zygote, RGS14 colocalizes with the mitotic apparatus, 

and deletion of the RGS14 gene produces cellular fragmentation and blocks 

progression to the 2-cell stage (Martin-McCaffrey et al., 2004). The third member 

of the R12 subfamily, RGS10, is shuttled to the nucleus following 

phosphorylation of the C-terminal tail (Burgon et al., 2001). The functional 

implications of nuclear RGS10 remain unknown. 
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Potential role for RGS proteins in regulating natural and drug rewards: the 

nucleus accumbens 

The NAc is a critical neural substrate for the rewarding properties of 

natural and addictive stimuli (Koob, 1992; Wise, 1998; Everitt and Wolf, 2002). 

Therefore, RGS proteins expressed in the NAc – including RGS9-2, RGS10, and 

at lower levels, RGS7 (Fig 1.2) – may play a central role in regulating reward. 

The NAc has two primary afferents: glutamatergic projections from the cortex 

and limbic forebrain; and dopaminergic projections from the ventral tegmental 

area (VTA). The NAc-VTA circuit has enjoyed a privileged place in models of 

reward and motivation, and was long thought to be the critical mediator of natural 

rewards such as food, water, social interaction, and sex (Nestler, 2004a). 

However, in recent years inconsistencies in the DA-reward hypothesis (reviewed 

in Salamone et al., 2005) have led to the proposal of alternative frameworks to 

understand the role of the NAc-VTA circuit in reward. 

Put simply, this new view places DA “in parallel with stimuli and 

modulates their ability to elicit a response … rather than in series between stimuli 

and responses” (Salamone, 2005). It is clear that DA does not act alone to mediate 

reward; many other pathways and neurotransmitters are implicated in reward and 

motivated behaviors (Ikemoto and Wise, 2004; Kalivas et al., 2005).  

Nevertheless, DA plays a crucial role in many of the components that make up 

and maintain reward – such as positive reinforcement, pre-reward motivational 

arousal, the “stamping-in” of incentive stimuli, the development and maintenance 

of conditioned reinforcers, and learning and memory – but it is an over-
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simplification to equate DA and reward (Wise, 2004). Drugs of abuse impinge 

upon this natural reward system and mediate many of their pleasurable/addictive 

effects via elevating DA in the NAc. A host of adaptations, many specific to the 

NAc, appear to underlie aspects of the addicted phenotype (reviewed in Self and 

Nestler, 1995; Chao and Nestler, 2004; Nestler, 2004b). 

The NAc has been recognized as a central integrator of limbic and motor 

function for more than twenty-five years (Mogenson et al., 1980). The NAc can 

be subdivided into a NAc core and the surrounding NAc shell, each of which has 

distinct anatomical connectivity and subserves distinct functions (reviewed in 

Kelley, 1999; Di Chiara, 2002). The NAc core has close ties to the overlying 

dorsal striatum, functions in learning of adaptive motor responses, and has 

extensive efferents to classical basal ganglia output structures. Functions of the 

NAc shell are largely integrative, and are generally limbic and/or visceral. The 

NAc shell projects preferentially to subcortical limbic regions, and is allied with 

like-functioning structures known as the “extended amygdala.” There is extensive 

interconnectivity, directly and through intermediate structures, between NAc core 

and shell, which likely serves as an anatomical substrate for the NAc’s role as an 

integrator of limbic and motor function. The complexity of NAc circuitry is 

further complicated by its striking adaptatability in the face of dopaminergic 

change – chronic psychostimulant treatment, DA blockade, and DA denervation 

all cause extensive reordering of NAc circuits (reviewed in Meredith, 1999). It 

should be noted that while there are clear anatomical, histochemical, and 
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functional distinctions between NAc core and shell, there is much work to be 

done to define their relative roles in reward and motivated behaviors. 

 

Objectives of the dissertation research 

The wealth of in vitro data describing the RGS proteins has demonstrated 

their potency and diversity as modulators of GPCR signaling. However, very little 

is known about the role of RGS proteins in animal systems. Studies mapping the 

distribution of RGS proteins suggest that every tissue type, and perhaps every cell 

type, is endowed with a range of RGS proteins that subserve discrete functions. 

We hypothesize that the members of the R7 subfamily serve discrete, 

specific functions in the NAc, and that variations in subdomain structure subserve 

these specific functions. To this end, we will assess the potency of RGS7, RGS9- 

2, and RGS11 in modulating DA signaling in the NAc . If these R7 RGS proteins 

have differential effects on dopaminergic signaling, we will investigate the 

subdomain structures that underlie this specificity. 

Moreover, we hypothesize that expression of RGS10 is specific to 

particular brain regions and types of neuron, and that characterizing the protein 

distribution of RGS10 will be a first step in understanding its endogenous 

function. Based on previous data from our lab (Gold et al., 1997), we further 

hypothesize that RGS10 protein is enriched in regions of the brain of great 

interest to psychiatry, including the rat hippocampus and dorsal raphe, which may 

subserve specific functions in memory and serotonergic signaling, respectively. 
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CHAPTER II: SPECIFICITY OF THE R7 RGS SUBFAMILY IN  
                        MODULATING NUCLEUS ACCUMBENS DOPAMINE 
 
INTRODUCTION 

Much regulation of rapid signaling processes occurs through GPCRs 

(Dascal, 2001), and numerous studies have demonstrated that RGS proteins can 

regulate the intensity, duration, and timing of a variety of ionic currents (Chen et 

al., 2000; Kurachi and Ishii, 2004; Wang et al., 2004).  In the first reported human 

syndrome caused by mutations in an RGS or related gene, defects in RGS9-1 (the 

retinal specific splice form – see Fig. 1.2) or its membrane anchoring protein 

R9AP result in a profound (~10X) elongation of the retinal intra-stimulus 

recovery time, a condition known as bradyopsia - the inability to adapt to rapid 

movements or changes in luminance (Nishiguchi et al., 2004).  Similarly, in 

previous work from our group, Rahman et al., (2003) showed that RGS9-2 (the 

brain-specific splice form) modulates the D2 dopamine receptor in the striatum.  

Thus functional deletion of the rgs9 gene leads to enhanced locomotor responses 

to dopaminergic drugs such as cocaine and amphetamine, and increases the 

rewarding properties of cocaine and morphine (Zachariou et al., 2003) as 

measured by conditioned place preference (CPP).  Overexpression of RGS9-2 in 

the nucleus accumbens (NAc) reduces locomotor responses to cocaine and to the 

D2-specific agonist quinpirole.  Kovoor et al. (2005) reported that in a mouse 

model of Parkinson disease, in which DA-depletion was followed by D2R 

activation, RGS9 KOs have significantly more abnormal involuntary movements 

than wild-type littermates.  These motor findings are similar to human tardive 
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dyskinesias or levodopa-induced dyskinesias, side effects of antipsychotic or 

Parkinsonian treatments, respectively.  These findings illustrate that human 

signaling pathways can depend critically on the functioning of single RGS 

proteins, and that RGS9-2 is a critical modulator of both acute DA signaling and 

chronic compensatory mechanisms in the DA system in rodent.  Therefore, 

RGS9-2 may be both a proximal cause of human disease and a potential 

therapeutic target in disorders of DA dysregulation. 

 

Structural determinants of R7 RGS protein function 

RGS proteins accelerate the intrinsic inactivation of Gα subunits by 

increasing the rate of GTP hydrolysis, and are thus known as GTPase activating 

proteins (GAPs).  This family of over 25 proteins is defined by the presence of a 

highly conserved ~120 amino acid RGS domain, which is necessary and sufficient 

for GAP activity.  Variations within the RGS domain predict extra-RGS 

subdomain homology (reviewed in Ross and Wilkie, 2000), evolutionary 

relationships (Sierra et al., 2002), and to some extent specificity of a given RGS 

protein for a particular Gα subunit.  One RGS subfamily, the R7, is comprised of 

the highly similar RGS6, –7, –9, and –11, which share the same subdomain 

structure (Introduction, p. 10; Fig. 1.3).  All R7 RGS proteins are anchored to the 

membrane by the interaction of their DEP domain with a membrane anchoring 

protein, R9AP in the retina and R7BP in the brain (Hu and Wensel, 2002; 

Martemyanov et al., 2005); this interaction is necessary for intracellular 

localization, stability, and GAP activity in vivo (Martemyanov et al., 2003b).  The 
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GGL domain of R7 RGS proteins binds G-protein beta 5 (Gβ5) (Cabrera et al., 

1998); this interaction is required for stability both in vitro (Snow et al., 1998; 

Zhang et al., 2001) and in vivo (Chen et al., 2003).  Several in vitro studies have 

demonstrated that extra-RGS subdomains influence intracellular localization 

(Chatterjee and Fisher, 2000a; Martemyanov et al., 2003b), Gα specificity (Skiba 

et al., 2000; Martemyanov et al., 2003a), and GAP activity (Kovoor et al., 2000; 

Skiba et al., 2001) of RGS proteins.  These findings suggest that very similar 

RGS proteins with highly overlapping expression profiles (Gold et al., 1997; 

Larminie et al., 2004) may maintain signaling specificity.  At present it is unclear 

how subdomain variations within the R7 subfamily affect protein stability, 

localization, Gα specificity, and GAP activity.  Understanding how these elements 

contribute to RGS specificity in vivo will be essential to the development of 

clinically relevant drugs that target the R7 subfamily. 

 

RGS:Gα specificity  

Attempts to establish the specificity of an RGS protein for a particular Gα 

using in vitro assays have produced conflicting data.  In single-turnover GAP 

assays, purified recombinant complexes of G�� and either RGS6, –7 (Posner et 

al., 1999) or –11 (Snow et al., 1998) in solution are highly selective for Gαo over 

other Gα’s, including αi1-3, αq, and α12.  Similarly, using steady-state GAP assays 

in reconstituted vesicles, Hooks et al. found that purified complexes of 

G��:RGS6, –7, –9-1, or –11 were able to increase GAP activity for Gαo and 

Gαi1-3, but not for Gαq or Gα11.  In contrast, Ghavami et al. (2004), using CHOK1 
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cells stably transfected with either the 5-HT1A or 5-HT2A receptors, found that 

cotransfection with RGS7 significantly decreased signaling through 5-HT2A (Gαq 

coupled) but not 5-HT1A (Gαi coupled).  Ghavami also demonstrated that RGS 

specificity for particular Gα subunits is modulated by the receptor to which they 

are coupled: RGS4, –10, and –Z1 attenuate signaling through 5-HT1A but not DA 

D2 receptors, though both signal through Gαi.  Similar cell-based assays have 

found specificity of RGS7 for Gαq (Shuey et al., 1998; Witherow et al., 2000) or 

Gαi (Kovoor et al., 2000).  In summary, widely used experimental paradigms 

have yielded conflicting data about the specificity of RGS:Gα interactions.  

Therefore it is unclear how well these in vitro studies predict RGS:Gα specificity 

in vivo.  Moreover, it is unclear if this relationship is the primary determinant of 

RGS function in vivo. 

 

An in vivo analysis of RGS specificity 

The goal of the present study was to assess the ability of members of the 

R7 subfamily to limit DA signaling in vivo, and to then determine the structural 

basis for that specificity.  We have used Herpes Simplex Virus (HSV) vectors to 

overexpress RGS constructs in the NAc of rats and RGS9 KO mice.  These 

animals were then challenged in a novel behavioral assay that revealed RGS-

specific modulation of both the acute response to cocaine and the sensitization to 

repeated doses of cocaine.  The structural determinants of this specificity were 

further elucidated through the use of truncated and chimeric isoforms of R7 RGS 

proteins.  These results support a specific role for RGS9-2 as a regulator of 
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dopamine signaling in the NAc, a role not shared by the R7 subfamily members 

RGS7 and –11, and also suggest that the unique C-terminus of RGS9-2 is a 

structural requirement for regulating sensitization.  Therefore, in vivo behavioral 

analyses can provide relevant information about the structural basis for protein 

specificity, and thus may prove to be crucial tools in the development of drugs to 

treat disorders such as Parkinson disease and psychostimulant addiction. 

 

RESULTS 

Testing viral constructs 

For all viral constructs, overexpression was validated by immunoblot 

analysis of lysates from PC12 cells infected with the respective replication-

deficient virus.  As can be seen in Figure 2.1, densitometric comparison of mouse 

and rat striatal lysates processed on the same immunoblot consistently 

demonstrated that the HSV virus led to overexpression that was 3-5 fold greater 

(RGS7 and RGS9 constructs) than rat or mouse striatum.  For HSV-RGS11, 

estimating overexpression relative to endogenous protein is not possible, as 

RGS11 is not expressed in the striatum.  However comparison of RGS11 to 

MycR11/R9Ct, and MycR11/R9Ct to MycRGS9-2, allowed us to indirectly 

estimate that RGS11 was expressed at one-half to one-third the level of 

MycRGS9-2.  RGS11-like immunoreactivity co-migrated with endogenous 

RGS11 from mouse retina (data not shown).  All of our chimeric and truncation  
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Figure 2.1 – HSV infection of PC12 cells demonstrated overexpression of RGS 
constructs.  A series of Western blots on duplicate membranes illustrates the 
potent overexpression in PC12 cells relative to endogenous levels of the same 
RGS proteins in mouse striatum.  HSV-infected PC12 cells (left-most lanes; 20 
mg) were run in parallel to striatal lysates from RGS9 wild-type and KO.  A 
standard curve of purified GST-RGS7 (8ng-2ng) was run in parallel to allow 
estimation of endogenous RGS7 levels.  Myc-tagged constructs (top panel) 
allowed comparison of diverse constructs using the same antibody.  MycRGS9-2 
and Tailless RGS9 were purposely underloaded by one-half (10 mg) to ensure that 
all comparisons were on the same scale.  Note that the degree of overexpression 
was largely independent of in vivo effects: compare Tailless RGS9, which had the 
highest level of overexpression but no behavioral effect, with MycRGS7 and 
RGS11, both of which had effects in vivo. 
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mutants are tagged with a Myc epitope and thus can be compared directly on one 

blot.  Based on protein abundance following PC12 infection and subsequent 

Western blots, we estimate the following relative relationship: 

RGS9-1 � Tailless RGS9 >> MycRGS9-2 �R11/R9CT >R7/R9Ct �RGS11 � 

DEPless RGS9-2 �7D/RGS9-2 � 9D/RGS7 � RGS9 C-terminus alone > 

MycRGS7 � RGS9 DEP alone.  Note that overexpression of HSV-MycRGS7 was 

approximately five fold lower abundance than HSV-MycRGS7.  Levels of the 

obligate binding partner for R7 RGS proteins, Gβ5, are approximately three-fold 

lower in PC12 cells than in striatum. 

 

RGS overexpression in rat nucleus accumbens shell  

Previously, our lab demonstrated that RGS9-2 overexpression in the 

nucleus accumbens (NAc) shell inhibits the locomotor-stimulating properties of 

cocaine (Rahman et al., 2003).  We have elaborated and expanded this cocaine 

locomotor paradigm to assay the effects of RGS protein overexpression on the 

acute and dose-dependent locomotor responses to cocaine, and their effects 

following repeated dosing with cocaine.  In addition, we incorporated a drug 

baseline 2-3 days before surgery, which allowed us to construct control (Lac Z) 

and experimental groups with equal basal sensitivity to the locomotor-stimulating 

properties of cocaine, and a “washout” challenge at two weeks post-infection, 

after viral-mediated overexpression has ceased (see schematic, Fig. 2.2A).  The 

washout was performed on any group of animals that had locomotor-behavioral 

effects.  We screened four wild-type R7 RGS proteins in this assay.  Both RGS7 
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Figure 2.2 – A novel behavioral paradigm for testing RGS protein specificity. 
This assay, illustrated in (A), takes advantage of the high intensity, short duration 
of HSV overexpression to compare animals before, during, and after high-levels 
of RGS-overexpression.  Rats are given a drug baseline (B) to normalize their 
basal sensitivities to the cocaine (10 mg/kg).  In (C), intracranial injection 
targeting the shell of the nucleus accumbens (NAcSh) can be seen specifically by 
in situ hybridization for RGS9.  Highly specific cRNA labeling (dark areas) 
throughout the caudoputamen, NAc, and olfactory tubercle is overlaid by even 
higher-intensity labeling at the injection site and (in more rostral sections) along 
the ascending needle tract.  The targeted region can be seen in (D), with the most 
common termination sites highlighted in dark grey.  Post-testing, animals were 
histologically scored for injection-accuracy and misses were removed (~8%).  On 
each challenge day (E), rats were habituated for one hour, followed by i.p.  
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[Fig. 2.2, continued] injections of low (10 mg/kg) and high dose (20 mg/kg) 
cocaine.  Note the highly dose-dependent nature of the RGS9-2 effect – inhibition 
was seen only at the lower dose (10 mg/kg).  For clarity, significance (ANOVA, p 
< 0.05) from 85-150 minutes was not indicated on the graph.  At two weeks post-
surgery, when viral overexpression has ceased (F), Lac Z and experimental 
groups return to equal drug sensitivity.  This control demonstrates that these RGS-
specific effects are not due to surgical damage or viral toxicity.  Note that the one-
hour habituation to the testing apparatus (present on each day – see B, E, and F) 
and the saline baseline day (habituation, i.p. saline injection and one hour 
locomotor testing – data not shown) have never displayed a decrease in basal or 
saline-injected locomotor activity relative to Lac Z controls. 

 

 

and RGS9-2 are readily detectable by Western blotting of striatal lysates (Figure 

2.1), though RGS9-2 is extremely regionally enriched in striatum, whereas RGS7 

is more concentrated in neocortex and hippocampus (Gold et al., 1997).   

RGS9-2 significantly inhibited the locomotor response to 10mg/kg 

cocaine on days 3-5 post-injection, but had no effect at 20mg/kg cocaine (Fig. 2.2 

E, Fig. 2.3A; p < 0.0005 ANOVA).  The specificity of this inhibition is 

underscored by the complete lack of inhibition at habituation timepoints or the 

saline baseline day, as was true for all viruses tested. In addition to these acute 

effects, the locomotor-inhibitory effect of RGS9-2 overexpression increased with 

each challenge day, both in absolute number and as a percentage of paired Lac Z 

response; while the response of Lac Z overexpressing control animals escalated 

with each day, the locomotor response of animals overexpressing RGS9-2 

increased only slightly.  This pattern is opposite that seen in RGS9 KO mice, 

which sensitize more rapidly than wildtype littermates (Rahman et al., 2003).  

Similar dose-dependent effects on acute inhibition and sensitization were seen  
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Figure 2.3 – Specific modulation of cocaine-stimulated locomotor activity by R7 
RGS proteins. Cocaine-stimulated locomotor activity was used to assay the 
functional specificity of RGS9-2, –11, –7 and –9-1 (Fig 2.2A). RGS9-2 (A) 
inhibited cocaine-stimulated locomotor activity acutely, and the percentage of 
inhibition grew with each day (Challenge Day 1, p < 5x10-4, ANOVA). RGS11 
(B) shared the acute inhibiting properties of RGS9-2, but the RGS11 effect 
decreased with subsequent challenge (Challenge Day 1, p < 0.05, ANOVA). 
RGS7 (C) and RGS9-1 (D) had no effect on locomotor activity. Note that RGS9- 
1 is identical to RGS9-2 from the N-terminus through the RGS domain but 
alternative splicing gives rise to a unique, short C-terminus.  
 
 
 
when RGS9-2 was epitope-tagged with the Myc peptide at either the N- or C-

terminus (data not shown). 

Although RGS11 is not detected in striatum by in situ hybridization or 

Western blot, because RGS11 is the R7 protein most similar to RGS9-2, we tested 

it in our behavioral assay.  The genetic and structural similarities between these 

family members suggest a possible functional similarity.  Indeed, overexpression 

of RGS11 in the NAc dose-dependently inhibits the locomotor response to acute 

cocaine (Fig. 2.3B).  Unlike RGS9-2, however, RGS11 overexpression was 

unable to modulate sensitization to repeated doses of cocaine.  While the 

magnitude of inhibition by RGS9-2 overexpression increased from challenge day 

one to day two, the magnitude of inhibition by RGS11 decreased from challenge 

day one to day two.  This difference in the magnitude of the effect may be 

brought about by structural differences between RGS11 and RGS9-2 or by the 

absence of necessary RGS11 binding partners. 

The third R7 protein tested, RGS7, had no effect on cocaine-stimulated 

locomotor activity, either untagged or with an N-terminal Myc-tag (Fig. 2.3C). 
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While considerable sequence identity exists between RGS7 and RGS9-2, there are 

clear structural differences.  The most significant difference is the lengths of their 

C-terminal tail region: relative to their RGS domains, RGS9-2 is 241 amino acids 

longer than RGS7.  In addition, the RGS9-2 tail is proline-enriched and has a 

PDEγ-like sequence at the extreme C-terminus (Martemyanov et al., 2003a). 

Lastly, the N-terminus and the Linker domain (between the DEP and GGL 

domains) are longer in RGS7 than in RGS9-2.  To determine the structural basis 

for RGS9-2’s selectivity at D2 dopamine receptors, we have constructed 

truncations of RGS9-2 and chimeras of RGS7 and RGS9-2 based on these gross 

structural differences. 

 

Truncations illustrate the subdomains essential for RGS9-2 activity 

In our behavioral assay, truncation mutants of RGS9-2 have demonstrated 

that RGS9-2 function in vivo is dependent on the presence of all tested 

subdomains.  The following constructs had no effect in our locomotor assay: 

DEP-less RGS9-2; RGS9-2 DEP domain alone; RGS9-1 (the retinal splice form, 

which has a short, 18aa C-terminal tail); Tailless RGS9, which has no C-terminal 

tail; and the 209aa RGS9-2 tail alone (Fig. 2.4).  Our analysis suggests that all 

subdomains tested are required for full RGS9-2 activity, but subdomains 

expressed alone are insufficient to convey either partial activity or dominant 

negative-like activity. 
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Figure 2.4 – Truncations of RGS9-2 reveal domains critical for activity 
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Figure 2.4 – Truncations of RGS9-2 revealed domains critical for activity. 
Overexpression of truncated RGS9-2 constructs (A, C) revealed that both the DEP 
domain and unique C-terminal tail of RGS9-2 are critical for RGS9-2-like 
activity.  However, this activity does not reside in the deleted domains, as 
expression of DEP or C-terminal tail domains alone (B, D) did not restore 
activity.  Expression of these isolated domains was insufficient to block native 
RGS9-2 activity.  Panel (E) illustrates the structural relationships of the truncation 
constructs tested (A-D) relative to native RGS9-2. 
 
 
 
 
R7 subfamily chimeras reveal specificity for the DEP, R9Ct domains 

The robust effects of RGS9-2 overexpression and complete lack of a 

behavioral effect with RGS7 overexpression suggest that, if functional specificity 

is mediated by structural differences between RGS92 and RGS7, subdomains of 

RGS9-2 might convey the locomotor-inhibitory phenotype to RGS7.  We have 

tested four RGS7/RGS9-2 chimeras thus far: RGS7 with RGS9’s DEP domain 

(9D/RGS7), RGS9-2 with RGS7’s DEP domain (7D/RGS9-2), and both RGS7 

and RGS11 with RGS9-2’s C-terminal tail (R7/R9Ct, R11/R9Ct).  Neither DEP 

chimera had RGS9-2–like activity (Fig. 2.5 B, C).  Thus 7D/RGS9-2 is a loss-of-

function mutant of RGS9-2.  However, the unique C-terminal tail of RGS9-2 

conveyed a partial RGS9-2–like phenotype.  While R7/R9Ct overexpression had 

no acute effect on cocaine-stimulated locomotor response, it did block the 

locomotor sensitization that occurs following repeated cocaine doses: R7/R9Ct 

overexpressing rats sensitized less than control Lac Z overexpressing rats (Fig. 

2.5 A).  

The RGS9-2 C-terminal tail had a very different effect when appended to 

the C-terminus of RGS11.  The major structural difference between RGS11 and 
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Figure 2.5 – Specific functions of RGS9-2 localize to particular subdomains. 
RGS7 with RGS9-2’s C-terminal tail (A) had no activity on the Day 1 challenge, 
but showed inhibition of the locomotor response relative to Lac Z on Days 2 and 
3 (p < 0.05, ANOVA).  Inhibition of the cocaine-locomotor response thus 
increased with each challenge day.  Note that the effects of RGS7/R9Ct, unlike 
RGS9-2, are not dose dependent.  Replacing the N-terminus and DEP domain of 
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[Figure 2.5, continued] RGS7 with those of RGS9 (9D/RGS7) did not convey 
RGS9-2-like activity (B).  Replacing the N-terminus and DEP domain of RGS9-2 
with those of RGS7 (7D/RGS9-2) produced a loss-of-function mutant that no 
longer had RGS9-2–like activity.  Panel (D) illustrates the constructs used in 
panels A-C. 
 
 
 
RGS9-2 is this unique C-terminal tail.  We hypothesized that its addition would 

create a more RGS9-2–like RGS11, where the magnitude of inhibition of the 

locomotor response would increase with each challenge day.  However, rather 

than creating an RGS11/RGS9-2 chimera that resulted in more RGS9-2-like 

activity, the R11/R9Ct chimera was a loss of function mutant: unlike the RGS11 

construct, which potently inhibited the locomotor response to cocaine on 

challenge day 1, the R11/R9Ct chimera had no activity on any testing day (data 

not shown). 

Animals entering the behavioral paradigm outlined above were baselined 

to minimize group-differences in drug sensitivity.  Two weeks later, when viral 

overexpression had ceased, there was no longer a difference in the locomotor 

response to cocaine between RGS-overexpressing and Lac Z-overexpressing 

control rats (see “drug baseline” and “Day 14+” response in Fig. 3.2 C-F). 

Between these two timepoints, we have demonstrated potent effects of RGS 

proteins on the sensitivity to dopaminergic drugs.  These changes in cocaine 

response paralleled the peak of HSV overexpression, and dissipated at times when 

viral overexpression has ceased.  The complete loss of effect at the washout 

timepoint demonstrated that these effects are not likely to be a consequence of 

viral toxicity or surgical damage. 
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Figure 2.6 – RGS9-2 overexpression inhibits locomotor stimulation through 
postsynaptic D2 receptors.  Though similar to the paradigm illustrated in Fig. 2.2, 
daily quinpirole challenges (A) started on day 2 following surgery and included a 
saline baseline and three doses of quinpirole (0.1, 0.3, and 1.0 mg/kg).  In this 
paradigm, the 0.3 and 1.0 mg/kg quinpirole doses activate postsynaptic D2 
receptors.  The 0.1 mg/kg dose activates a mixed population of pre- and 
postsynaptic D2 receptors and was highly variable from day to day.  Totals in (B) 
are derived from the combined 0.3 and 1.0 mg/kg challenge.  RGS9-2 responses 
were significantly reduced relative to both Lac Z and MycRGS7 groups (p< 0.05, 
ANOVA).  These effects were specific to the drug challenge, as no significant 
effects were seen on any day during habituation or following saline injection, and 
also specific to the period of viral overexpression, as drug baseline (Quin BL) and 
behavioral Wash Out demonstrate equal quinpirole responses for HSV-Lac Z and 
HSV-RGS9-2 injected groups. 
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Locomotor inhibition by RGS9-2 occurs via post-synaptic D2 receptors 

Our cocaine findings suggested that the effects of RGS9-2 are mediated 

through inhibition of dopaminergic signaling. However, as cocaine also enhances 

norepinephrine and serotonin signaling, we used the direct D2 receptor agonist 

quinpirole to more-selectively assay the effects of RGS9-2 on the dopamine 

system. Overexpression of RGS9-2 inhibited the locomotor response to quinpirole 

(0.3 mg/kg and 1.0 mg/kg), as can be seen in Figure 2.6 (A, B). This effect was 

selective for RGS9-2, as overexpression of MycRGS7 produced no changes from 

matched Lac Z controls. As we saw with cocaine-stimulated locomotion, 

quinpirole challenge demonstrated RGS9-2 inhibitory effects on acute locomotor 

response, as well as an increasing response across days.  However, unlike our 

cocaine challenges, we saw no loss of effect when moving to a higher dose of 

quinpirole (compare Fig. 2.6B with Fig. 2.3A). 

 

Viral-mediated rescue of the RGS9 knockout phenotype 

To further assess the potency of our RGS constructs at modulating the 

locomotor response to cocaine, we expanded our analyses to an RGS9 KO mouse 

rescue model.  RGS9 KO mice are hypersensitive to the locomotor-stimulatory 

properties of psychostimulants (cocaine and amphetamine) and display an 

enhanced rate of sensitization to repeated doses of cocaine (Rahman et al., 2003).  

We performed a similar behavioral paradigm to that used to test rats (see Fig. 

2.2.A), but the wild-type/KO comparison allowed us to evaluate the degree to 

which overexpression could compensate for complete loss of RGS9-2.  The data  
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Figure 2.7 – Overexpression of MycRGS9 in NAc rescued RGS9 KO phenotype. 
Following intracranial injection of HSVs overexpressing either Lac Z (control) or 
RGS proteins, mice were challenged in the behavioral paradigm shown in (A). 
On days 2-5 following surgery, mice were tested in four 1-hour epochs: 
habituation to the locomotor testing boxes; i.p. saline; i.p. cocaine, 5 mg/kg; i.p 
cocaine, 10 mg/kg.  Data for all four testing days is shown in (B), presented by 
challenge dose.  Note that no significant trend was observed for habituation time 
points or following saline injection, demonstrating that locomotor differences 
were not due to differences in basal locomotor activity or responses to injection-
stress.  The following statistical relationships were omitted from (B) for clarity: 
sensitization within group, 5 mg/kg – day 1 vs. day 2-4, KO-Lac Z and KORGS7; 
sensitization within group, 10 mg/kg – day 1 vs. day 4, all groups; between-group, 
same day – wt-Lac Z vs. KO-Lac Z, days 2-4; between-group, same day – KO-
Lac Z vs. KO-MycRGS9, day 4.  Repeated measures ANOVA followed by Fisher 
least means squares test, p < 0.05. 
 
 
 
from the rat overexpression studies led to the prediction that RGS9-2, but not 

RGS7, overexpression in NAc would rescue the cocaine hypersensitivity 

phenotype.  We intracranially injected mice in four groups: Group 1 - wild-type 

injected with Lac Z; Group 2 – KO injected with Lac Z; Group 3 – KO injected 

with MycRGS9-2; Group 4 – KO injected with RGS7.  Comparison of Groups 1 

and 2 demonstrates that these experiments largely recapitulated the findings 

described by Rahman et al. (2003), which showed an increased sensitivity to the 

locomotor-stimulatory properties of cocaine in RGS9 KOs.  Comparing Group 2 

with Groups 3 and 4 assessed the ability of MycRGS9-2 and RGS7 to rescue the 

RGS9 KO phenotypes, illustrated by the comparison of Groups 1 and 2. 

Similar to that described by Rahman et al., (2003), KO animals 

overexpressing Lac Z had greater locomotor responses to cocaine than wild-types 

overexpressing Lac Z: KO mice had at least 2-fold greater locomotor counts than 

wild-types, for all doses and on all days tested (Fig. 2.7).  However, KO mice 
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overexpressing MycRGS9-2 had complete rescue of the wild-type cocaine 

response at 5mg/kg.  Just as we saw in rats, however, this inhibition of cocaine 

response was dose-dependent – MycRGS9-2 did not rescue the KO phenotype at 

the higher dose (10mg/kg).  In addition, KO animals expressing MycRGS9-2 

displayed less behavioral sensitization over repeated doses than KOs expressing 

Lac Z: while neither wild-type-Lac Z nor KO-MycRGS9-2 groups had 

significantly higher activity on Day 4 than Day 1, the locomotor response of the 

KO-Lac Z group was significantly higher on Days 3 and 4 than on Day 1 (Fig. 

2.7B, 5 mg/kg, repeated measures ANOVA followed by Fisher least mean squares 

test, p < 0.005).   

Data from RGS9 KO mice overexpressing RGS7 were in partial 

disagreement with our predictions based on the rat overexpression studies (Figure 

2.2).  RGS7 overexpression in the RGS9 KO mice was able to inhibit locomotor 

responses to cocaine as potently as RGS9-2 on Day 1 (Fig. 2.7B).  However, on 

Days 2-4, the locomotor responses of KO mice overexpressing RGS7 became 

progressively more like those of KO mice overexpressing the control protein, Lac 

Z.  One interpretation is that RGS7-overexpressing animals display significantly 

more sensitization than MycRGS9-2 overexpressing animals.  It is also possible 

that overexpressed RGS7 is less stable than overexpressed MycRGS9-2, a 

possibility we are currently testing.  In contrast to MycRGS9-2 overexpressing 

mice, RGS7 overexpressing mice have ever-diminishing dose-dependency of 

locomotor response (Fig. 2.8).  Thus RGS7 and MycRGS9-2 inhibit the 

locomotor response to a nearly identical degree on day one, but with each day the 
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Figure 2.8 – Dose dependency was virus-specific.  The increase in locomotor 
response from 5mg/kg to 10mg/kg cocaine injection, a measure of dose-
dependency, differed between viruses.  Note that all groups were dose dependent 
on challenge day one, with all RGS9 knockout (KO) groups displaying similar 
(300-500 counts) degrees of dose dependency.  Mice injected with Lac Z (wild-
types - black lines, squares; KOs - pink lines, circles) displayed a slight time-
dependent increase in dose dependency (slope of best-fit lines: wt-Lac Z, m = 
+68.2; KO-Lac Z, m = +15.1).  In animals injected with MycRGS9-2, locomotor 
response became increasingly dose-dependent with each day (m = + 151.98).  In 
sharp contrast, only animals injected with RGS7 exhibited decreasing dose 
dependency with each day (m = -95.9).  Significance was evaluated via ANOVA 
of RGS7/MycRGS9-2 dose dependency on day 4; p < 0.05.  
 
 
 
RGS7 animals become more similar to KOs overexpressing Lac Z, a finding that 

was unpredicted by the rat overexpression data.  The different RGS7-effects seen 

in rat and mouse may be due to compensatory changes in the RGS9 KO.  The 

washout challenge in mice was similar to that in rat: at time-points after viral 

overexpression had ceased, KOs injected with HSV-RGS7 or HSV-MycRGS9-2 
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responded similarly to KOs injected with HSV-Lac Z, and all KOs had cocaine 

responses markedly greater than those of wild-types injected with Lac Z. 

 
Myc immunohistochemistry on Myc-RGS9-2, Tailless RGS9 

RGS function is partially dependent on correct intracellular localization. 

To evaluate the possibility that incorrect intracellular localization might underlie 

the lack of function seen with our truncation mutants, such as Tailless RGS9 (see 

Figs. 2.4C, 2.3B), we used Myc immunohistochemistry to visualize the 

intracellular location of our overexpressed proteins.  We injected rats bilaterally 

into the NAc shell with HSV-MycRGS9-2 on the right, HSV-Tailless RGS9 (N-

terminally Myc tagged) on the left.  Two days following surgery, we perfused the 

rats and performed anti-Myc immunohistochemistry (Fig. 2.9).  For both 

constructs, specific staining was seen only in the NAc and, to a lesser degree, 

along the needle tract.  Staining was evident in soma, neuropil, and cytoplasm, 

with axonal processes frequently stained.  Intriguingly, the nucleus was the most 

intensely immunoreactive cellular compartment for many of the observed 

neurons.  This was true in both MycRGS9-2 and Tailless infected cells.  However, 

Tailless RGS9 infected neurons were much more likely to have vacant nuclei 

(Fig. 2.9B).  Occasional large-soma cells (morphologically identified as 

cholinergic interneurons) were infected, but the majority of cells infected were 

medium spiny neurons.  No inflammation or tissue damage was evident. 
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Figure 2.9 – Anti-Myc immunohistochemistry revealed the distribution of 
MycRGS9-2 and Tailless RGS9.  Brightfield photomicrograph of Myc-like 
immunoreactivity in sections through nucleus accumbens of a rat intracranially 
injected 2 days earlier with (A) HSV-MycRGS9-2 in one hemisphere and (B) 
HSV-Tailless 
RGS9 in the other hemisphere.  Putative medium spiny neurons, many with 
abundant nuclear staining (A and B, arrowheads), were the majority of neurons 
infected.  Tailless RGS9 infected neurons were more likely than MycRGS9-2 
infected neurons to have vacant nuclei (B, long arrows).  A small number of 
putative cholinergic interneurons (open arrow) were also labeled.  Small arrows 
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indicate immunostained processes.  Scale bar = 100 μm.  This IHC was performed 
by Linda Hassinger, McLean Hospital, Harvard University. 
 
DISCUSSION 

 
The four members of the R7 subfamily share 1) significant sequence 

homology, 2) most gross structural features, 3) serve as GTPase accelerating 

proteins (GAPs) for the same subclasses of Gα subunits, and 4) are expressed in 

largely overlapping regions of the brain.  Although these features might indicate 

that these proteins have redundant function, we have demonstrated specific effects 

of three members of the R7 subfamily on cocaine locomotor responses in rats and 

mice.  These studies, a comparative structure/function analysis, carried out in a 

native context (an intact neural circuit where the proteins of interest are normally 

found), are unique in the RGS protein field. 

Previous in vitro studies have demonstrated mechanisms by which R7 

RGS proteins might achieve specificity.  In the retina, RGS9-1 binds to and 

regulates transducin (Gαt - Chen et al., 2000) much more efficiently when it is 

bound to its effector enzyme, PDEγ.  Skiba and colleagues (Skiba et al., 2001) 

demonstrated that the subdomains of RGS9-1 make opposing contributions to the 

affinity for the Gαt:PDEγ complex.   

The sum of these opposing subdomain contributions is essential for the 

specificity of RGS9-1 for transducin bound to PDEγ.  This specificity ensures that 

inactivation of the visual cascade occurs rapidly, but only after transducin has 

conducted the signal to its effector enzyme, PDEγ (see Introduction, p. 6). 

Martemyanov and colleagues (2003a) demonstrated that the unique C-terminal 
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tail (Ct) of RGS9-2 acts as an affinity adapter, increasing both the affinity of 

RGS9-2 for Gα subunits and GAP activity.  Notably, this tail domain is a 

paralogue of the retinal effector enzyme, PDEγ, which is not expressed in the 

striatum.  In accord with these prior studies, our in vivo analyses demonstrate that 

RGS9-2’s effects on dopamine receptor signaling require the Ct.  Overexpression 

of RGS9-1 or Tailless RGS9 (both of which lack the Ct) had no effect on cocaine 

sensitivity. 

However, our analyses also suggest that the RGS9-2 Ct is involved not 

only in the acute effects of RGS9-2, but also in limiting the sensitization to 

repeated doses of cocaine.  RGS9 KO mice sensitize to repeated doses of cocaine 

more rapidly than their wild-type littermates, even at doses too low to elicit an 

acute genotypic difference in response (Rahman et al., 2003).  In contrast, 

overexpression of RGS9-2 in the NAc both inhibited the acute locomotor 

response to cocaine and partially blocked locomotor sensitization to cocaine seen 

after repeated dosing.  When measured as total counts or as the percentage of 

matched Lac Z response, the RGS9-2 inhibitory effect increased with each 

challenge day.  The R9Ct conferred an RGS9-2-like inhibition of sensitization to 

cocaine when appended to the tail of RGS7.  This preservation from sensitization 

in the presence of R7/R9Ct occurred despite the lack of an initial difference 

between R7/R9Ct and Lac Z controls on challenge day 1.  This supports the 

assertion that RGS9-2 modulates both acute sensitivity of D2 dopamine receptors 

and the dynamic regulation of D2 receptor sensitivity (sensitization) in striatum, 
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and that the lack of the R9Ct is at least partially responsible for the increased 

cocaine sensitization in RGS9 KO mice.  

Data from our rat and mouse overexpression studies are less informative 

of the role that RGS7 plays in vivo.  While viral-mediated overexpression of 

RGS7 in rat had no effect on cocaine sensitivity or sensitization, overexpression 

on the RGS9 KO background had a partial RGS9-2–like phenotype.  RGS7-

overexpressing mice had an initial cocaine inhibiting effect that diminished with 

each challenge day.  One interpretation of this data is that RGS7 had no ability to 

block sensitization, which progressively diminished its initial inhibitory effect.  

Another possibility is that overexpressed RGS7 is less stable than overexpressed 

RGS9-2.  RGS7 is rapidly degraded under basal cellular conditions via the 

proteasomal pathway, and this process is dynamically regulated (Benzing et al., 

1999).  However, in rats overexpressing RGS7, weight gain escalated relative to 

matched Lac Z controls on the same days relative to surgery/infection day that 

mice were losing their initial RGS7 locomotor effects (see Chapter III).  Though 

we can not state that RGS7 protein levels remained elevated through day six, the 

persistence of the weight gain phenotype argues that, at least in rat, RGS7 

continued to be overexpressed on post-surgery/infection-day-six at levels that 

were sufficient for functional effects.   Comparisons of the rat and mouse data 

from these studies do suggest that differential stability of R7 RGS proteins is 

worthy of additional study. 

In contrast to the ability of the RGS9-2 Ct to confer activity onto RGS7, 

exchanging the RGS7 DEP domain with the RGS9-2 DEP domain (9D/RGS7) did 
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not confer RGS9-2-like activity to RGS7 in the cocaine stimulated locomotor 

assay.  Nevertheless, the RGS9-2 DEP domain appears to be necessary for full 

RGS9-2-like activity: deletion of the DEP domain completely abrogated RGS9-2 

activity, and exchanging the RGS9-2 DEP domain for the RGS7 DEP domain 

(7D/RGS9-2) created a loss of function mutant of RGS9-2.  The 7D/RGS9-2 

construct had no inhibitory effect in the cocaine locomotor assay, and trends 

toward a dominant-negative-like effect (p = 0.055).  These findings strongly 

suggest that the DEP domains of R7 RGS proteins are not interchangeable.  Three 

SNARE proteins have been identified as membrane-anchors, and all function 

through binding to the DEP domain: R9AP (Hu and Wensel, 2002), R7BP 

(Drenan et al., 2005; Martemyanov et al., 2005), and snapin (Hunt et al., 2003).  

Data from later reports have brought into question the role of snapin as both DEP-

anchor and SNARE complex constituent (Vites et al., 2004; Martemyanov et al., 

2005).  Martemyanov et al., (2005) noted that all R7 RGS proteins were able to 

bind to R7BP, while only RGS9 and –11 bound R9AP, supporting a role for DEP-

mediated specificity.  It should also be noted that non-DEP domains in R7 RGS 

proteins may influence the DEP/membrane anchor interaction: in RGS9-1, 

phosphorylation at serine 475 (near the C-terminus, the opposite end from the 

DEP domain) blocks association with R9AP (Sokal et al., 2003).  Both RGS7 and 

–9 bind readily to R7BP, and yet our data indicate that the DEP domains are not 

interchangeable.  Therefore, the DEP domain may have functions that are separate 

from R7BP binding/membrane anchoring, and/or that there are more DEP-binding 

proteins that are functionally selective between RGS7 and –9.  If additional 
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membrane anchoring proteins for the R7 subfamily are found in the future, the 

potential exists for separable pools of RGS proteins, each directed to a specific set 

of membrane domains and receptor complexes.  This regulatory mechanism could 

be a major determinant of RGS specificity. 

Overexpression of RGS11 produced an acute cocaine inhibiting effect, 

which, though it was somewhat less robust, was similar to that of RGS9-2.  

However, this effect was not present on challenge day two, perhaps because 

RGS11-overexpressing animals sensitized similarly to their matched Lac Z 

controls, and thus lost the effect.  This observation is intriguing for three reasons.  

First it demonstrates that an RGS9-2-like Ct is not necessary to modulate acute 

cocaine sensitivity.  Second, it further supports the concept that the R9Ct is 

essential for blocking sensitization.  Lastly, it underscores the notion that these 

very similar RGS proteins have fundamental differences in activity, likely due to 

minor structural variations within their RGS domains.  Interestingly, adding the 

RGS9-2 Ct to RGS11 (R11/R9Ct) leads to a complete loss of RGS11-like effect.   

Though this may at first seem contradictory, it should be remembered that the 

neurotransmitter system modulated by RGS11 is unknown.  The inhibition of 

cocaine stimulation and similarity to RGS9-2’s effects lead to the natural 

assumption that RGS11 is negatively regulating dopamine signaling.  However, it 

is possible that RGS11’s effects on cocaine-stimulated locomotor activity are 

secondary to modulation of G proteins activated by a non-dopamine 

neurotransmitter.  Alternatively, the R11/R9Ct loss-of-function could be due to 

intramolecular interactions between the R9Ct and the R11 RGS domain or 



50 

 

unknown binding partners.  It is thus likely that the In light of these possibilities, 

future studies to elucidate the neurotransmitter(s) modulated by RGS11 and the in 

vivo binding partners of RGS11 and the R9Ct may provide a better basis for 

testing chimeras such as R11/R9Ct.  

Our findings partially differ from those of Sowa et al. (2001), who 

demonstrated that a direct interaction of the RGS domain of RGS9-1with PDEγ 

enhances the GAP activity, while PDEγ binding inhibits RGS7, and leaves 

RGS11 unaffected.  Sowa identified particular conserved residues within the RGS 

domain that are responsible for this selective modulation by PDEγ.  Our data 

indicate that the R9Ct, a paralogue of PDEγ, is essential for RGS9-2 activity in 

the striatum, stimulates RGS7 activity, and blocks RGS11 activity.  These 

dissimilar findings may be due to structural differences between PDEγ and the 

R9Ct, or to the fact that while the RGS9-1: PDEγ interaction is transient, RGS9-2 

is covalently linked to its PDEγ module, the R9Ct.  These functional differences 

also suggest that in vivo binding partners and/or coupling with particular 

GPCRs/Gα’s may modulate the effects of the R9Ct module on RGS activity.  

 The specificity of R7 RGS proteins for modulating dopamine signaling is 

subserved by relatively minor structural variations.  We have demonstrated that 

the unique C-terminal tail of RGS9-2 contributes to the acute inhibition of 

cocaine-stimulated locomotor activity and is essential for dampening the 

sensitization to repeated exposure to cocaine or quinpirole.  Three findings from 

the experiments described here suggest that these functional features of RGS9-2 

can be credited to specific subdomains or to structural variations in common 
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subdomains.  First, dual activity was unique to RGS9-2; second, RGS11 shared 

the acute inhibitory properties of RGS9-2; and third, RGS7 became a regulator of 

sensitization when linked with the R9Ct.  Certainly, the specificity displayed by 

members of the R7 subfamily is due not only to structural variability, but is 

partially due to factors such as tissue distribution, cellular abundance, and 

stability.  Nevertheless, the unique behaviorally based structure-function analysis 

outlined here provides clear evidence that minor variations in structure between 

R7 family members lead to pronounced functional differences.  These and future 

in vitro analyses should help focus drug development efforts on functionally 

specific domains of R7 RGS proteins for treatment of human disease.
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CHAPTER III:  R7 RGS ACTIVITY IN THE NUCLEUS ACCUMBENS  
                          SHELL REGULATES WEIGHT GAIN 
 
INTRODUCTION 
 

Obesity predisposes patients to diabetes, atherosclerosis, osteoarthritis, 

gout, and a host of other diseases.  Though currently affecting an estimated 30% 

of the U.S. population, as little as fifty years ago morbid obesity was rare and did 

not exist as a public health concern (Berthoud, 2004a).  The rapid growth and 

clear detrimental impact of excess weight underscore the importance of 

biomedical research to understand the biology of food intake and metabolism.  At 

first glance, the control of body weight is a simple equilibrium of energy intake 

(food) and expenditure.  However, long-term body weight is under the control of 

numerous interacting homeostatic mechanisms, each of which is influenced by 

genetic background and environmental conditions (Berthoud, 2004b).  One such 

environmental condition is the availability and palatability of food; the drive to 

acquire food (motivation), the relative reward provided by that food, and the 

placing of appropriate value on a particular food source (incentive salience) all 

depend on functional dopamine (DA) neurotransmission in the striatum and 

nucleus accumbens (NAc).  On the opposite side of the energy equilibrium, 

regulation of energy expenditure is centered in the medial and lateral 

hypothalamus.  These two feeding/energy expenditure centers appear to be 

densely interconnected:  hypothalamic cell populations involved in 

feeding/energy balance, including the orexin (Fadel and Deutch, 2002; Martin et 

al., 2002; Baldo et al., 2003) and MCH neurons (Lembo et al., 1999; Saito et al., 
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2001) project directly to the NAc shell.  In addition, the NAc expresses receptors 

for peripheral metabolic signals and serves as an integrator of metabolic and 

nonmetabolic signals (Potter et al., 1999; Rotzinger et al., 2002; Krugel et al., 

2003; Berthoud, 2004a).  Therefore, in the balance between energy intake and 

expenditure, the NAc is a major integration center for energy intake and 

expenditure and hence a key neuroanatomical substrate for weight regulation.  

 Extensive data links DA signaling in the NAc to the hedonic and 

reinforcing properties of food (reviewed in Figlewicz, 2003; Berthoud, 2004a).  

Food is a potent stimulus for conditioning place preference (CPP) in rats, and this 

is particularly robust when food has a higher hedonic value – i.e., when rats have 

been food-deprived.  Food CPP is dependent on intact DA circuitry, and can be 

blocked by DA antagonists.  Similarly, in vivo microdialysis of NAc during 

feeding shows that the magnitude of DA release varies with the hedonic 

properties of food: food deprivation increases DA release compared to rats that 

have free access to food (Wilson et al., 1995).  Delivering the same volume of 

food directly to the stomach failed to elevate DA levels, demonstrating that 

reward, not nutritive value, caused DA release.  In addition to dopamine’s effects 

on the rewarding properties of food, DA in the NAc also mediated the 

motivational drive to eat.  Both food deprived and ad libitum fed rats have 

elevated NAc DA during the consummatory phase of eating, but only food 

deprived animals have increased DA release during the anticipatory phase of 

eating (Wilson et al., 1995).  Studies in humans also link DA with feeding and 

reward: obesity correlates with levels of the D2 dopamine receptor (D2R) in 
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striatum (Wang et al., 2001), and with sensitivity to reward (Davis et al., 2004).  

These reports demonstrate a close relationship between the rewarding properties 

of food, the amount of food consumed, and the level of DA released in the NAc.   

 In the striatum and NAc, DA signaling through the D2R is inhibited by 

RGS9-2 (Granneman et al., 1998; Rahman et al., 2003).  RGS9 null-mutant mice 

(Chen et al., 2000) are more sensitive to the locomotor-stimulating properties of 

direct and indirect dopamine receptor agonists, and sensitize more quickly and to 

a greater degree to repeated doses of cocaine (Rahman et al., 2003).  During these 

studies, it was observed that RGS9 KO mice weigh more and appear fatter than 

wild-type littermates.  We undertook a series of analyses to better understand the 

degree and anatomical substrate of this weight change.  

 

RESULTS 

Deletion of the RGS9 gene in mouse leads to obesity 

The weight disparity between RGS9 KO and wild-type littermates is 

readily apparent in Figure 3.1.  To quantify this weight change and identify its 

timecourse, we studied litters from heterozygote parents that were housed with 

water and either 4% or 6% fat rodent chow ad libitum (Harlan TEKLAD).  Mice 

were weighed daily until post-weaning day 50 (postnatal days 19-21 through 69-

71).  The weight of male RGS9 KO mice began to diverge from wild-type and 

heterozygote littermates at ~25g (day 21 post-wean) and increased at a faster rate 

than littermates through the end of the observation period (Figure 3.2).  Female 

RGS9 KO mice displayed a similar phenomenon beginning at ~20g.  Feeding  
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Figure 3.1 – RGS9 KO mice gain more weight than wild-type littermates.  In this 
photo, typical 3 month-old littermates (wild-type on the left, RGS9 KO on the 
right) illustrate the weight gain that accompanies loss of the rgs9 gene.   
 

 

higher-fat chow (6% vs. 4%) significantly decreases this weight disparity in 

females (Fig. 3.2 A,B; p < 0.01), but does not alter weight gain in males. 

Heterozygotes generally mirrored wild-type animals, with the possible exception 

of later days in the female, 6% fat trial.  Though we did not systematically collect 

weight past day 50, observation of older animals makes is clear that the genotypic  
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Figure 3.2 – RGS9 KO leads to an age-specific increase in weight.  RGS9 KO, 
wild-type, and heterozygote littermates were group-housed with food and water 
ad libitum and were weighed daily from weaning through at least day 50 post-
weaning.  Female RGS9 KO mice (A, B) gained progressively more weight than 
littermates (p < 10-5, Repeated Measures ANOVA).  Male RGS9 KOs similarly 
became obese relative to their non-KO littermates (p < 0.005, Repeated Measures 
ANOVA), but to a lesser degree than female RGS9 KOs.  For both genders on 
both high- and normal-fat diets, the genotypic weight difference began at 25-30 
days post weaning; this weight disparity steadily increased through day 50. 
 

 

weight difference ceases to grow larger at an indefinite point.  RGS9 KOs gain 

substantially more weight than littermates, but not indefinitely. 

 

Overexpression of RGS proteins in rat leads to distinct, acute changes in weight 

Recently our group demonstrated that viral-mediated overexpression of 

RGS9-2 in the NAc shell of rats could both inhibit the acute locomotor-

stimulating properties of cocaine and block sensitization to repeated doses of 
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cocaine (Waugh et al., 2004).  While conducting this behavioral assay, we noted 

that overexpression of R7 RGS proteins in NAc shell differentially altered body 

weight gain during the period of maximal viral-mediated overexpression.  Most 

notably, overexpression of RGS9-2 in the rat NAc induces significant weight loss, 

in contrast to the increased weight gain seen in RGS9 KO mice.   

To better understand the role of RGS proteins in regulating body weight, 

we tracked the effects of RGS protein overexpression on the six days following 

intracranial injection of a Herpes Simplex Virus (HSV) vector modified to 

overexpress either Lac Z or an RGS protein.  The closely related RGS proteins 

RGS7, RGS9-1, and RGS11, which share a common subdomain structure with 

RGS9-2, were also overexpressed in NAc shell with distinct effects on weight.  

For complete methodology, see Materials and Methods.  Briefly, male Sprague 

Dawley rats (Charles River, Raleigh, NC, 250-275g at the time of surgery) were 

received from the vendor and allowed to habituate to the vivarium for at least one 

week prior to surgery.  For each series, rats were divided into control (Lac Z) and 

experimental groups based on their sensitivity to cocaine.  Throughout the 

experiment animals had free access to water and food (4% fat rodent chow, 

Harlan TEKLAD (Madison, WI).  Weights were collected each day before 

behavioral challenge or drug administration, 3-7 hours post-lights-on.  Anesthesia 

and intracranial surgery are significant physiological stressors and cause moderate 

weight loss in the majority of rats.  Therefore in this analysis weight change is 

calculated by subtracting the weight on surgery day (day 0) from the weight on a 

particular day and normalizing this change to the matched Lac Z control group.   
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Figure 3.3 – Specific weight changes following RGS overexpression.  
Overexpression of RGS proteins in the nucleus accumbens (NAc) shell leads to 
acute and specific changes in weight.  Following intracranial injection into the 
nucleus accumbens (day 0), weight change was calculated by subtracting the 
weight on day 0 from the weight on day X, and then normalizing that weight 
change to the mean weight of the paired Lac Z group on day X.  To allow 
comparison between overexpressed RGS proteins, the weight change of paired 
Lac Z overexpressing rats was set to zero for each day.  “No Change” indicates no 
change from the paired Lac Z group.  Overexpression of RGS9-2 caused a 
significant weight loss, while RGS7, RGS11, and RGS7/R9Ct caused significant 
weight gain.  The variability of Lac Z controls across all experiments (the meta 
Lac Z, n = 172) is indicated by the grey-hashed area, and equals two-times the 
standard error of the mean (2 x S.E.M.) for the meta Lac Z.  Note that at two 
weeks or more following surgery, when viral overexpression has ceased, weights 
return to equal that of the paired Lac Z group.   
 
 

 

Thus, weight changeDayX = [(weightDayX – weightDay0) - mean Lac Z weightDayX].  

All viruses were tested in at least three series of rats (n = 6 per series).  Results 

were expressed as mean ± SEM.  Statistical significance was calculated using a 

single factor ANOVA via the Data Analysis Tools in Microsoft Excel.   
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Figure 3.4 – Individual weight change illustrates the effects of overexpression on 
body weight.  Three days following intra-accumbens HSV injection (cocaine 
Challenge Day 1), the weight change of individual animals illustrates the effect of 
RGS overexpression on body weight.  Mean weight change for Lac Z (collated 
across all experiments), RGS9-2, or RGS11 overexpressing rats were adjusted so 
that Lac Z was set to zero, as in Figure 3.3.  Black bars illustrate the group mean 
for each virus.   
 
 
Rats overexpressing RGS9–2 in the NAc shell lost weight relative to their 

matched Lac Z controls (Fig. 3.3; Day 3: relative weight loss = -5.17g or 1.7% of 

total body mass in three days).  In contrast, rats overexpressing RGS11 gained 

relative weight (Fig. 3.3; Day 3, relative weight gain = +10.8g or 3.6% of total 

body mass).  These changes in body weight during RGS overexpression are 

subserved by a shift in the overall distribution of individual animal weight 

change, not by a broadening of the weight-change distribution (Fig. 3.4).  RGS7 

also stimulated relative weight gain, though less so than RGS11.  A chimera of  
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Figure 3.5 – Overexpression of RGS11/R9Ct or Tailless RGS9 does not modulate 
weight change.  The majority of HSV-RGS constructs tested produced no change 
in weight.  RGS11/R9Ct (A) and Tailless RGS9 (B) display very similar weight 
change to their matched Lac Z controls, which likewise are highly similar to the 
typical Lac Z weight change following surgery, as illustrated by the meta Lac Z 
(C), a collation of Lac Z controls from all HSV-behavioral experiments. 
 

 

RGS9–2 and RGS7, comprised of the full-length RGS7 plus the unique C-

terminus of RGS9–2 (RGS7/R9Ct – for precise cloning information, see Table. 

6.1), had partial effects midway between those of RGS9–2 and RGS7.  This 

construct also had partial RGS9–2-like effects in the behavioral assay (Fig. 2.4).  

For the majority of HSV constructs tested, no statistical difference from the 

matched Lac Z controls was noted, as can be seen for RGS11/R9Ct and Tailless 

RGS9 in Figure 3.5 (A, B).  It is clear from comparisons of Lac Z controls across 

experiments that, though post-surgical weight change in control animals follows a 

highly regular pattern (Fig. 3.5C), an accurate evaluation of RGS-mediated 

weight change requires the comparison with the matched Lac Z controls, not with 

controls pooled from all experiments (the meta Lac Z).    

The HSV vector expression declines by day 4-5 post-infection and 

overexpressed protein is undetectable by day 7 (Carlezon et al., 1997; Barrot et 
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al., 2002).  To test for non-specific effects of viral infection we weighed rats 2-3 

weeks post-surgery.  In no experiments (series of rats) did statistically significant 

changes in weight relative to Lac Z persist at the 2-3 week post-surgery 

timepoints, arguing against the possibility that differential weight change is a 

consequence of surgical stress or viral toxicity.  In addition, multiple viral 

preparations of HSV-Lac Z, HSV-RGS9-2/ MycRGS9-2, and HSV-

RGS7/MycRGS7 were used in this analysis, with no observed differences 

between batches.  This argues against a preparative contaminant in a single batch 

causing the observed weight changes. 

 

DISCUSSION 

These experiments demonstrate that RGS9–2, a key regulator of DA 

receptor signaling in the NAc, can modulate body weight both acutely and 

chronically.  However, these experiments do not address the mechanism of weight 

change.  It is also unclear why RGS11 (with a partial RGS9–2-like behavioral 

effect) and RGS7 (with no behavioral effect) cause weight gain, opposite that of 

RGS9–2.  In the case of RGS9-2, the clear role of NAc DA in reward and 

motivation suggests a dopaminergic cause for both the obesity seen in RGS9 KO 

mice and the acute weight loss seen in rats transiently overexpressing RGS9-2.  In 

addition, the regulation of opiate signaling by RGS9–2 (Garzon et al., 2001; 

Zachariou et al., 2003) may partially underlie these weight changes, as opiates 

partner with DA in the NAc shell to modulate feeding (MacDonald et al., 2004).  

One can postulate that food is more rewarding when D2 receptors are disinhibited 
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(RGS9 KO) and less palatable or less of an incentive when D2 receptors are 

tonically inhibited (RGS9-2 overexpression).  Our female RG9 KO data suggests 

that this may be the case – when hedonic value was increased (from 4% to 6%) 

the difference in genotype decreased significantly (p < 0.01), perhaps by 

minimizing a genotypic difference in consummatory drive.  Future studies 

analyzing the effect of RGS proteins on quantitative and qualitative features of 

consumption, hedonic value of food, and metabolic rate will help clarify the 

mechanism of the RGS modulation of weight gain. 

In the case of RGS7, –11, and R7R9Ct, the mechanism for the increased 

weight gain is less clear.  Nevertheless, we can suggest candidate systems that are 

both strongly implicated in feeding/metabolism and have receptors in the NAc 

(Table 3.1).  Note that while not all of the noted candidate systems are direct 

targets of RGS proteins (for example, the insulin receptor is a non GPCR auto-

tyrosine kinase), non-GAP mechanisms or effects on downstream effectors could 

still allow RGS proteins to modulate non-GPCR systems (Lahlou et al., 2003; 

Anger et al., 2004; Garzon et al., 2005).  Based on the information in Table 3.1, 

the systems most likely to be involved in the weight effects of RGS7, –11, and 

R7/R9Ct are amylin, bombesin, and perhaps CCK.  All of these peptides have 

effects both on ingestive behaviors and locomotor activity, all couple through 

relevant Gα subunits, and all have relatively high levels of receptor expression in 

the NAc shell.  It is now clear, though, that many feeding-related peptides 

regulate the release or sensitivity to other feeding-related peptides; thus the effects 

of gene deletion or receptor blockade may be due to influence on other 
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feeding/satiety signals (Baskin et al., 1999; Colombo et al., 2003; Maekawa et al., 

2004).  Therefore the effects of RGS7, –11, and R7/R9Ct overexpression may 

involve more than one signaling system. 

 Among the many components engaged in regulating dietary intake and 

energy expenditure, RGS proteins should now be added to the group.  We have 

shown that very similar RGS proteins, all members of the R7 subfamily, with 

highly similar domain structure, have very different effects on body weight.  

These effects are transient and fall within the period of maximal viral-mediated 

overexpression and support the argument that these specific effects are due to  

interactions of the overexpressed RGS proteins with specific signaling machinery.  

These in vivo findings provide a basis for future in vitro work identifying the 

signaling cascades modulated by each of the studied RGS proteins.  
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Table 3.1 – Feeding peptides with roles in the NAc may mediate weight changes 
seen in RGS overexpression.  Each neurotransmitter or hormone is strongly 
implicated in feeding and/or metabolism, and many also affect locomotor activity.
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CHAPTER IV:  LOCALIZATION OF RGS10 IN RODENT SUGGESTS 
SPECIFIC ROLES IN DISTINCT NEURONAL POPULATIONS AND IN 
IMMUNE-CELL FUNCTION 
 
INTRODUCTION 

RGS10 is a 20 kDa member of the R12 subfamily, the only R12 lacking a 

GoLoco domain (Hunt et al., 1996; Siderovski et al., 1999b; Ross and Wilkie, 

2000).  RGS10 is expressed at high levels in brain circuits relevant to higher brain 

function, including the hippocampus, stratum, and dorsal raphe (Gold et al., 

1997).  RGS10 is a candidate target of cAMP signaling; in heterologous 

expression systems, cAMP-dependent protein kinase phosphorylation of RGS10 

induces translocation from the cytosol and plasma membrane to the nucleus 

(Burgon et al., 2001).  In addition, RGS10 mRNA expression levels are altered by 

electroconvulsive shock treatments (Gold et al., 2002) and reserpine-mediated 

dopamine depletion (Geurts et al., 2003). 

Here we report the distribution of RGS10 protein in the rodent central 

nervous system.  Immunoreactivity for RGS10 is present in both neurons and 

microglia, with overlapping yet distinct patterns of expression in mouse and rat 

brains.  Immunoreactivity is localized to several subcellular compartments 

including the nucleus.  These data, based on immunohistochemical (IHC), 

immunofluorescent, in situ hybridization (ISH), and electron micrographic (EM) 

analyses, offer a thorough description of the distribution of RGS10 protein in 

rodent brain and suggest that RGS10 has diverse roles in the modulation of 

mammalian brain function, which may include regulation of gene expression. 
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RESULTS 

During our survey of RGS mRNA expression in rat brain, RGS10 was 

notable for being the most abundantly expressed of nine RGS mRNAs in the 

dentate gyrus and dorsal raphe nucleus (Gold et al., 1997).  Both of these 

structures have been implicated in mood disorders and in mediating responses to 

antidepressant treatments.  In addition, we found that both acute and chronic 

electroconvulsive shock treatments altered the abundance of RGS10 mRNA in the 

dentate gyrus granule cell layer (Gold et al., 2002).  Also notable was the high 

levels of expression in the striatum and nucleus accumbens, regions critical for 

control of movement and reward.  These interesting features of RGS10 mRNA 

expression led us to characterize the neuroanatomical localization of RGS10 

protein.  Using commercially available polyclonal antibodies directed against the 

C-terminus of human RGS10, we describe the distribution of RGS10 protein in 

adult rat and mouse brain. 

 

Specificity of the RGS10 antibody 

The goat anti-RGS10 antibodies were made against a synthetic peptide 

identical to 20 residues near the C-terminus of human RGS10.  This sequence is ≥ 

90% identical to the corresponding residues in rat and mouse.  Antibodies were 

affinity-purified against the immunizing peptide by the vendor.  Three pieces of 

data support the specificity of the RGS10 antibodies.  First, comparisons of 

patterns of RGS10 cRNA labeling and RGS10-like immunoreactivity (LIR) in 

coronal sections from adult rat were virtually indistinguishable.  Thus, as can be  
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Figure 4.1 – RGS10 antibodies are highly specific.  Low-power bright-field 
photomicrographs of (A) film autoradiogram of isotopic RGS10 cRNA labeling 
and (B) DAB-based RGS10-LIR in coronal hemisections through adult rat 
hippocampus illustrate strikingly similar patterns of cRNA labeling and RGS10-
LIR.  White asterisk marks labeling in superficial layers of neocortex. Mid-power 
bright-field photomicrographs of RGS10-LIR in septal hippocampus using 
antibody solution pre-incubated with either (C) control bovine serum albumin 
(BSA) or (D) saturating concentrations of immunizing peptide.  Opposing arrows 
in C indicate dentate gyrus granule cell layer.  Dashed line in D demarcates the 
hippocampal fissure.  In the Western blot (E), increasing amounts of adult rat 
hippocampal lysates were probed with RGS10 antibodies pre-incubated with 
either control BSA solution (left) or saturating concentrations of immunizing 
peptide (right).  RGS10-like IR (20 kD) is specifically blocked, as G�5-like IR 
on the same blot (below, after stripping) is unperturbed by peptide pre-adsorption.  
Size markers (kDa) are indicated to the right.  Abbreviations: cc, corpus callosum; 
cp, caudoputamen; dg, dentate gyrus; hi, dentate gyrus hilus; Amg, amygdala; ml, 
dentate gyrus molecular layer; pir, piriform cortex; pv, paraventricular thalamic 
nucleus; sp, CA1 stratum pyramidale.  Scale bars: A and B = 900 μm, C and D = 
200 μm.  C and D are digital montages that were adjusted for brightness and 
contrast. 

 

seen by comparing Figures 4.1A and 4.1B, mRNA concentrations and RGS10-

LIR were both highly enriched in the dentate gyrus granule cell layer, the 

superficial layers of neocortex, the paraventricular thalamic nucleus and the 

amygdala.  Although incongruities existed between mRNA and RGS10-LIR in 
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the hypothalamus - relative immunoreactivity was much greater than relative 

mRNA abundance - prolonged exposures of film autoradiograms of RGS10 

cRNA labeling did reveal clear cRNA labeling throughout several hypothalamic 

nuclei (data not shown).  In addition, relatively greater mRNA than protein levels 

seen in the amygdala in Figures 4.1A and 4.1B are entirely due to slight 

differences in planes of section between 1A and 1B.  Both RGS10 mRNA and 

protein increase markedly as the amygdala transitions to the posteromedial 

amygdaloid nuclei (data not shown).  The second piece of evidence supporting the 

specificity of the RGS10 antibodies was the loss of immunoreactivity following 

pre-adsorption of the antibody with immunizing peptide (Figs. 4.1C, D).  Lastly, 

Western blot analysis of rat hippocampal lysates revealed a single band of the 

predicted size of 20 kDa, which was not detected following pre-adsorption of the 

antibody with immunizing peptide (Fig. 4.1E).  

 
 
Distribution of RGS10-LIR in rat and mouse 

Western blot survey: 

 As can be seen in Figure 4.2, RGS10-LIR in rat and mouse was largely 

restricted to the central nervous system and immune tissues.  In both species, the 

most abundant immunoreactivity was found in the thymus, with lesser but 

substantial immunoreactivity present in spleen and several forebrain structures 

including hippocampus, striatum and neocortex.  Low, but detectable levels of 
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Figure 4.2 – Tissue distribution of RGS10-LIR in rat and mouse.  Western blot 
demonstrates comparable patterns of RGS10-LIR between rat (R) and mouse (M) 
in various tissues and brain regions (30 μg total protein/lane).  While the 
abundance of RGS10-LIR is similar between species in most regions, notable 
exceptions include hippocampus (hipp) and neocortex (neo).  In both species, the 
RGS10 LIR band migrates as a single 20 kDa species.  Abbreviations: sk musc, 
skeletal muscle; thal, thalamus; cblm, cerebellum. 
 
 
 
RGS10-LIR were also found in lung of both species.  In hippocampus and 

neocortex, RGS10 abundance in rat was reliably greater than that observed for 

mouse.  A semi-quantitative survey of RGS10-LIR in rat and mouse brain based 

on DAB-stained IHC sections is described in Table 4.1. 

 
Immunohistochemistry: hippocampus and neocortex: 

 In hippocampus there were both marked similarities and striking 

differences in the expression of RGS10-LIR between rat and mouse.  In both 

species, cells scattered throughout the dentate gyrus hilus and hippocampal 

molecular layers were extremely densely labeled (Figs. 4.3A, B and 4.5B, C).  

The cortical organization of neocortex and hippocampus permitted the 

appreciation of another feature of cellular RGS10 labeling shared by rat and 

mouse that was not apparent in our earlier in situ hybridization studies: expression 

of RGS10 in both neurons and glia.  This is best appreciated for rat in Figure 4.1C 
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Table 4.1 – Distribution of RGS10-like IR in Rat and Mouse  

 
    Cellular Neuropil 
Telencephalon Rat Mouse Rat Mouse 
 Olfactory bulb   
  Olfactory nerve layer n/a n/a - ++ 
  Periglomerular cells - +++ ++ +++ 
  Outer plexiform. layer ++ ++++ - ++ 
  Mitral cell  layer - + + + 
  Inner plexiform. layer + ++ + + 
  Granule cell layer + ++ - + 
 Neocortex 
  Layer I - - + ++ 
  Layer II ++ + + + 
  Layer III ++ - + + 
  Layer IV - + + + 
   Layer V - - +  + 
  Layer VI - - + +  
 Piriform cortex ++ ++ ++ ++ 
 Nucleus accumbens  
  Core ++ +++ +++ +++  
  Shell + + ++ ++ 
 Caudoputamen ++ + +++ +++ 
 Lateral globus pallidus + ++ ++ +++ 
 Olfactory tubercle +  ++ ++ ++ 
 Lateral septum + +++ + +++ 
 Medial septum + ++ + +++ 
 Hippocampal formation 
  Stratum oriens + + + + 
  Stratum radiatum +++ ++ + + 
  Stratum lacunosum moleculare +++ ++ + + 
  Stratum pyramidale + + ++ +++ 
  Granule cell layer ++++ +  n/a n/a 
  Dentate gyrus molecular layer    + + +++ ++ 
     Hilus ++++ ++++ + - 
       Amygdala 
  Central medial nuc. +++ ++ + ++ 
  Central lateral nuc. +++ + +++ ++ 
  Basolateral nuc. +++ + ++ + 
  Basomedial nuc. + + ++ + 
  Medial nuc. + ++ + + 
  IPAC +++ ++ +++  +++ 
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Table 4.1, continued 

Diencephalon 
 Medial habenula + +++ ++ + 
 Lateral habenula - ++ ++ ++ 
 Thalamus 
  Principal relay nuc. - + + + 
  Midline/intralaminar nuc. + + ++ - 
  Reticular nuc. + ++ +++ + 
  Ventromedial nuc. + +++ + + 
 Subthalamic nuc. ++ ++ ++ ++ 
 Hypothalamus 
  Paraventicular  nuc, posterior + +++ + ++ 
  Supraoptic nuc. - + +++ ++ 
  Suprachiasmatic nuc. + - ++ - 
  Medial preoptic area + +++ + ++ 
  Supramammillary. nuc. ++ ++ ++ + 
  Arcuate nuc. - - + - 
  Medial.mammillary nuc. ++ ++ + + 
  Lateral.mammillary nuc. - - ++ - 
  Lateral hypothalamic area ++ ++ + + 

Mesencephalon 
 Red nucleus (magnocellular) +++ ++ + ++ 
 Red nucleus (parvocellular) ++ ++ + ++ 
 Substantia nigra  pars compacta + - + + 
 Substantia nigra pars reticulata - - + +++ 
 Ventral tegmental area + ++ + + 
 Periaqueductal gray ++ ++ ++ ++ 
 Pontine nuc. ++ - +++ - 
 Dorsal raphe +++ + ++ ++ 
Metencephalon  
 Locus coeruleus + ++ + +++   
 Cerebellum 
  Molecular layer +++1 +++1 + ++  
  Purkinje cell layer ++ +++ - + 
  Granule cell layer +++2 + + + 
 

Table 4.1 – Distribution of RGS10-like IR (LIR) in rat and mouse.  Following 
3,3’-diaminobenzidine (DAB)-based RGS10 immunohistochemistry (IHC), rat 
and mouse sections were scored for intensity of cellular and neuropil 
immunoreactivity (IR), from – (absent) to ++++ (very intense).  Microglial 
staining, seen throughout the CNS, was not included in these measures.  Regions 
marked with n/a indicate either cell-poor regions, such as the olfactory nerve layer 
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[Table 4.1, Continued] of olfactory bulb, or regions where cell density makes 
distinguishing neuropil staining impossible, such as the dentate gyrus granule cell 
layer.  A high score for cellular IR may reflect either near uniform intense 
labeling (as seen in rat gcl or mouse olf. bulb periglomerular cells) or, in regions 
of relatively lower cell-density, such as the hilus and stratum radiatum of 
hippocampus, may reflect very dense IR of isolated cells.  Abbreviations: IPAC, 
interstitial nucleus of the posterior limb of the anterior commissure; nuc, nucleus 
 
 

and 4.5B, where small, evenly-spaced labeled cells are scattered throughout the 

neuron-poor, glia-enriched, hippocampal molecular layers.  The most striking 

species difference in hippocampal RGS10 expression was in the dentate gyrus:  

RGS10-LIR labeled the dentate gyrus granule cells far more densely in rat than in 

mouse (Figs. 4.3A, B).  This relative species difference in staining intensity was 

also true for neuropil labeling in the dentate gyrus molecular layer. Species 

differences in RGS10 expression in the hippocampal pyramidal cell layers were 

opposite that in the dentate gyrus.  Thus, RGS10-LIR labeled the pyramidal cell 

layer more densely in mouse than in rat.  There were species similarities in 

neocortical expression.  In neocortex of both species, there was moderate labeling 

of superficial layers of neocortex (Figs. 4.3C, D).  In mouse, but not rat, however, 

there was clear labeling of layer IV.   

 

Immunohistochemistry: neostriatum, septum, basal forebrain: 

Neostriatal labeling patterns were similar between rat and mouse.  In the 

striatum, neuropil staining was moderately dense; somal labeling was widespread; 

and cells with abundant nuclear immunoreactivity were distributed in a modest 

gradient that increased dorsomedially to a band of densely, nuclear-labeled cells 
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immediately flanking the lateral ventricles.  In the septum and basal forebrain, 

there were marked differences in RGS10-LIR between species with the RGS10 

antibodies staining mouse at greater densities than rat.  Figures 4.3C and 4.3D 

illustrate this difference particularly well for cellular and neuropil staining in the 

lateral septum, and vertical and horizontal limbs of the diagonal bands of Broca.  

 

Brainstem: 

Figure 4.4 illustrates labeling features for rat and mouse in dorsal 

raphe/periaqueductal gray and cerebellum.  Figures 4.4A and 4.4B show that 

throughout the periaqueductal gray of both rat and mouse there was moderately 

dense labeling of both the neuropil and cells.  At higher magnification, the 

cellular RGS10-LIR appeared largely nuclear (data not shown).  Figures 4.4A and 

4.4B also highlight the differences in the abundance of RGS10 LIR in dorsal 

raphe; in rat, but not mouse, RGS10-LIR is enriched in the dorsal raphe nucleus.  

In cerebellum of both rat and mouse (Figs. 4.4C, D), there was modest neuropil 

labeling in the granule cell layer and molecular layer with moderately dense 

staining of putative Purkinje cell nuclei in the Purkinje cell layer. 
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Figure 4.3 – Comparison of RGS10-LIR in rat and mouse.  Bright-field 
photomicrographs of RGS10-LIR in hippocampus (A, B) and coronal 
hemisections through caudoputamen (C, D) of rat (A,C) and mouse (B, D). Note 
in A and B that although in the rat, RGS10-LIR in the dentate gyrus granule cell 
layer (gcl) is far denser than in the mouse, densely IR cells are scattered 
throughout the hippocampal molecular layers of both species.  Note also that 
cellular and neuropil IRs in the lateral septum (LS) and horizontal and vertical 
nucleus of the diagonal band of Broca (HDB and VDB) are far denser in mouse 
than in rat.  Abbreviations: ac, anterior commissure; CP, caudoputamen; ff, 
fimbria fornix; hab, habenula; hi, dentate gyrus hilus; IV, neocortical layer IV; ml, 
dentate gyrus molecular layer; Neo, neocortex; OT, olfactory tubercle.  Scale 
bars: A and B = 200μm, C and D = 500μm.  Images are digital montages that 
were adjusted for brightness and contrast.  
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Figure 4.4 – Comparison of RGS10-LIR in rat and mouse midbrain and hindbrain.  
Bright-field photomicrographs of RGS10-LIR in coronal sections through (A, B) 
dorsal raphe (dr) and periaqueductal gray (pag) and through (C, D) cerebellar 
cortex of rat (A, C) and mouse (B, D). Note in A and B that in dorsal raphe there 
are markedly more nuclear-dense RGS10-LIR cells in rat relative to mouse.  
Staining in cerebellar cortex does not differ appreciably between species.  
Moderately dense nuclear staining of putative Purkinje cells (Purkinje cell layer 
defined by opposing arrows) overlies moderate neuropil staining in the granule 
cell layer (gcl).  Scattered microglia are present in both species.  Abbreviations: 
aq, cerebral aqueduct; ml, molecular layer; wm, white matter.  Scale bars: A, B = 
200 μm, C, D = 50 μm.  These images are digital montages that were adjusted for 
brightness and contrast. 
 

 

Species Comparison Summary: 

As detailed in Table 4.1, there were other regions with pronounced 

differences in RGS10-LIR between rat and mouse including the paraventricular 

hypothalamic nucleus, the medial preoptic area and the medial and lateral 

habenula.  For all of these regions, labeling was substantially denser in mouse 

than in rat. 
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RGS10 expression in multiple cell types of rat neocortex and hippocampus 

The photomicrographs in Figure 4.5 illustrate additional features of 

RGS10-LIR in rat cortical forebrain.  In the superficial layers of motor cortex 

(Fig. 4.5A), putative pyramidal cells showed variable densities of nuclear 

staining.  Scattered non-pyramidal interneurons with principal processes oriented 

perpendicular to the pial surface were densely labeled throughout the cell body 

and proximal process, with particularly dense immunoreactivity concentrated in 

the nucleus.  Also, labeling of scattered glia was readily apparent.  

Labeling patterns in rat hippocampus are illustrated in Figures 4.5B and 

4.5C.  The CA1 pyramidal cells showed little RGS10-LIR (Fig. 4.5B).  The 

neuropil surrounding the pyramidal cells, however, displayed light RGS10-LIR.  

Similar staining patterns were apparent in the CA3 pyramidal cell layer (Figs. 

4.1C, 4.3A).  In CA1, scattered non-pyramidal cells lying at the junction of the 

pyramidal cell layer and stratum radiatum showed dense RGS10-LIR that was 

reminiscent of the interneuron labeling in superficial layers of neocortex (Fig. 

4.5B).  Examination of these interneurons at high magnification indicated that 

densities of RGS10-LIR were greatest in the nucleus. 

In the rat, the densest labeling was found in the dentate gyrus granule cell 

layer (Fig. 4.5C).  Granule cell labeling was highly nuclear and tended to vary 

considerably between adjacent neurons.  As can be seen in Figures 4.1C and 

4.3A, in addition to the granule cell layer, moderately dense RGS10-LIR extended 

into the neuropil of the dentate gyrus molecular layer.  Similar to neocortex and 

the hippocampal fields, cellular RGS10-LIR in the dentate gyrus was most dense 
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in a heterogeneous population of interneurons lying in the subgranular zone and 

hilus.  Densely labeled apical processes of some subgranular neurons could often 

be seen coursing through the granule cell layer and into the molecular layer (Fig. 

4.5C).  

 

Ultrastructural localization in rat hippocampus 

Ultrastructural features of RGS10-LIR in rat hippocampus are illustrated 

in the electron micrographs of Figure 4.6.  Thus, RGS10-like IR clearly labeled 

the euchromatin of the dentate gyrus granule cells (Fig. 4.6A) and even at the EM 

level, the cell-to-cell variation in nuclear labeling densities was easily appreciated.  

These differences were unlikely to result from differences in antibody penetration, 

as strongly labeled and barren nuclei were side by side with no detectable gradient 

in staining.  Numerous dendritic spines within the dentate gyrus molecular layer 

were densely labeled by the RGS10 antibodies (Fig. 4.6B).  In addition, pre-

terminal axons (also within the molecular layer) were readily seen (Fig. 4.6C).  In 

CA3 stratum pyramidale, axon terminals making symmetric synapses onto large 

cell bodies were densely labeled with RGS10-LIR (Fig. 4.6D).  Lastly, abundant 

glial labeling was found in all hippocampal regions analyzed (Fig. 4.6E). 

 

Dual-labeling analysis of cellular expression 

To define cell types that express RGS10-LIR, we undertook dual-labeling 

immunofluorescence studies in rat followed by confocal microscopic analysis.  As 

can be seen in panels A-F of Figure 4.7, RGS10-LIR in putative interneurons in 
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dentate gyrus and piriform cortex was partially accounted for by expression 

within parvalbumin positive neurons.  Densely RGS10-LIR nuclei in the rat 

dorsal raphe were partially colocalized with somatal tryptophan hydroxylase-LIR, 

a marker for serotonergic cells (Fig. 4.7, G-I).    Approximately one third of the 

densely RGS10-LIR nuclei in the raphe were also positive for tryptophan 

hydroxylase-LIR.  Examination of both the DAB-stained sections and the dual 

immunofluorescent sections like those in Figure 4.7 G-I made it clear that the 

spatial distribution of cells with dense nuclear staining for RGS10 did not extend 

either as caudally or as laterally as tryptophan hydroxylase-LIR cells.  Note that 

the tryptophan hydroxylase antibodies\ likely recognizes TPH2, as this is the 

predominant tryptophan hydroxylase gene expressed in dorsal raphe (Cote et al., 

2003; Walther et al., 2003). 

Dual-labeling for RGS10-LIR and either the microglial marker, OX-42, or 

the astrocytic marker, GFAP, showed that RGS10-LIR was expressed in 

microglia but not astrocytes (Fig. 4.7, J-O).  In microglia, cell body and nuclear 

RGS10-LIR was denser than that found in processes.  This was particularly 

apparent when comparing RGS10-LIR with the OX-42 labeling (compare Figs. 

4.7J and 4.7K). 

 

Selective expression in the striatal indirect versus direct pathway 

Analysis of RGS10-LIR in rodent striatum showed that cells with dense 

nuclear staining were not uniformly distributed throughout the structure.  

Moreover, examination of patches of dense RGS10-LIR within dorsomedial  
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Figure 4.5 – Multiple cell types express RGS10.  Bright-field photomicrographs 
of coronal sections through adult rat brain illustrate distinct cellular morphologies 
and distribution of RGS10-LIR in neurons and glia.  In A and B, regularly spaced 
RGS10-LIR microglia (small arrows) can be seen throughout the fields.  In 
superficial layers of neocortex (A), numerous, small pyramidal-like neurons have 
moderately dense nuclear RGS10-LIR (arrowheads).  Also in A, putative 
GABAergic interneurons (thick arrows) have extremely dense nuclear RGS10-
LIR with lesser, but substantial IR present throughout the soma and proximal 
processes.  In B, neurons in the CA1 stratum pyramidale (sp) appear to be 
enshrouded by basket-like RGS10-LIR neuropil.  Subjacent to the pyramidal cell 
layer lie densely immunoreactive cells (single arrowheads) that are likely to be 
GABAergic interneurons.  In a cross-section (C) through the dentate gyrus 
molecular layer (ml), granule cell layer (gcl) and hilus (hi), granule cells are 
densely stained in the nucleus. In addition, hilar neurons immediately subjacent to 
the molecular layer are labeled extremely densely for RGS10-LIR (open 
arrowheads).  Thick immunoreactive processes emanating from these hilar cells 
can be seen coursing thorough the granule cell layer into the molecular layer. 
Inset in A illustrates, at low magnification, where image in (A) was captured.  
Inset in C is a high magnification photomicrograph of the right-most hilar RGS10 
positive cell indicated by the open arrowhead.  Abbreviations: CS, cortical 
surface; so, stratum oriens; sr, stratum radiatum.  These images are digital 
montages adjusted for brightness and contrast.  Scale bars = 50 μm for A-C.  
Scale bar in A is 545 μm relative to inset in A.  Scale bar in B is 13.1 μm relative 
to inset in B. 
 

 

striatum, counterstained with cresyl violet, revealed that there was a parallel 

population of medium size, Nissl-pale cells with moderate cytoplasmic RGS10-

LIR, but no nuclear staining (data not shown).  This striatal RGS10 labeling 

pattern suggested that RGS10-LIR might be differentially distributed between the 

direct (D1 receptor-abundant) and the indirect (D2 receptor-abundant) striatal 

output pathways (Alexander et al., 1986; Albin et al., 1989).  To ascertain 

whether this was the case, we undertook dual labeling studies using IHC for 

RGS10 and in situ hybridization to mRNAs encoding markers of either the direct  
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Figure 4.6 – Transmission electron photomicrographs of RGS10-LIR in rat 
hippocampus suggest RGS10 functions in diverse subcellular compartments.  (A) 
In the dentate gyrus granule cell layer there is a continuum of labeling densities 
for RGS10-LIR in neuronal nuclei.  Some nuclei are densely labeled (black 
arrow) while others appear unlabeled (white arrow).  Cells with intermediate 
levels of nuclear labeling are also observed (curved arrows).  Photomicrographs 
of the dentate gyrus molecular layer (B) illustrate an RGS10-LIR dendritic spine 
(arrow) that receives an asymmetric synaptic contact from an unlabeled terminal.  
Also within the dentate gyrus molecular layer, pre-terminal axonal profiles 
(arrows) are also observed with dense RGS10-LIR (C).  In the CA3 pyramidal 
cell layer (D), strongly labeled axon terminals (arrow) are frequently seen making 
symmetric synaptic contacts onto neuronal soma (between arrowheads).  In (E), 
labeled glial profiles can also be identified by their irregular, space-filling shape.  
The arrows indicate two patches of RGS10-LIR in a single glial profile.  Scale bar 
indicates 2.5 um (A) or 500 nm (B-E). These images are digital montages 
adjusted for brightness and contrast. 
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Figure 4.7 – RGS10 is expressed in diverse populations of neurons.  Confocal 
photomicrographs of dual-immunofluorescence for RGS10-LIR (Cy2: A, D, G, J, 
M) and parvalbumin (parv)-LIR (Cy3: B, E), tryptophan hydroxylase (trypOH)-
LIR (Cy3: H), OX-42 LIR (Cy3: K) and glial fibrillary acidic protein (GFAP)-
LIR (Cy3: N) in selected regions of adult rat brain.  In the merged images (C, F, I, 
L, O) co-localization is indicated by yellow-orange fluorescence.  In deep layers 
of piriform cortex (A-C), non-pyramidal, putatively GABAergic neurons positive 
for RGS10-LIR, show extensive dual-labeling for parv-LIR (arrows).  Pyramidal-
like neurons positive for RGS10-LIR (arrowheads) are negative for parv staining.  
Pial surface is towards the top.  In the dentate gyrus (D-F) a subset of RGS10-LIR 
cells in the hilus (arrows) are dual-labeled with parvalbumin-LIR.  Subgranular/ 
hilar cells single-labeled for RGS10-LIR are marked by arrowheads.  In the dorsal 
raphe nucleus (G-I), the majority of cells positive for nuclear dense RGS10-LIR 
are dual-labeled for trypOH-LIR (arrows).  Nevertheless, a considerable fraction 
is not dual-labeled (arrowhead).  In the superficial layer of piriform cortex (J-L) 
small RGS10-LIR cells with labeling of fine processes are dual-labeled for OX-42 
IR (arrows). The upper dual-labeled cell is a typical case where RGS10-LIR is 
relatively more abundant in the nucleus/soma.  This contrasts with OX-42 IR, 
which is equally abundant in the soma and processes.  In CA1 stratum radiatum 
(M-O), RGS10-LIR labels small cells with fine, highly branched processes (single 
arrowheads in M that are distinct from GFAP-IR cells that have less-branched, 
long processes (double arrowheads in N).  Scale bars are 10 μm.  Abbreviations: 
cs, cortical surface; gcl, dentate gyrus granule cell layer; hi, hilus.  These images 
are digital montages adjusted for brightness and contrast.  Color space was not 
altered after confocal laser scanning. 
 

 

or indirect pathway projecting neurons.  As can be seen in Figure 4.8, silver grain 

clusters indicative of cRNA labeling for pre-proenkephalin mRNA (indirect 

pathway) preferentially overlaid nuclear-dense RGS10-LIR.  Qualitatively, silver 

grain clusters indicative of substance P mRNA (direct pathway) were much less 

likely to overlie nuclear-dense RGS10-LIR.  Quantitative analysis of the 

percentage of grains overlying cells positive for nuclear-dense RGS10-LIR  
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Figure 4.8 – RGS10 expression in striatum is biased to the striatal indirect 
pathway.  Bright-field photomicrographs of rat medial striatum dual-labeled for 
RGS10-LIR (A, B) and in situ hybridization to either enkephalin (A) or substance 
P (B) mRNAs.  In A, nuclear-dense RGS10-LIR cells are overlaid with silver 
grains indicative of isotopic enkephalin cRNA labeling (arrows).  In contrast, in B 
the nuclear-dense RGS10-LIR cells (double arrows) are distinct from those 
overlaid with substance P grains (double arrowhead).  Scale bar is 20 μm.  These 
images are digital montages that were adjusted for brightness and contrast, 
sharpness and color space. 
 

 

showed that whereas 30% of all pre-proenkephalin grains were overlying RGS10-

LIR cells, the same was true for only 18% of substance P grains.  These data 

indicate that this medial swath of cells that show nuclear-dense RGS10-LIR tend 

to be part of the D2 receptor-enriched indirect pathway. 

 

RGS10 is not expressed in cells undergoing neurogenesis 

Examination of RGS10-LIR in the rat dentate gyrus, by both DAB and 

dual-labeling immunofluorescence, resolved a population of cells in the 

subgranular zone that were morphologically distinct from the granule cells, yet 

were negative for parvalbumin-LIR.  These observations led to the hypothesis that 

these RGS10 positive cells comprised part of the population of proliferating cells 
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that can differentiate in adulthood into neurons.  To test this possibility, 4 rats 

received systemic injections of BrdU to mark dividing/proliferating cells and were 

then killed by transcardial perfusion at either 2 hours or 4 weeks post-injection 

and processed for dual immunofluorescence for BrdU- and RGS10-LIR.  As can 

be seen in panels A-C of Figure 4.9, at 2 hours post-BrdU injection, a timepoint 

where BrdU-like immunofluorescence marks newly born, undifferentiated cells, 

there was no co-localization between BrdU- and RGS10-LIR.  On the other hand, 

in panels D-F, which illustrate dual-labeling in sections from rats killed 4 weeks 

after BrdU injection, there is clear dual-labeling of BrdU- and RGS10-LIR.  Thus, 

RGS10-LIR does not appear to be present in proliferating cells.  However, newly 

born and maturing cells can differentiate into cells positive for nuclear-dense 

RGS10-LIR.  For the moment, the actual neurochemical identity of these cells is 

unresolved and must await future dual-labeling experiments with markers of 

distinct populations of hilar interneurons (Freund and Buzsaki, 1996). 

 

DISCUSSION 

Overview 

We have used light, fluorescent and EM IHC as well as dual-labeling 

IHC/ISH techniques to localize RGS10 protein in rat and mouse brain.  

Immunoreactivity for RGS10 was not ubiquitous and showed clear evidence for 

regional and cellular variations in abundance with both commonalities and 

differences between rat and mouse.  The major findings are summarized in the 

following two paragraphs.   
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Figure 4.9 – RGS10 nuclear-dense cells colocalize with differentiated, but not 
proliferating cells in dentate gyrus.  Photomicrographs of confocal images of 
RGS10-LIR (A, D), bromodeoxyuridine (BrdU)-LIR (B, E) and merged images 
of the two (C, F) in coronal sections of adult rat brain sacrificed 2 h (A-C) and 4 
wk (D-F) after BrdU injection.  Arrowheads in B indicate cells single-labeled for 
BrdU-LIR.  Arrows in D-F indicate newly differentiated, BrdU-LIR cells that are 
also positive for RGS10-LIR.  Abbreviations: gcl, dentate gyrus granule cell 
layer; hi, dentate gyrus hilus.  Scale Bar is 20 μm.  These images are digital 
montages adjusted for brightness and contrast.   
 
 

 

The RGS10 antibodies abundantly labeled the soma, proximal processes 

and nuclei of a subpopulation of forebrain interneurons in rat and mouse brain.  

These interneurons were partially colocalized with the parvalbumin population of 

cells.  In both species, RGS10-LIR was prominently expressed in striatum.  

Overlying moderately dense neuropil labeling was a dorsomedial zone of neurons 

with particularly dense, nuclear RGS10 staining that appeared to be biased to the 

enkephalin-expressing indirect pathway cells.  Another prominent feature of 
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RGS10 expression in both rat and mouse was the dense expression by microglia.  

The EM analyses confirmed the presence of dense RGS10-LIR in the nucleus and 

further localized the RGS10-LIR to the euchromatin.  The EM experiments also 

showed widespread expression at both pre- and post-synaptic profiles and very 

dense labeling of presynaptic terminals onto CA3 pyramidal cells.  The RGS10 

antibodies densely labeled a population of cells in the subgranular zone of the 

dentate gyrus, a site of active neurogenesis throughout adulthood.  However, dual-

labeling analysis showed that proliferating cells did not express RGS10-LIR, but 

that newly born cells could differentiate into RGS10 positive cells.   

Notable regions where RGS10-LIR was markedly more abundant in rat 

than in mouse included the dentate gyrus granule cell layer and dorsal raphe 

nucleus.  Structures where RGS10-LIR was much greater in mouse than in rat 

included septum, basal forebrain, habenula and several hypothalamic structures.  

 

Role for RGS10 in the nucleus 

We found abundant evidence at both light and EM levels for RGS10 

expression in cells and subcellular compartments consistent with a role in 

modulating synaptic G protein coupled receptor signaling.  Thus, RGS10-LIR was 

found in many types of neurons; neuropil was robustly labeled in several 

forebrain structures and staining was localized to both pre- and post-synaptic 

neuronal elements.  Nevertheless, perhaps the most intriguing feature of RGS10 

distribution was the extremely dense nuclear localization of RGS10-LIR in 

neurons.  The moderate resolution of immunoperoxidase EM revealed that 
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RGS10 protein was distributed throughout the euchromatin of the rat dentate 

gyrus granule cell layer.  Moreover there was a substantial variability in the 

density of labeling between granule cells that was readily seen at both the light 

and EM levels.  This heterogeneity in nuclear staining across a relatively 

homogeneous population of neurons indicates that at least in the granule cells, 

RGS10 translocation to and from the nucleus could be a source of regulation.  

This has been suggested by Burgon et al. in studies of HEK293 and H4 

neuroglioma cells (Burgon et al., 2001).  Numerous laboratories have described 

nuclear localization of RGS proteins (Heximer et al., 2001; Zhang et al., 2001; 

Bouhamdan et al., 2004)  including RGS10 (Chatterjee and Fisher, 2000a; Burgon 

et al., 2001).  Although the functional role of nuclear RGS10 expression is 

presently unknown, it is worth noting that all of the neurons with nuclear RGS10-

LIR were almost certainly post-mitotic.  While this precludes a role for RGS10 in 

modulating cell-cycle dynamics in neurons, it remains to be seen if RGS10 plays 

a role in DNA repair.  A more attractive hypothesis is that in neurons, nuclear 

RGS10 is involved in regulating gene expression (Chatterjee and Fisher, 2002).  

Whether nuclear RGS10 functions via its GAP activity at Gα subunits or an as yet 

undescribed mechanism will be a focus of future investigation. 

 

RGS10 modulation of basket cell synapses onto pyramidal cells 

A conserved feature of RGS10 expression in rodent brain is the abundant 

expression of RGS10 by putative interneurons in forebrain cortex.  Our dual-

labeling immunofluorescent studies indicate that a subgroup of these neurons is of 
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the parvalbumin class.  In addition, the ultrastructural analysis in rat CA3 

demonstrated RGS10-LIR in axon terminals making symmetric, axosomatic 

synapses onto CA3 pyramidal cells.  Dual-labeling IHC EM analyses have 

localized M2 muscarinic receptors to parvalbumin-positive terminals synapsing 

onto CA3 pyramidal cell bodies (Hajos et al., 1998).  The M2 muscarinic receptor 

inhibits adenylyl cyclase activity via activation of Gαi (Brann et al., 1993).  In 

addition, Gαi is the subtype for which RSG10 shows relative selectivity (Hunt et 

al., 1996).  Taken together, these data led to the hypothesis that RGS10 may 

modulate cholinergic regulation of GABA release at basket-like synapses in 

forebrain.  The development of a RGS10 null-mutant mouse (Waugh et al., 2003) 

or suitable siRNA viral vectors (Hommel et al., 2003) should facilitate future 

testing of this hypothesis.   

 

Preferential expression in the striatal indirect pathway 

In both species we detected a region of cells in dorsomedial striatum with 

abundant RGS10-LIR in the nucleus.  These cells overlaid a relatively uniform 

density of neuropil labeling across the entire caudoputamen.  A dual-labeling 

assay for RGS10-LIR and mRNAs encoding substance P or enkephalin in rat 

showed that cells with dense, nuclear RGS10-LIR were more likely to be 

colocalized with enkephalinergic, indirect pathway projecting neurons.  These 

data, along with those by Burgon et al., showing nuclear translocation of RGS10 

in response to phosphorylation by cAMP-dependent protein kinase (Burgon et al., 

2001), position RGS10 as a potential pathway-specific sensor of cAMP signaling 
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that may ultimately lead to alterations in gene expression. Lastly, our recent 

findings that RGS10 KO mice are hyposensitive to the locomotor-stimulating 

properties of direct and indirect dopamine receptor agonists strongly suggest that 

RGS10 is a potent modulator of striatal function (Waugh et al., 2003). 

 

Species-specific modulation of dorsal raphe serotonin neurons 

Our finding, that RGS10 mRNA was one of the more abundant RGS 

proteins in rat dorsal raphe nucleus (Gold et al., 1997) - combined with that by 

Hunt et al. (1996), that RGS10 potently modulates Gαi signaling - led to a simple 

hypothesis: RGS10 regulates 5-HT1A autoreceptor signaling.  Since 5-HT1A 

receptor desensitization has been implicated in the mechanism of action of 

antidepressant drugs (Blier and de Montigny, 1994), RGS10 could have 

functional implications for the treatment of depression.  Indeed, this reasoning 

was the major impetus for undertaking the localization of RGS10.  Surprisingly, 

however, the dorsal raphe nucleus was one of several brain regions showing 

marked interspecies differences in RGS10 abundance, with no RGS10 enrichment 

in mouse dorsal raphe.  Moreover, in rat, where RGS10 mRNA was enriched, 

RGS10-LIR appeared at the light and fluorescent microscopic levels to be largely 

nuclear, a distribution incompatible with a role in modulating somatodendritic 5-

HT1A receptors.  Nevertheless, our dual-labeling immunofluorescence analysis in 

rat sections did show substantial co-localization between cells with intense, 

nuclear RGS10-LIR and tryptophan hydroxylase-LIR perikarya.  Thus, at least in 

some species, RGS10 may modulate serotonergic function in an as yet unknown 
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way.  Taken together, these findings raise an issue for future studies:  whether 

RGS10 protein is enriched in human dorsal raphe nucleus. 

 

Role for RGS10 in neuroinflammation 

Two findings described here suggest that RGS10 may play an important 

role in neuroinflammation.  First, of all the tissues surveyed in this study, RGS10 

protein was most abundant in immune tissues such as thymus and spleen.  

Second, RGS10-LIR was expressed by microglia in all regions examined.  At the 

light microscopic level, RGS10 could be seen in all microglial subcompartments, 

including the nucleus.  Although the role of RGS10 in microglia remains to be 

determined, it is notable that Haller et al., (2002) found a positive correlation 

between RGS10 mRNA levels and T-cell activation.  It will be of interest to 

determine if parallel types of RGS10 expression occur in microglia following 

neurochemical or mechanical insult to brain.  In support of this idea, we have 

observed that RGS10 mRNA expression was increased along needle tracts 3 days 

following intracranial injection (Waugh and Gold, unpublished observations).   

In summary, we have shown that RGS10 protein is expressed in 

overlapping, yet distinct areas of rat and mouse brain.  The protein is expressed in 

both neurons and microglia and can be found in most cellular subcompartments.  

The ultrastructural analyses provided abundant evidence for a role of RGS10 in 

modulating synaptic G protein coupled receptor signaling.  Most surprisingly, 

however, is our finding that in many neurons, the most abundant RGS10 
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expression occurs in the nucleus.  We propose that in post-mitotic neurons, 

nuclear RGS10 is likely to play a role in controlling gene expression.  
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CHAPTER V: GENERAL DISCUSSION AND FUTURE AIMS 
 

We have demonstrated a novel behavior-based assay of protein 

structure/function, and have used that assay to probe the structural mechanisms 

through which a group of highly similar proteins, the R7 RGS subfamily, achieves 

specificity in vivo.  This analysis is the first of its kind.  We have also illustrated 

the anatomical, cellular, and subcellular localization of RGS10, providing critical 

clues to its function in neurons.  These studies are a first step in understanding the 

functions of RGS proteins in a mammalian neural circuit. 

 

Specificity among the R7 RGS proteins 

The members of the R7 RGS subfamily share highly similar domain 

structure, much sequence homology, and have overlapping expression profiles 

(Gold et al., 1997; Sierra et al., 2002).  Generally, in vitro analyses have 

demonstrated that R7 RGS proteins have specificity for the Gαi/o class (Snow et 

al., 1998 (Hooks et al., 2003), though other groups using cell lines have reported 

that the R7 subfamily are selective for Gαq (Shuey et al., 1998; Witherow et al., 

2000; Ghavami et al., 2004).  The structural, anatomical, and functional 

similarities between the R7 RGS proteins offer an excellent system to understand 

in vivo RGS specificity and to determine the structural determinants of that 

specificity. 

We have demonstrated that the members of the R7 RGS subfamily have 

specific effects on rodent behavior, despite their structural similarity and partial 

colocalization.  Viral-mediated overexpression of RGS7, –9-2, or –11 in the NAc, 
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followed by a novel locomotor activity-based behavioral assay, revealed four 

behavioral phenotypes that were modulated specifically by each R7 RGS protein: 

acute inhibition of dopamine-stimulated locomotor activity; behavioral 

sensitization to repeated doses of cocaine and quinpirole; the dose-dependency of 

this inhibitory effect; and the degree and valence of weight change following 

surgery.  Each of these effects occurred during the period of maximal HSV-

mediated overexpression, and was not present at the behavioral washout. 

Overexpression of each R7 subfamily member produced effects on all or several 

of these four phenotypes, demonstrating that each HSV-RGS construct 

overexpressed proteins sufficiently to produce in vivo behavioral effects.  This 

distinct profile of behavioral effects suggests that subdomain differences between 

RGS7, RGS9-2, and RGS11 mediate differential interactions with binding 

partners and perhaps integrate into discrete signaling complexes. 

 

Acute inhibition of drug-stimulated locomotor activity 

In both rats and mice, RGS9-2 inhibits the locomotor-stimulatory 

properties of cocaine.  In rat, these findings were entirely replicated with the 

direct DA D2 receptor agonist quinpirole, indicating that RGS9-2 inhibits 

postsynaptic D2 receptors and strongly suggesting that the observed cocaine 

effects were mediated via modulation of DA signaling.  RGS11, the R7 subfamily 

member most-closely related to RGS9-2, shared these acute inhibitory effects. 

The more-distantly related RGS7 had no effect on either cocaine- or quinpirole 

stimulated locomotor activity.  Likewise, RGS9-1 and Tailless RGS9 had no 



95 

 

effect on drug-stimulated locomotor activity, despite having 5-fold higher level of 

expression in PC12 cells.  No RGS construct inhibited locomotor activity during 

habituation or following saline injection, illustrating that these effects are specific 

to dopaminergic challenge and not to locomotor activity in general.  This finding 

demonstrated in vivo that similar RGS proteins, overexpressed in the same 

population of cells, have differential effects at the dopamine D2 receptor. 

 

Preservation from sensitization 

In addition to the acute inhibition of drug-stimulated locomotor activity, 

overexpression of RGS9-2 blocks the behavioral sensitization to repeated doses of 

cocaine or quinpirole.  This appears to occur via a “preservation from 

sensitization” mechanism whereby the locomotor response of matched Lac Z 

controls escalates with each challenge day, while RGS9-2-overexpressing animals 

sensitize only slightly from day to day.  This effect increases both in absolute 

counts and as a percentage of the matched Lac Z group.  Interestingly, while 

RGS11 shares the acute inhibitory effects of RGS9-2, it does not block 

sensitization.  Therefore with each challenge day the RGS11 effect grows smaller. 

In RGS9 KO mice, RGS7-overexpression is just as effective as RGS9-2 at 

reducing the RGS9 KO hyper-responsiveness to cocaine.  However, with each 

challenge day, RGS7-overexpressing mice sensitize more than the Lac Z controls, 

such that by challenge day four there is no RGS7-mediation inhibition of cocaine. 

The disparity between rat and mouse RGS7 experiments may be the result to 

compensations for the absence of RGS9, or to differences in RGS7 specificity 
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between mice and rats.  Another possibility is that RGS7 and – and 11 are simply 

less stable than RGS9-2, and decreasing protein abundance, not differential 

effects on sensitization, underlies the loss of effect.  However, on days when 

RGS7 and –11 no longer inhibit cocaine response, rats overexpressing each RGS 

protein are continuing to gain significant weight relative to their matched Lac Z 

controls.  Therefore, on days when RGS7 and –11 have lost their locomotor 

effects, there is still sufficient overexpression to mediate weight gain. 

The most intriguing insight into the preservation from sensitization effect 

comes from the R7/R9Ct chimera.  Overexpression of this construct has no 

inhibitory effect on challenge day one, but the locomotor-inhibitory effect grows 

with each challenge day thereafter.  This finding argues that the preservation from 

sensitization phenotype is mechanistically distinct from the acute locomotor-

inhibitory effect.  The lack of effect with RGS9-1 and Tailless RGS9 illustrate 

that the unique C-terminal tail of RGS9-2 is required for acute inhibitory effects; 

the R7/R9Ct findings further implicate the R9Ct in blocking behavioral 

sensitization to repeated doses of dopaminergic drugs. 

 

Dose-dependency is virus specific 

The effects of RGS9-2 on cocaine-stimulated locomotor activity are 

exquisitely dose-specific: at lower doses (10 mg/kg in rats, 5 mg/kg in mice) 

RGS9-2-overexpressing rodents had ≥45% reduction in locomotor activity, while 

at higher doses (20 mg/kg in rats, 10 mg/kg in mice) RGS9-2-overexpressing 

rodents were statistically indistinguishable from Lac Z controls.  In contrast, the 
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locomotor-inhibition brought about by R7/R9Ct is not dose dependent – the 

degree of inhibition is equal at the 10 and 20 mg/kg doses. 

In the RGS9 KO paradigm, wt-Lac Z, KO-Lac Z, and KO-RGS9-2 had 

dose dependent increases in locomotor activity, and this dose-dependency 

increased with each day.  In contrast, the dose-dependency of KOs overexpressing 

RGS7 decreases with each challenge day, such that by the last day, the KO-RGS7 

group does not increase in locomotor activity from low to high dose.  Therefore, 

dose-dependency is a fundamental property of each R7 RGS protein: RGS9-2 and 

–11 are highly dose dependent, RGS7 (in mice) has a steadily decreasing dose 

dependency, and the R7/R9Ct chimera has no dose dependency.  One explanation 

for dose-dependency is that at lower concentrations of cocaine, ventral striatum 

(NAc) neurons are activated, while neurons in the dorsal striatum become 

activated only at higher doses.  As our overexpression targeted the same 

population of NAc neurons for each construct, yet different RGS proteins 

produced very distinct types of dose dependency (potent and long lasting, 

diminishing, or absent), this argues against a differential-activation mechanism. 

Based on these findings, it is likely that the observed dose-dependency is the 

result of interaction with distinct intracellular signaling complexes. 
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RGS proteins regulate weight gain 

Deletion of the rgs9 gene causes highly significant weight gain through an 

unknown mechanism.  We have focused on a central cause for this weight change 

– dopaminergic disinhibition leading to increased hedonic value of food – but 

altered dopaminergic signaling within the gut might also explain the distinctive 

weight gain seen in RGS9 KO mice.  Increasing DA signaling in the ileum 

increases reuptake of water and ions (Barry et al., 1995).  In the guinea pig 

jejunum, all types of intestinal epithelia have DA receptors (Baglole et al., 2005). 

DA modulates gut motility, perhaps via intrinsic dopaminergic neurons (Li et al., 

2004) or by extraneuronal synthesis of DA in the pancreas (Mezey et al., 1996). 

Larminie et al., (2004) report that RGS9 is the only R7 RGS protein present at 

significant levels in the intestine, and of all other RGS proteins tested, RGS9 

expression in the intestine is among the highest.  These findings suggest that 

RGS9-2 may be modulating intrinsic dopaminergic signaling within the gut, and 

therefore the RGS9 KO may have enhanced water and nutrient recovery and 

subsequent weight gain. 

In RGS9 KO mice overexpressing RGS9-2 in the NAc, we saw no rescue 

of wild-type weight pattern, despite the rescue of the wild-type cocaine response 

in these same animals.  Several factors may explain this lack of effect on weight. 

As detailed above, abundant evidence suggests that gut motility and absorption 

are modulated by dopamine, which in turn may be regulated by RGS9-2. 
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However, I believe the primary cause for this lack of weight effect is the 

background-weight loss due to surgical stress.  Following intracranial HSV 

injection, mice lose more weight than rats (as a percentage of total body weight). 

This greater overall weight change may mask virus-specific effects on body 

weight in mice. 

In rats overexpressing R7 RGS proteins in the NAcSh, RGS9-2 produces 

weight loss (opposite the weight gain observed in the RGS9 KO), while RGS11 

and RGS7 cause a robust weight gain.  R7/R9Ct causes a weight gain not-unlike 

its effects in the cocaine paradigm: no change initially, but a steady increase with 

each day.  Unlike the caveats of interpreting the RGS9 KO weight change, the 

selective effects of R7 RGS-overexpression arise entirely within the NAc.  We 

speculate that the weight loss in RGS9-2-overexpressing rats is due to changes in 

the rewarding properties of food, but parallel food-quantity and metabolic 

measurements are necessary to fully understand this weight loss.  The in vivo 

targets of RGS7 and – 11 are unknown; therefore, we can identify only potential 

mechanisms by which this robust weight gain occurs.  Based on localization and 

type of receptors, as well as limited pharmacological data, amylin, bombesin, and 

cholecystikinin are good candidates. 

 

Caveats of HSV-mediated overexpression  

 Much of our methodology is dependent on the intracranial injection of 

HSV constructs.  While targeting a brain region of interest is not difficult, and 

post-surgical histology allows one to discard inaccurate injections, one should 
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remember that many neurons surrounding the region of interest are likely HSV-

infected.  Our analyses and those of Carlezon et al. (1998) show that intracranial 

injections can target a sphere of tissue ~1.5mm in diameter infecting up to 2000 

neurons in the brain region of interest.  Although we see clear evidence for a 

slight spread of our viral infection beyond the intended target, our in situ 

hybridization and immunohistochemical analyses indicate that the greatest 

amount of overexpression and great majority of infected cells (estimated at 80%) 

lie within our targeted region.  However, both methods demonstrate that abundant 

HSV-infection occurs along the descending needle tract and in rare cases may 

extend into the lateral ventricle.  Therefore, it would be more accurate to term our 

HSV-mediated overexpression largely selective for the shell of the NAc, while 

keeping in mind that the extreme rostromedial caudoputamen and core of the NAc 

also have considerable HSV infection.  Accuracy of overexpression would likely 

be increased through the use of indwelling cannulae, a technique which would 

diminish surgical trauma at the time of infection and allow the tissue to seal 

around the cannula, diminishing retroinstrumental infection (David Self, personal 

communication).   

Another serious limitation of HSV constructs is the difficulty in 

normalizing the degree of overexpression in vivo.  To assess the degree of HSV-

mediated overexpression, we infected rat striata with our HSV constructs, 

collected infected tissue, and probed the lysates for overexpressed RGS proteins 

using Western blots.  We attempted several methods to maximize the ratio of 

infected to uninfected cells, including dye co-injection and in situ hybridization to 
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isolate the injection site.  However, repeated efforts to detect overexpressed RGS 

proteins by Western blot of infected striatum have been unsuccessful, though Myc 

immunohistochemistry demonstrates that our HSV constructs are infecting and 

overexpressing RGS proteins in striatal neurons. 

As an alternative method, we determined the magnitude of transgene 

overexpression by comparing HSV-infected PC12 cells to levels of that RGS 

protein in the striatum. Via Western blot, we compared equimolar amounts of 

striatal lysate with lysates of PC12 cells infected with one of our HSV constructs. 

Each new HSV construct was also compared to prior batches of the same virus. 

Any batch of virus that did not fall within 20% of the expression levels of 

previous viruses were either not used (lower expression) or diluted (higher 

expression). We found that for both RGS7 and RGS9-2, overexpression in PC12 

cells produced 3-5 fold more protein than that found endogenously in striatum. 

Although we appreciate that there are limits to comparing relative levels of two 

proteins that migrate at different molecular weights on SDS-PAGE, we used this 

methodology to evaluate relative levels of MycRGS9-2 and MycRGS7 and found 

that infection with HSV-MycRGS9-2 produced 5 fold more protein than HSV-

MycRGS7. Three batches of HSV-RGS7 or HSV-MycRGS7, each made from 

unique preparations of DNA, consistently produced lower expression levels than 

batches of HSV-RGS9-2. Several factors might impact heterologous expression of 

RGS7, including brain-specific factors absent in PC12 cells and the possibility 

that RGS7 is destabilized by TNFa in serum-containing cell media (Benzing et 

al., 1999). Although we cannot isolate the cause, our PC12 cell-based assays 
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suggest that RGS9-2 is overexpressed in brain at considerably greater cellular 

concentrations than RGS7 and therefore our in vivo studies did not compare 

equimolar amounts of RGS proteins. Given these caveats, we cannot rule out the 

possibility that lower abundance underlies RGS7's lack of behavioral effect in our 

cocaine locomotor assay. 

It should be noted that, when considering all viruses tested, levels of 

expression had no correlation with activity in our behavioral assays.  Tailless 

RGS9 and RGS9-1 each had expression levels 4-6 fold higher than wild-type 

RGS9-2, and RGS11/R9Ct expressed at a higher level than wild-type RGS11.  

Despite their high level of overexpression, Tailless RGS9, RGS9-1, and 

RGS11/R9Ct constructs had no effect in our cocaine-stimulated locomotor assay 

or on weight gain following surgery, and Tailless RGS9 likewise did not inhibit 

quinpirole-stimulated locomotion.  In contrast, despite its being one of our lowest-

expressing viruses, HSV-RGS7 produced a robust weight gain in rats and was as 

effective as MycRGS9-2 at acutely rescuing the RGS9 KO supersensitivity to 

cocaine (Day 1 data).   These findings demonstrate that high expression-levels of 

expression alone do not subserve the behavioral effects reported here.  Moreover, 

these findings suggest that structural differences, not differing levels of 

overexpression, likely explain the differing effects seen with diverse RGS 

constructs.  

The in vivo functions and relative potency remain to be conclusively 

determined for the R7 RGS proteins.  Presumably, both RGS7 and RGS9-2 are 

effective in their respective roles in the striatum, despite the approximately 15 



103 

 

fold lower abundance of RGS7.  This suggests that rather than attempting to 

achieve equimolar overexpression, perhaps a more valid goal would be an equal 

level of overexpression relative to levels of endogenous RGS proteins in the 

striatum.  Our PC12-based assessment of overexpression suggests that we have 

met this goal, as RGS7 and RGS9-2 are comparably overexpressed relative to 

endogenous striatal levels.  This assertion will certainly be reevaluated as more is 

learned about the in vivo potency of R7 RGS proteins and future overexpression 

techniques are developed. 

 

Ongoing and future studies 

New constructs for use in the locomotor assay 

The DEP and C-terminal tail domains for RGS9-2 are critical for activity 

in vivo.  This concurs with the findings of (Skiba et al., 2001) that non-catalytic 

domains are a major determinant of the specificity of RGS9-1 for PDEγ-bound 

Gαt.  Skiba demonstrated that all domains of RGS9-1 make synergistic 

contributions to this specificity, suggesting that in RGS9-2, cooperativity of all 

subdomains may contribute to the functional specificity of the RGS domain:R9Ct 

interaction.  Indeed, non-RGS domains likely play critical roles in RGS9-2’s 

specificity at the D2 receptor.  As illustrated in Figure 5.1, we have developed 

numerous HSV constructs to examine each R7-specific subdomain.  Of great 

personal interest are constructs of the Linker domain, precisely because so little is 

known of its functional role.   
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Our locomotor assay is dependent on dopaminergic stimulation to reveal 

the effects of RGS overexpression.  RGS proteins that modulate non-DA 

receptors in the striatum would thus be seen as having no activity in our assay.  

Challenging with other locomotor-stimulatory drugs would perhaps allow this 

assay to act, not as a binary readout of RGS function, but as a rheostat between 

two receptor systems.   

The muscarinic acetylcholine (mACh) system is one such potential target.  

Rats treated with a variety of anticholinergic compounds have increased fine 

motor and ambulatory movement (Sipos et al., 1999), suggesting that our 

locomotor assay could be adapted to cholinergic stimulation.  There is a wealth of 

data implicating mACh receptors in modulating the dopamine system.  Genetic 

ablation of mACh receptors leads to hyperactivity, elevated dopaminergic 

transmission, and enhanced responses to direct and indirect dopaminergic agonists 

(Gomeza et al., 1999; Gerber et al., 2001).  Striatal acetylcholine can potentiate 

striatal DA release (up to 60% increase), but the effect is highly dependent on 

muscarinic receptor subtype and localization: localization on terminals or cell 

bodies can facilitate (M3) or inhibit (M4) DA release, respectively (Zhang et al., 

2002).  Thus cholingeric challenge, in combination with our existing 

dopaminergic challenges, could potentially reveal the native targets of striatally 

enriched RGS proteins, including RGS7 and –10. 
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Determining Relative Levels of Endogenous RGS Proteins 

    Western blots similar to Fig. 2.1 may be used to evaluate the relative 

levels of endogenous RGS7 and RGS9-2.  For each of the described anti-RGS 

antibodies, we see no evidence of cross-reactivity with other RGS proteins; this 

specificity prevents the use of a single antibody for evaluating endogenous RGS 

protein levels.  The use of a common Myc epitope-tag affords us the opportunity  
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Figure 5.1 – Future HSV constructs offer further analysis of the structural basis 
for specificity.  We have generated a number of truncation, chimeric, and mutant 
constructs which have yet to be fully utilized.  While these constructs were 
designed for use in our behavioral assay, all are adaptable to in vitro or cell-based 
assays.  As most in vitro structure/function analyses have made use of the isolated 
RGS domain, the RGS domain chimeras illustrated here are of particular interest 
in future studies of RGS:Gα:GAP specificity.  Analyses of isolated RGS domains 
in comparison with RGS domains in their wild-type and RGS chimera contexts 
would be a potent tool for elucidating the effects of extra-RGS domains on Gα 
specificity.  RGS7 Delta: A portion of the Linker domain present in RGS6 and –7, 
but absent in RGS9 and – 11, is proline enriched and positively charged.  RGS7 
Delta is an internal truncation mutant that ablates this distinctive portion of the 
Linker.  RGS10 S168A: Phosphorylation at serine 168 induces rapid translocation 
of RGS10 to the nucleus (Burgon et al., 2001).  This S-A mutant blocks 
phosphorylation and thus may block nuclear shuttling of RGS10. 
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to compare relative amounts of virally-expressed protein on the same Western 

blot using a single antibody (Ho et al., 2002).  This same blot can then be 

sequentially probed using specific anti-RGS antibodies, and thus make a 

relational comparison between two endogenous proteins.  For example, if 10A= 

3B = C = 5D, where A=endogenous RGS7, B = MycRGS7, C = MycRGS9-2, and 

D = endogenous RGS9-2, then one can estimate the relative levels of endogenous 

RGS7 and RGS9-2.  The absolute amounts of overexpressed protein are 

inconsequential, and are only used to translate between immunoreactivity on anti-

RGS Western blots. 

 
Determining the in vivo stability of virally-overexpressed proteins  

 When we overexpressed RGS7 on the RGS9 KO background, we noted an 

initial inhibition of cocaine response that decreased with each challenge day.  One 

explanation for this loss of effect is that RGS7 is less stable than MycRGS9-2.  To 

assess this possibility, we undertook the following methodology.  Rats were 

injected with a cocktail of HSV-MycRGS7 and HSV-MycRGS9 into dorsal 

striatum (3ul per hemisphere).  Animals survived from surgery for either 2, 4 or 

six days, at which time they were acutely decapitated and brains were rapidly 

frozen on dry ice.  Brains were cut in series of 250 μm by cryostat in the 

following method: five sections at 10 μm, one section at 200μm.  Sections were 

collected on Fisher Frost Plus slides.  10 μm sections were processed for RGS9 in 

situ, which allowed precise localization of the infected field.  Using these films as 



108 

 

a guide, punches were collected using a freezing-stage microscope; this allowed 

us to maximize the ratio of infected to uninfected cells.  After separation on a 

10% poly-acrylamide gel and anti-Myc Western blot, densitometry of MycRGS7 

(55 kDa) and MycRGS9-2 (77 kDa) bands were quantitated and expressed as a 

ratio of relative protein abundance.   

 Unfortunately, the myc epitope was undetectable in infected tissue, even 

when employing this “thin/thick” technique.  Subsequently we repeated this 

procedure with the Tailless RGS9 construct, our highest titer virus, and readily 

detected Myc immunoreactivity in infected lanes.  This encouraging finding leads 

us to believe that earlier difficulties were a failure of detection, not of the 

technique.  We are currently pursuing similar strategies using enhanced ECL 

reagents to improve detection.   

 

Drug targets within the R7 subfamily 

The rewarding properties of cocaine and morphine are enhanced in RGS9 

KOs (Rahman et al., 2003, Zachariou et al., 2003). In addition, in RGS9 KOs the 

acute analgesic properties of morphine are enhanced, while in chronically 

morphine-treated mice, precipitation of withdrawal using the opioid antagonist 

naloxone produces more severe physical withdrawal symptoms in RGS9 KOs 

(Zachariou et al., 2003). These findings suggest that pharmacological inhibition 

of RGS9-2 could enhance the clinical effectiveness of dopaminergic and μ-opioid 

drugs, and might reduce the abuse potential of clinically useful opiates. 
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The identification of drug targets with clinical utility is not a trivial objective: to 

be of clinical value, a drug must access a specific subset of cells, must potently 

modulate the desired target, and must select for the desired target over other, 

structurally similar targets. Keeping these hurdles in mind, we have identified two 

sites within RGS9-2 with potential pharmacotherapeutic utility: the DEP domain 

and the unique C-terminal tail of RGS9-2 (R9Ct). 

The anatomical localization of RGS9-2 is tremendously specific, with very 

high expression in the striatum, NAc, and olfactory tubercle, moderate expression 

in hypothalamus, and very low or absent expression in all other brain regions 

(Gold et al., 1997; Thomas et al., 1998). This anatomical specificity would allow 

any potential drugs specific for RGS9-2 to have much greater effects in basal 

ganglia circuits than in any other cell type. Notably, Larminie et al. (2004) found 

in a study of RGS-localization in human subjects that RGS9 expression was not 

as selective as that seen in rodent; however, this study did not distinguish between 

RGS9-1 and RGS9-2, and represented only four post-mortem subjects. Thus, a 

more thorough mapping of RGS9-2 expression in humans could, by determining 

its anatomical specificity, evaluate the potential of RGS9-2 as a drug target 

specific to structures of the basal ganglia. 

In the present analysis, we have demonstrated that the DEP domain is 

essential for RGS9-2 function, as has been demonstrated previously 

(Martemyanov et al., 2003b; Kovoor et al., 2005). We propose that blocking the 

function of the DEP domain would provide a potent mechanism for inhibiting 
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RGS9-2. Unlike the RGS domain, whose interaction with GTP-Gα is transient 

and therefore more difficult to inhibit, binding of the DEP domain to R9AP or 

R7BP is a stable interaction that governs intracellular localization (Hu and 

Wensel, 2002; Drenan et al., 2005; Martemyanov et al., 2005). Our analyses have 

demonstrated that the DEP domains of RGS7 and –9 are functionally specific and 

are not interchangeable. This lack of functional redundancy suggests that 

structural differences in the DEP domains of RGS7 and –9 may provide a target 

for the selective pharmacological inhibition of RGS9. Testing of the 

RGS9/RGS11 DEP chimeras (9D/RGS11, 11D/RGS9-2; see Fig. 5.1) will be 

essential to understanding the within-subfamily DEP specificity. In addition, 

differential expression of the DEP-binding proteins R9AP and R7BP provide 

another mechanism to select for the inhibition of RGS9-2, but not RGS9-1. R7BP 

is enriched throughout the brain, while R9AP is selectively expressed in the retina 

(Hu and Wensel, 2002; Drenan et al., 2005; Martemyanov et al., 2005). 

Therefore, specifically blocking the interaction of RGS9-2 with R7BP would 

provide a mechanism for inhibiting RGS9-2 function while leaving other R7 

subfamily members unaltered. 

Our analyses have demonstrated that the R9Ct is necessary for RGS9-2 

activity, and that the R9Ct can convey partial RGS9-2-like activity to RGS7. 

These findings support the view that the R9Ct acts as an “affinity adapter” 

(Martemyanov et al., 2003), enhancing the GAP activity of both RGS9-2 and 
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RGS7. The R9Ct is a potential site of modulation unique to RGS9-2, as it is not 

shared with other R7 subfamily members or with RGS9-1. Furthermore, while the 

R9Ct is a structural and functional homologue of PDEγ (Martemyanov et al., 

2003), the effector enzyme of Gαt in the retina (Wang et al., 1996), many 

structural differences exist between R9Ct and PDEγ. The R9Ct is much longer 

than PDEγ (208 amino acids vs. 83 amino acids, respectively). While portions of 

R9Ct and PDEγ are structurally similar, they are only loosely homologous at the 

amino acid level. In the portion of the R9Ct not homologous with PDEγ, there are 

numerous predicted phosphorylation sites, including PKA, PKC, and CDK5 with 

prediction scores of ≥0.75. This unique portion of R9Ct is particularly proline-

enriched, and has numerous cystine residues, potential sites for palmitoylation. 

Lastly, the R9Ct has numerous SH3 (Src homology 3) recognition motifs that are 

not shared with RGS9-1 or PDEγ. SH3 domains bind to proline-enriched motifs 

and mediate many protein-protein interactions that underlie signal transduction 

(Pawson et al., 1993; Zarrinpar et al., 2003). Each of these unique features of the 

R9Ct is a potential site of modulation that would allow selective inhibition of 

RGS9-2. 

In addition, while RGS9-1 binds transiently to PDEγ only when it is 

complexed with Gαt, the R9Ct is covalently linked to the RGS domain of RGS9- 

2. This likely mediates a more stable and long-lived interaction, and thus one 

potentially more-easily inhibited than RGS9-1:PDEγ. These properties of the 

R9Ct suggest that by inhibiting the binding of R9Ct to the RGS domain of RGS9- 



112 

 

2, one could selectively inhibit RGS9-2 in the forebrain while leaving RGS9-1 in 

the retina uninhibited. 

Designing a pharmacological agent to specifically inhibit RGS9-2 is a 

daunting task. Nevertheless, the present work offers evidence that the DEP 

domain and unique C-terminal tail of RGS9-2 could be targeted to selectively 

inhibit RGS9-2. The extremely specific expression of RGS9-2 would further 

select for pharmacological effects in the striatum and NAc. As RGS9 has clear 

inhibitory actions on both dopaminergic and μ-opioid signaling (Rahman et al., 

2003; Zachariou et al., 2003), drugs that block RGS9-2 could aid in the treatment 

of disorders such as Parkinson disease, depression, and chronic pain. 
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CHAPTER VI: EXPERIMENTAL MATERIALS AND METHODS 
 

Unless specified, all reagents were purchased from Sigma Chemical Corp. 

(St. Louis, MO).  Neuroanatomical nomenclatures for rat and mouse are slight 

modifications of those of Paxinos and Watson (Paxinos and Watson, 1986) and 

Paxinos and Franklin (Paxinos and Franklin, 2003), respectively.   

Zheng et al., (1999) and Ross and Wilkie (2000) used  hierarchical 

clustering algorithms to define families of RGS proteins by comparing RGS 

domain sequences.  Throughout this paper, we use the nomenclature defined by 

Ross and Wilkie (2000). 

 

Animals 

All animal protocols used in these experiments were approved by the 

Institutional Animal Care and Use Committee of UT Southwestern Medical 

Center at Dallas.  Adult male Sprague-Dawley rats (225-250 g; Charles River, 

Raleigh, NC for behavioral studies, Charles River, Kingston NY for 

bromodeoxyuridine (BrdU) studies, Harlan Laboratories, Houston, TX for RGS10 

immunohistochemistry) or 6-8 week old male mice (C57Bl/6J, Jackson Labs, 

Jackson, ME for RGS10 immunohistochemistry) were housed under a 12 hour/12 

hour light/dark cycle with food and water ad libitum.  Rats used for BrdU studies 

were acclimated to vivarium conditions for at least one week prior to receiving 

BrdU (one injection of 150 mg/kg i.p.; Boehringer Mannheim, dissolved in 0.9% 

NaCl and 0.007 N NaOH) to label dividing cells.  Animals were perfused either 

two hours (proliferation time point; n = 2) or four weeks (neurogenesis time point;
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n = 2) after BrdU injection.  For the 3,3’-diaminobenzidine (DAB), 

immunofluorescence, EM, and dual IHC/ISH experiments, at least three animals 

per species were used in each experiment.  For the Western blot experiments, 

tissues from 2 rats and 2 mice were analyzed.  Note that RGS10-like IR (LIR) in 

mouse brain was only analyzed by the DAB method.  

 

Generation of wild-type constructs 

 Mouse RGS7 (Genbank Accession #NM_011880) was cut from the 

pFastBac vector (generously provided by A. Krumins, UTSW) at BamHI and 

KpnI sites.  Human RGS11 (Accession # NM_183337) was cut from pMH6 

(generously provided by S. Hooks, U. North Carolina) at HindIII and XbaI sites.  

Note that this construct initiates at Met 16 of hRGS11-1, and thus is slightly 

longer than hRGS11-2.  Both wild-type constructs were ligated into the pHSV-

PrpUC vector (Neve et al., 1997) at the previously mentioned sites.  All RGS9-2 

truncation and chimeric constructs were based on Accession # AF125046.  N-

terminally myc tagged RGS7 and RGS9-2 were generated by replacing the start 

methionine with a unique SalI site via PCR mutagenesis.  The mutated constructs 

were then cut and ligated into the pHSV-PrpUC-Myc vector at Sal I and either 

Asp718 (RGS7) or EcoRI (RGS9-2).     

 

Generation of chimeric constructs 

      Chimeras of RGS9-2 with either RGS7 or RGS11 were generated using 

the PCR stitching method of subcloning (Figure Stitching).  In this method, 
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primers are designed that bridge the region to be joined.  Composed of 18-20 nt of 

each gene, upstream and downstream of the junction, these primers, when paired 

with a flanking primer, produce an intermediate product containing all or part of 

the first template and terminating in 18-20 nt of the second template.  Following 

gel-purification, this intermediate product can then be used as a primer on the 

second template, “stitching” together the two templates at the desired junction 

point.  The product of this second PCR will be a chimera of the first and second 

templates.  Internal domains may be swapped by designing two bridging primers 

that flank the internal domain.  As this method does not require introduction of 

restriction sites or the use of sites in inconvenient locations, chimeras can be 

generated at precise locations without changing final protein sequence. All 

constructs were sequenced before viral packaging.  Primer sequences and specific 

cloning information are available in Table 6.1.   

 

Generation and Testing of HSVs 

      All HSV viruses were packaged and purified as described in Neve et. al, 

(1997).  Virus was prepared at an average titer of 4-5 x 107 infectious units/ml.  

Viral expression levels were quantified by Western blot of lysates from infected 

PC12 cells.  Immunoreactivity levels (expression levels) were gauged relative to a 

viral stock generated for the Rahman et al. (2003) studies known to have activity 

in several behavioral assays of dopamine receptor signaling.  Rat 

pheochromocytoma cells (PC12) were cultured on in collagen-coated plates using 
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Figure 6.1 – PCR stitching allows for precise, mutagenesis free generation of 
chimeric constructs.  Step one: a bridging primer that spans the region to be 
joined allows the generation of an intermediate construct with a part of one 
protein and a short “primer” sequence of a second protein (as illustrated, the DEP 
domain of RGS9 with 20nt of RGS7 at the 3’ end).  Step two: subsequent PCR 
using the purified intermediate product and cDNA for protein two as a template.  
The use of flanking primers that can not copy either template alone force the 
reaction to proceed through the purified intermediate construct, “stitching” the 
two proteins together. 
 

standard conditions (Chao et al., 2002).  At ~85% confluency, cells were infected 

with HSV virus, harvested 18-20 hours later by rinsing once in phosphate 

buffered saline, followed by lysis in 1% SDS with appropriate protease inhibitors 

(Gold et al., 2003).  Samples were then processed for Western blotting using 

standard procedures (Harlow and Lane, 1988) and relative viral overexpression 

determined relative to rat caudoputamen standards and previous batches of active 

virus.
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Table 6.1 – Primers used in subcloning and PCR stitching.  Referenced 
nucleotides (nt) refer to the following constructs with Genbank accession 
numbers: mouse RGS7 – #NM011880; human RGS11 – # NM183337; mouse 
RGS9-2 – #AF125046.  Compare primer sequences in Table 6.1 with residue 
numbers in Figure 6.2. 
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Figure 6.2 – Nucleotides of the R7 subfamily at subdomain junctions.  Numbers 
beneath each construct denote the nucleotide at which one subdomain ends and 
another begins.  In the case of the GGL-RGS domain junction, all R7 subfamily 
members have ~15 aa between the two domains.  The nucleotide numbers in this 
case denote the start of the RGS domain.   
 

Stereotaxic surgeries 

 A total of 590 outbred male Sprague Dawley rats were used in these 

studies and were purchased from Charles River laboratories (Raleigh, NC).  For 

each experiment, total number of rats per virus is indicated in the figure captions.  

A total of 44 male mice, 2-6 months of age were used in the RGS9 knockout 

(KO) rescue studies and were of a mixed C57/Bl6-E129 background. Mice were 

generated by heterozygote breeding and were genotyped by PCR of tail DNA as 

described by Chen et al. (2000).  Mice were caged by litter and not by genotype.  

All surgeries were performed under aseptic conditions.  Following sodium 

pentobarbital (rats; 30 mg/kg, i.p.) or Avertin (mice; 3.75% i.p. by weight) 

anesthesia, animals were placed in the stereotaxic apparatus (Kopf).  Coordinates 

for nucleus accumbens (NAc) relative to bregma (A-P, M-L, and D-V) were +1.9, 

+2.4, -6.7 and +1.5, +1.3, -4.5 for rat and mouse, respectively.  Rat coordinates 

target the NAc shell subdivision, while in mouse the whole NAc was targeted.  

Injection volumes were 2.0μl and 0.4μl per hemisphere for rat and mouse, 
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respectively.  Virus was injected continuously over a ten minute interval and was 

followed by a ten minute diffusion period and a subsequent gradual removal of 

the needle from the brain.  All animals were allowed to recover for 24-36 hr 

before behavioral testing. 

 

Behavioral testing 

 Following 5-7 days of habituation to the vivarium, Sprague-Dawley rats 

(250-275g) were tested for baseline sensitivity to the locomotor–stimulating 

properties of dopaminergic drugs: one hour of habituation in the locomotor 

apparatus followed by an injection of cocaine (10 mg/kg, i.p.) or quinpirole 

(1.0mg/kg, s.c.).  Results from this baseline were used to construct groups with 

similar basal drug sensitivities.  One to three days later, rats received intracranial 

injections of HSV virus into the NAc shell region (Carlezon et al., 1998), 

followed by one day of recovery.  In all locomotor assays, injections of vehicle or 

drug followed a one hour habituation to the testing chamber.  The cocaine 

paradigm consists of one day of saline injection (saline baseline) followed by 

three days of cocaine challenge – 10 mg/kg followed immediately by 20 mg/kg, 

both for 90 minutes.  Note that this paradigm evolved during the first months of 

testing; thus some viruses were not tested on day three.  The quinpirole paradigm 

consists of three challenge days including injections of saline, 0.1 mg/kg, 0.3 

mg/kg, and 1.0 mg/kg, each for one hour.   

Mice used in KO rescue experiments were habituated to the testing 

apparatus for one hour on two consecutive days preceding surgery.  Following a 
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one day recovery, mice were tested on four consecutive days in the following 

cocaine paradigm: habituation, saline, 5 mg/kg, and 10 mg/kg, each for one hour.   

For all challenges in which an effect was seen, animals were allowed to 

remain in the vivarium for two weeks following surgery, at which point the drug 

challenge was repeated.  HSV overexpression peaks at day 3-5 and declines to 

non-detectable levels by day 7 (Carlezon et al., 1998; Barrot et al., 2002).  

Therefore, by allowing at least 14 days for viral overexpression to “wash out,” we 

were able to test the same subjects in a condition closer to basal state.  This 

washout challenge helped rule out a non-specific toxic effect of viral infection.  

Note that animals were challenged between 1.5 and 11.5 h after lights-on.  We 

observed no time-of-day effects within this window. 

 

Tissue preparation 

Rats were anesthetized by i.p. injection of 400 mg of chloral hydrate, 

transcardially perfused with 50 ml of chilled 0.1M phosphate buffered saline 

(PBS), followed immediately by 400 ml of chilled 4% paraformaldehyde in PBS, 

pH 7.4 (PF) at a rate of 20 ml/minute.  Mice were anesthetized with 40 mg of 

chloral hydrate, transcardially perfused with 10 ml of PBS followed immediately 

by 100 ml of PF at a rate of 7 ml/minute.  For both rat and mouse, brains were 

removed from the skull, postfixed for 2 hours in PF, then cryoprotected in 20% 

sucrose in 0.1 M phosphate buffer at 4°C overnight.  Sections were cut on a 

freezing microtome in the coronal plane at 40 μm for IHC and histological 

verification, 30 μm for BrdU IHC, and 25 μm for dual IHC/in situ hybridization 
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labeling (IHC/ISH), with representations every 240 μm (every 6th section), 200 

μm (every 5th section), 270 μm (every 9th section), and 150 μm (every 6th 

section), respectively, and collected into PBS containing 0.1% NaN3.  Sections for 

IHC/ISH were used within 12 hours after sectioning, while all others were stored 

for up to 2 months at 4 °C until use.    

For EM, rats were killed by an overdose of sodium pentobarbital (100 

mg/kg, i.p.) and then transcardially perfused.  First, blood was flushed with 

Tyrode’s solution (137 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2, 12 

mM NaHCO3, 0.5 mM NaH2PO4, 5 mM glucose), followed by 3-400 ml of 4% 

paraformaldehyde/0.2% glutaraldehyde/0.2% picric acid in phosphate buffer (0.1 

M, pH 7.4).  Brains were removed from the skull, blocked and post-fixed in PF 

for 2 hours.  Coronal, 50 μm vibratome sections were cut and stored frozen in 

15% sucrose until IHC labeling was performed. 

For Western blots, unanaesthetized rats or mice were rapidly decapitated, 

tissue samples dissected, transferred to microcentrifuge tubes, rapidly frozen on 

dry ice and stored at -80°C until use. 

 

Antibodies   

Primary antibodies used in Western blotting for RGS7, and –9 were as 

described (Khawaja et al., 1999; Rahman et al., 2003).  Rabbit anti-RGS11 was 

the generous gift of T. Wensel, Baylor College of Medicine.  Rabbit anti-Gβ5 

crude SGS1 antiserum (1:5000) was generously provided by W.F. Simonds, 

NIDDK (Zhang et al., 1996).  Monoclonal antibodies against the Myc epitope 
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[MEQKLISEEDL] were purchased from Cell Signaling, (Beverly, MA) and 

Chemicon (Temecula, CA).  Primary antibodies used in the IHC studies were: 

goat polyclonal anti-RGS10 (1:500, Santa Cruz Biotechnology [C-20], Santa 

Cruz, CA), generated against the peptide [EEDLPDAQTAAKRASRIYNT], 

which corresponded to the last 20 residues of human RGS10 (residues 154-173 of 

Genbank accession #O43665), and that were affinity purified against the 

immunizing peptide by the manufacturer; rat monoclonal anti-BrdU (1:100, 

Accurate Chemicals, Westbury, NY); rabbit polyclonal anti-glial fibrillary acidic 

protein (GFAP) (1:500, DAKO, Carpinteria, CA); mouse monoclonal anti-

parvalbumin (1:50,000, Chemicon, Temecula, CA); mouse monoclonal anti-OX-

42 (1:2000, Bachem California, Torrance, CA); tryptophan hydroxylase (1:1000, 

Sigma).  Appropriate horseradish peroxidase (HRP)-conjugated (1:10,000,Vector 

Labs, Burlingame, CA), biotinylated (1:200, Vector Labs) and Cy2- and Cy3- 

conjugated (1:200, Jackson ImmunoResearch, West Grove, PA) secondary 

antibodies were used for Western blotting, DAB staining and 

immunofluorescence, respectively. 

 

Western blot 

Frozen tissues were sonicated at medium intensity in 1% SDS containing 

protease inhibitors as described (Gold et al., 2003).  Fibrous tissues were 

disrupted using a hand-held homogenizer followed by sonication.  Protein 

concentrations were determined by the method of Lowry (Lowry et al., 1951).  

Western blotting was performed using protocols described by Harlow and Lane 
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(Harlow and Lane, 1988).  Briefly, samples were separated using 10% or 13% 

SDS-PAGE, transferred to nitrocellulose membranes, stained with Ponceau stain 

to confirm equal lane loading, blocked in 3% non-fat milk and then incubated 

overnight at 4°C in primary antibody.  On the second day, blots were washed and 

incubated in HRP-conjugated secondary antibodies followed by visualization of 

bound antibody via enhanced chemiluminescence and exposure to 

autoradiographic film.  All anti-RGS antibodies were validated by blotting tissues 

from wild-type and RGS KO/mutant animals.  The specificity of the RGS10 

antibody was confirmed via a peptide blocking experiment.  In this experiment, 

primary antibody was incubated with either 20 μg of immunizing peptide (block 

condition) or 20 μg of bovine serum albumin (BSA) (control condition) prior to 

incubation with the membrane. 

 

Immunohistochemistry 

Sections were washed 3 times for 5 minutes in Tris buffered saline (TBS) 

and endogenous peroxidase activity quenched via a 10 minute incubation in 1% 

H2O2 in TBS.  Sections were then processed using one of three protocols: IHC for 

bright-field, light microscopy, immunofluorescence, or dual IHC/ISH analysis 

(see below for EM IHC).  Sections used in BrdU analysis were slide mounted, and 

all subsequent procedures were done on the slide (Mandyam et al., 2004).  All 

other procedures were performed using free-floating sections at room temperature 

unless otherwise indicated.   



124 

 

Sections intended for DAB IHC underwent an antigen-unmasking step (30 

minute incubation in 50 mM NaCitrate, pH 8.0 at 80°C), followed by a blocking 

step in a solution of 10% normal horse serum and 0.1% Triton X-100 in TBS (10 

minutes).  Sections were then incubated overnight at 4°C in a solution of TBS 

containing 0.1% Triton X-100, 10% normal horse serum, and a 1:500 dilution of 

primary antibody (anti-RGS10 [C-20], Santa Cruz Biotech, Santa Cruz, CA).  

Sections were then washed 3 times in TBS (10 minutes) and then incubated for 1 

hour with horse anti-goat IgG secondary antibodies.  Finally, sections were 

incubated for 1 hour with avidin-biotin HRP complex (ABC; Vectastain kit, 

Vector, Burlingame, CA) and stained using DAB.  Sections intended for dual 

IHC/ISH labeling were separated and processed following a protocol very similar 

to that for DAB IHC, but designed to minimize RNAse activity (Kelz et al., 

1999).  In addition, the dual IHC/ISH sections did not undergo an antigen-

unmasking step.  In both the blocking and primary incubation steps, heparin was 

included (5 mg/ml) and normal horse serum was replaced by BSA (10 μg/ml).  

The blocking step also contained 5mg/ml dithiothreitol (DTT) and 50 U/ml 

RNAseIn (Roche, Basel, Switzerland). 

For IHC on sections taken from rat brain infected by the HSV viruses 

harboring Myc-tagged constructs, brightfield, DAB-based IHC was performed as 

above with the following modifications: no antigen unmasking step was 

performed; H202 incubation was done in methanol, not TBS; blocking, primary 

antibody, and washing steps were carried out in Diluting Buffer (0.16M saline, 

0.3% Triton X-100, 2% w/v BSA, 1% horse serum in TBS). 
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For immunoflourescence, sections were processed as above with the 

following changes: serum and detergent were eliminated from secondary steps.  

During incubation in the secondary antibodies and subsequent washes, sections 

were shielded from direct light by aluminum foil.  Sections for BrdU analysis 

were processed as described (Mandyam et al., 2004).  Briefly, sections were 

subjected to three pretreatment steps: antigen unmasking with citric acid (0.01M, 

pH 6.0, 13 minutes at 95°C), permeabilization with trypsin and 0.1% CaCl2 in 

0.1M Tris, pH 7.4 (10 minutes), and denaturation with 1N HCl (30 minutes).  

Non-specific binding was then blocked with 3% serum and 0.1% Triton-X-100 in 

PBS for 30 minutes and incubated with the primary antibody (in 3% serum and 

0.3% Tween-20) for 18-20 hours.  After washing with PBS, sections were 

incubated in fluorescent secondary antibodies for 1 hour.  Unless noted, following 

completion of any of the staining protocols, sections were mounted onto 

Superfrost Plus glass slides (Fisher Scientific, Pittsburgh, PA), air-dried, 

dehydrated in increasing concentrations of alcohol, cleared and coverslipped with 

DPX.  Slide-mounted sections intended for subsequent isotopic in situ 

hybridization (see below) were stored frozen at –80°C until processing.   

To control for specificity of DAB-based and fluorescent IHC, primary 

antibody was omitted.  In these control experiments, there was no specific 

staining for the omitted primary antibodies.  In the dual-immunofluorescence 

experiments, this argues strongly against cross-reactivity between either the Cy2- 

and Cy3- conjugated secondary antibodies, or between the fluorescent secondary 

antibodies and the non-corresponding primary antibody.  As an additional control, 
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RGS10 antibodies were pre-incubated with either saturating concentrations of 

either immunizing peptide or BSA, prior to incubation with tissue sections.  There 

was no specific signal with the peptide pre-adsorbed antibodies. 

 

In situ hybridization 

Sections previously processed for DAB-based IHC were pretreated as 

outlined by Seroogy and Herman (1997).  Briefly, sections were washed with 

PBS, treated with 0.4% glycine in PBS, acetylated in 0.25% acetic anhydride in 

0.1M triethanolamine dehydrated in ascending concentrations of ethanol, defatted 

in chloroform, rehydrated and air-dried.  Slides were incubated for 18 hours at 

60°C in a buffer containing 50% formamide, polyvinyl pyrrolidone (7 mg/ml), 

Ficoll (7 mg/ml), BSA (7 mg/ml), denatured salmon sperm DNA (0.33 mg/ml), 

yeast tRNA (0.15 mg/ml), DTT (40 mM), and cRNA probe at 1x107 cpm/ml.  

Antisense 35S-labeled riboprobes were transcribed with T7 RNA polymerase 

(Roche, Basel, Switzerland) in the presence of 35S-UTP and purified using RNA 

Quickspin columns (Roche, Basel, Switzerland).  The enkephalin and substance P 

riboprobe template cDNAs were cloned by polymerase chain reaction 

amplification from a rat brain cDNA library (Stratagene, La Jolla, CA) into 

pcDNA3 (Invitrogen, Carlsbad, CA), yielding riboprobes of 476 and 468 base 

pairs, respectively, and complementary to nucleotides 313-788 and 25-532 of the 

rat enkephalin (Howells et al., 1984) and preprotachykinin mRNAs (Krause et al., 

1987).  The c-Fos probe was as described (Guthrie and Gall, 2003).  

Densitometric analysis of c-Fos cRNA probe labeling Neul activation mapping 
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was conducted by in situ hybridization to c-Fos mRNA, which is rapidly induced 

in activated neurons (Crombag et al., 2002).  Sections were then rinsed twice in 

4X SSC at 60°C, treated with RNAse A (20 mg/ml, 30 minutes at 45°C), washed 

in descending concentrations of SSC to a stringency of 0.1X SSC at 60°C, and 

air-dried.  Tissue sections were exposed to Biomax MR film (Kodak, Rochester, 

NY, USA) for 1-3 days and developed in an automated film processor.  The film 

autoradiograms were used to gauge labeling densities for the respective 

riboprobes and to estimate exposure times for emulsion autoradiography.  After 

film autoradiography, tissue sections were dipped in NTB2 emulsion (Kodak, 

Rochester, NY), exposed for 5–7 days at 4°C, developed with D19 (Kodak), fixed 

(Kodak fixer), counterstained with cresyl violet, and coverslipped with DPX.   

To control for the effects of the transcardial perfusion on cRNA labeling, 

coronal fresh-frozen tissue sections through striatum from rats of the same age 

and strain were processed for isotopic in situ hybridization in parallel with 

sections previously stained for DAB-based IHC.  By film autoradiography, cRNA 

labeling densities were slightly diminished in the perfused tissue.  Comparison of 

autoradiographic grains overlying structures considered to have background 

signal, such as corpus callosum and anterior commissure, showed that there was 

also a slight increase in background grains relative to the fresh-frozen sections.  

Nevertheless, overall labeling patterns for the enkephalin and substance P cRNAs 

were in total agreement with those described in the literature (Gerfen and Young, 

1988).  To control for the effects of the IHC procedure on cRNA labeling, a series 

of sections from each brain were mounted onto slides immediately after 
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microtoming.  Slides were dried, stored frozen at -80°C, and then processed in 

parallel with the DAB-stained sections through the in situ hybridization 

procedure.  Similar to the comparison with the fresh-frozen sections, the IHC 

sections had slightly lower cRNA labeling densities and a slight increase in 

background grains.  With respect to absolute specific labeling densities and the 

background labeling densities, the rank order of overall quality of cRNA labeling 

was fresh-frozen > perfused single-labeled > perfused dual-labeled.  Nevertheless, 

the specific signal in the dual-labeled sections was readily apparent and agreed 

entirely with previous reports.  Lastly, to determine if DAB staining had non-

specific effects on emulsion autoradiography, each IHC/ISH dual-labeling 

combination contained a set of sections for each brain that was single-labeled for 

DAB-based IHC and was subsequently dipped in autoradiographic emulsion in 

parallel with the dual-labeled sections.  Grain densities overlying these sections 

were identical to the background densities on the same slide, where no sections 

had been mounted.  Therefore, DAB staining did not produce non-specific effects 

on emulsion autoradiography. 

 

Microscopic analysis  

After IHC, bright-field or epifluorescent staining of the slides was 

visualized with an Olympus BX-51 microscope.  Dual immunofluorescent 

staining was examined using a confocal microscope (Zeiss Axiovert 200 and 

LSM510-META; emission wavelengths 488, 543, and 633).  Scanning and optical 

sectioning in the Z plane was performed using multi-track scanning with a section 



129 

 

thickness of 0.45 microns.  All confocal analysis was done using a 63X objective.  

Confocal analysis was restricted to the top 15 μm of the section where penetration 

of all antibodies was confirmed.  Dual-labeled confocal images presented here 

were taken from one 0.45 μm optical slice and imported into Photoshop 5.0 

(Adobe Systems, San Jose, CA) for assembly on a Macintosh G4 computer 

(Apple Computer, Cupertino, CA).  The majority of brightfield photomicrographs 

presented in this manuscript were composites assembled from adjacent fields 

using Adobe Photoshop 5.0.  Brightness and contrast were adjusted in Photoshop 

only after the entire set of plates in a figure was merged into a single file.  Images 

in the IHC/ISH figure were sharpened in Photoshop.   

 

Quantification of silver grains  

Quantification of co-localization of silver grains (indicative of riboprobe 

labeling) and RGS10-like IR was quantified on sections captured with an 

Olympus BX-51 microscope, from two rats, using the Bioquant software package 

(Bioquant Image Analysis Corp., Nashville, TN).  Briefly, with a 100X 

magnification, oil-immersion objective, images of DAB/cellular staining were 

digitized at optimal focus and illumination.  Immediately afterwards and in the 

same field (X-Y position), images of silver grains were digitized.  Briefly, the 

light intensity was increased to bleach out the IHC staining and the stage re-

focused on the overlying silver grains.  This dual-labeling analysis was restricted 

to the rostromedial caudoputamen, where nuclear-dense RGS10-LIR was reliably 

observed.  On the digitized images, separate thresholds were established for 
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RGS10-LIR and grain clusters, the images overlaid and co-localization evaluated 

as the percentage of grains overlying DAB-positive cells.  For the grain 

quantification, 723 and 755 cells with dense, nuclear RGS0-LIR were analyzed 

for the enkephalin and substance P dual IHC/ISH sections, respectively. 

 

Electron Microscopy 

Pre-embedding immunoperoxidase labeling with the goat anti-RGS10 

antibodies (1:250) was performed as previously described for other antibodies 

(Muly et al., 1998).  Briefly, sections were thawed, rinsed in PBS, incubated in 

blocking serum (3% normal goat serum, 1% BSA, 0.1% glycine, 0.1% lysine in 

PBS) for 1 hour and then placed in the primary antibodies diluted in blocking 

serum.  After 36 hours at 4oC, sections were removed from the primary antibodies 

solution and incubated in secondary antibodies for 1 hour at room temperature.  

Sections were then rinsed, placed in ABC reagent for 1 hour (Vector, Burlingame, 

CA) and processed to reveal peroxidase using DAB as the chromagen.  Sections 

that were to be processed for EM were then osmicated, dehydrated and embedded 

in Durcupan resin (Electron Microscopy Sciences, Fort Washington, PA).  

Selected regions of the dentate gyrus and CA fields were then mounted on blocks 

and ultrathin sections were collected onto pioloform-coated slot grids and 

counterstained with uranyl acetate and lead citrate.  Control sections, processed as 

above except for the omission of the primary antibodies, did not contain DAB 

label on electron microscopic examination.   
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The grids were then examined on a Zeiss EM10C electron microscope.  

Regions of the neuropil and cellular layers were examined and imaged with a 

Dualvision CCD camera using Digital Micrograph Software (Gatan, Pleasanton, 

CA) at a magnification of 31,500.  On each image, DAB-labeled profiles were 

identified based on ultrastructural criteria (Peters et al., 1991).   

 

Histological confirmation of injection placement 

 Following behavioral testing, rats were perfused and sectioned as 

described above (Tissue Preparation).  Sections were mounted on Superfrost Plus 

slides in rostral-caudal order and allowed to air dry.  Sections were then stained 

with cresyl violet, followed by dehydration/delipidation steps in increasing 

concentrations of ethanol and coverslipping with DPX mounting medium.  After 

drying, sections were scored for histological placement.  Any animal with 

inflammation, surgical damage, or needle tract not targeting the NAc was 

removed, on average one animal per group of twelve.
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