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Abstract 

Herein I describe studies I have undertaken that were aimed at understanding 

the mechanisms of achieving -arrestin-biased signaling at the dopamine D2 receptor 

(D2R), methods for studying downstream mediators of -arrestin-biased signaling, and 

the development of a mouse model of schizophrenia that could test the efficacy of -

arrestin-biased D2R ligands. Each of these studies will improve our understanding of 

how to better tailor drugs to treat schizophrenia. I have employed a wide variety of in 

vitro and in vivo methods ranging from bioluminescent resonance energy transfer 

(BRET) to adeno-associated viral delivery of neuronal actuators. Ultimately, I was able to 

demonstrate that the D2R can achieve -arrestin biased signaling through its ability to 

directly recruit the G protein-coupled receptor kinase 2 (GRK2). Next, I developed a 

BRET-based approach to study interactions of GPCR--arrestin complexes and applied 

this to the D2R. Finally, I have laid the ground work for a mouse model of schizophrenia 

capable of generating dopamine circuit imbalances hypothesized to occur in 

schizophrenia as a means to test -arrestin-biased D2R ligands. 
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1. Introduction and background  

The dopamine D2 receptor (D2R) is a G protein-coupled receptor (GPCR) 

responsible for many of the physiological effects of the neuromodulator dopamine (DA). 

DA has diverse roles in regulating neuronal function and other physiological functions 

throughout the body. When DA binds to the D2R expressed on a neuron, it initiates 

signal transduction cascades that usually result in decreased neuronal activity. This is 

accomplished by D2R’s activation of inhibitory Gαi/o proteins and the binding of to -

arrestins to the D2R.  The D2R’s expression pattern and ability to be targeted 

pharmacologically have made it a drug target for a variety of psychiatric and neurological 

disorders including schizophrenia and Parkinson’s disease. In fact, the identification of 

the “antipsychotic receptor” through classic radioligand binding studies would lead to the 

establishment of the D2R as the main target of antipsychotics [1, 2]. These studies 

would also shape hypotheses about DA’s involvement in the pathophysiology of 

schizophrenia [3]. These and other properties of the D2R and ligands targeting the D2R 

will be discussed in detail in this section. 

1.1 Structural and genetic properties of the D2R 

The D2R is a member of the DA receptor subfamily, which is composed of 5 

members that all bind DA: the D1R-like – D1R and D5R, and the D2R-like – D2R, D3R, 

and D4R [4]. The D2R exhibits the characteristic seven transmembrane architecture of 

GPCRs. This architecture enables the formation of a ligand binding domain in the middle 

of the seven-transmembrane bundle. The D2R’s structure was recently solved [5], which 

should facilitate the design of new D2R ligands. In comparison to other GPCRs, the D2R 

is notable due to its large third intracellular loop and virtually absent cytoplasmic tail [6]. 
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Post-translational modifications of the D2R such as disulfide bond formation, 

glycosylation, and cysteine palmitoylation are typical of GPCRs [7]. 

The Homo sapiens gene for the D2R (DRD2) is on chromosome 11 and is 

composed of 7 exons and 6 introns. The DRD2 has been shown to be expressed as two 

predominate isoforms: the short and long, which differ by a 29-amino acid insertion in 

the third intracellular loop [8-10]. The short D2R isoform, which lacks this insertion, is 

currently thought to function predominately as a DA release-regulating autoreceptor on 

DA-producing neurons; while the long D2R isoform is the predominate post-synaptic 

receptor, especially on the spiny projection neurons of the basal ganglia [11, 12]. 

Genome-wide association studies have associated variation in the DRD2 locus with 

increased risk for schizophrenia and other mental disorders [13]. 

The D2R is expressed throughout the brain where it enables cells to respond to 

the neurotransmitter DA. In the brain, DA arises from DA-producing neurons in two main 

brain regions – the ventral tegmental area (VTA) and the substantia nigra pars compacta 

(SNc). DA signaling is associated with reward, locomotion, and cognition. Disorders 

related to the DA systems include: Parkinson’s disease, drug addiction, schizophrenia, 

and other psychiatric disorders. Classically, the actions of the D2R were best described 

in the basal ganglia circuitry, which is necessary for voluntary movement. The basal 

ganglia circuitry is composed of two parallel circuits that are both distinctly regulated by 

DA: the direct and indirect pathways. The direct pathway promotes movement while the 

indirect pathway acts as a break on movement. In this circuit, DA acting upon D2Rs 

causes suppression of the indirect pathway, which results in the dis-inhibition of this 

circuit and the promotion of movement.  
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1.2 Signaling properties of the D2R 

Like most GPCRs, the D2R is an allosteric machine that translates changes in 

the extracellular environment to cellular signals that can be integrated into the overall 

cellular physiology to influence cellular behavior. The pharmacologic models for these 

phenomena are the operational model described by Black & Leff [14] and by the ternary 

complex model [15]. Due to the proliferation of effectors known to be regulated by GPCR 

signaling, these models have been adapted and grown in complexity in order to account 

for the variety of signaling modalities that GPCRs possess [16]. The major effectors and 

regulators of the D2R will be detailed. 

1.2.1 G protein and second messenger regulation by the D2R 

In response to the endogenous ligand, DA, the D2R functions a guanine 

nucleotide exchange factor for heterotrimeric G proteins of the Gαi/o family [17, 18]. G 

proteins enable the amplification of extracellular signals since many can be activated by 

a single GPCR [19]. G proteins are composed of two functional subunits: G and G 

[20]. The catalytic G subunit binds GDP or GTP and can hydrolyze GTP back to GDP 

[21]. When bound to GDP, the effector domain of the G subunit is sterically blocked by 

an associated G subunit, which is likewise in a sterically hindered complex. Upon 

D2R-mediated exchange of GDP for GTP, activated (GTP-bound) Gαi subunits inhibit 

adenylyl cyclases, which lowers cAMP production. This lowered cAMP levels can have a 

variety of effects such as reducing the activity of protein kinase A (PKA) [22]. PKA can 

phosphorylate the dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-

32) at threonine 34, also known as Protein phosphatase 1 (PP1) regulatory subunit 1B, 

which regulates the  activity of PP1 [23]. The activity of DARPP-32 is regulated by 
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diverse inputs on DA receptor-expressing spiny projection neurons [24].  Furthermore, 

the liberated G subunits can activate K+ channels causing hyperpolarization and 

inhibition of neuronal firing [25]. 

1.2.2 D2R regulation by G protein-coupled receptor kinases 

Prolonged or high levels of agonist stimulation leads to the recruitment and 

activation of G protein-coupled receptor kinases (GRKs). This family of kinases 

phosphorylate serine and threonine residues either on the third intracellular loop of 

GPCRs like the D2R or the C-terminal of most other GPCRs [26]. There are two main 

groups of the 5 nonvisual GRKs: GRK2/3 and GRK4/5/6 [27]. Plasma membrane 

recruitment of GRK2/3 is thought to be largely mediated by an interaction between 

activated G subunits and a C-terminal, G-binding domain on GRK2/3 [28]. GRK4/5/6 

are constitutively associated with the plasma membrane through amphipathic helices 

and lipidated residues. Knockout of specific GRKs has numerous effects on the 

responsiveness of DA receptor-expressing neurons [29]. 

1.2.3 Binding of -arrestins to the D2R 

Following GRK-mediated phosphorylation, -arrestins (arrs) bind to agonist-

occupied GPCRs, such as the D2R. Outside of the visual system, two -arrestins - -

arrestin1 and -arrestin2 (arr2) are expressed ubiquitously. arrs mediate uncoupling of 

the D2R from G proteins [30, 31], internalization of the D2R through clathrin-mediated 

endocytosis [32-34], and the transduction of G protein-independent signaling [35, 36]. 

Removal of arr2 in particular has effects on GPCR-transduced neurotransmission 

through its regulation of opioid and DA signaling [37, 38]. At the D2R, arr2 forms a 

complex with the D2R, PP2A, and Akt, which regulates the activity of GSK-3  [35]. The 
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output of D2R/arr2 signaling has effects on DA neurotransmission and this signaling 

pathway is antagonized by all known antipsychotic medications [38, 39]. 

1.3 Pharmacological targeting of the D2R 

All currently used antipsychotic medications are small molecule antagonists or 

partial agonists at the D2R [40]. In fact, the discovery of the D2R is somewhat entangled 

with the discovery of the “antipsychotic receptor” [1]. Antipsychotics are primarily used in 

the treatment of schizophrenia but have uses in other psychiatric disorders as well. 

There are three main classes or generations of antipsychotic medications: Typical/1st 

Generation – pure D2R antagonists (haloperidol); Atypical/2nd Generation – dual 

D2R/serotonin receptor antagonists (clozapine); Partial Agonists/3rd Generation 

(aripiprazole) [41]. Targeting the D2R (or members of the D2R-like family) has been a 

key feature of antipsychotics, but on-target side effects such as: extrapyramidal 

symptoms (movement problems), tardive dyskinesia, and increased prolactin production 

are fairly common. More specifically targeting of the aspects of D2R signaling that are 

directly applicable to schizophrenia should reduce these on-target side effects. 

Furthermore, off-target side effects such as weight gain and associated diabetes are 

also problems with currently used antipsychotics. 

Schizophrenia is a complex and multi-faceted mental disorder that has several 

symptoms that generally fall into two classes: positive and negative [42]. Positive 

symptoms types of symptoms that people do not normally experience, examples are 

hallucinations and delusions [43]. Negative symptoms are deficits in normal cognitive 

function, examples are flat emotions, lack of motivation, and poverty of speech [43]. 

While the positive symptoms are fairly responsive to medication, the negative symptoms 
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often do not respond as well. Interestingly, both symptoms could be due to DA system 

imbalances [3], but this will be detailed further in Chapter 6. 

Since the D2R signals through multiple effectors that may vary between brain 

regions, identifying the salient features of D2R signaling that produce antipsychotic 

effects could enable the development of more specific antipsychotics with less side 

effects. Following the discovery of arr-mediated signaling, there has been a great deal 

of interest in separating out the functions of G protein-mediated from arr-mediated 

signaling at GPCRs. For the D2R, antagonism of arr-mediated signaling with a arr-

biased D2R partial agonist (or partial antagonist) has been shown to be sufficient for 

antipsychotic efficacy in preclinical animal models [44]. This evidence coupled with 

experiments showing that DARPP-32 signaling increases catalepsy suggest that 

selective targeting of D2R/arr signaling may maintain antipsychotic efficacy while 

reducing on-target side effects [45]. This is also supported by experiments showing that 

overexpression of arr2 in MSNs can reduce dyskinesia associated with L-DOPA in 

Parkinson’s disease models [46]. 

Reducing off-target side effects of antipsychotics may be possible through 

improved information about the orthosteric binding pocket of the D2R obtained through 

crystal structures. As proof of principle, the crystal structure of the related dopamine D4 

receptor (D4R) has enabled the identification of specific ligands for the D4R that do not 

show efficacy against other members of the D2R-family or any other non-olfactory 

GPCRs [47]. 
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2. A mechanism of β-arrestin-biased signaling at the 
dopamine D2 receptor 

Recently there has been a surge of interest in targeting GPCRs with biased or 

functionally selective ligands. These types of ligands favor the engagement of one 

signaling pathway over the other [16, 48]. Functionally selective drugs are predicted to 

have increased specificity of action by only engaging the therapeutically relevant 

pathway, while avoiding activation of potential side-effect inducing pathways [49-51]. For 

the D2R, selective targeting of the D2R/arr signaling pathway may improve drugs used 

to treat schizophrenia, Parkinson’s disease, or other disorders [46, 50, 52].  

However, the question of how fully activated D2R signal transduction cascades 

might be segregated remains unanswered. This is because maximal binding of arr 

occurs at GRK-phosphorylated and agonist-occupied GPCRs [53, 54]. The five non-

visual GRKs that act on GPCRs rely on distinct plasma membrane recruitment 

mechanisms [55]. For GRK2/3, which are the major GRKs that interact with D2Rs, 

plasma membrane recruitment is driven by an interaction between activated G subunits 

and a C-terminal domain in GRK2/3 [28, 56]. Thus, the binding of arr appears to be 

intimately linked to G protein-mediated recruitment of GRKs.  

However, there is precedent for direct recruitment and activation of GRK2 by 

GPCRs. A notable study by Beautrait et al. [57], showed both G protein- and GPCR-

mediated components of GRK2 recruitment and mapped the residues on the N-terminus 

of GRK2 involved in mediating recruitment and/or phosphorylation. Indeed, recent 

structural work at the 2AR and GRK5 demonstrates that GRK5 activation occurs via a 

rearrangement of GRK5’s RH/catalytic domain, which facilitates interaction between the 

GRK’s catalytic domain and the GPCR’s intracellular loops  [58]. These inter-domain 
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interactions in GRKs are also necessary for holding them in inactive conformations [59]. 

Therefore, interaction between the agonist-occupied GPCR and GRKs is necessary for 

activating GRKs and can facilitate their plasma membrane recruitment. In my work, we 

sought to understand how GRK2 action at the D2R would be disrupted when G protein 

activation is eliminated and the effect of this on arr recruitment. 

We have previously generated two D2R mutants that display a high degree of 

signaling bias between the G protein and arr pathways [60]. The G protein preferring 

D2R ([Gprot]D2R) retains the ability to activate G-proteins while having markedly reduced 

arr recruitment, whereas the arr preferring D2R ([arr]D2R) loses engagement of G-

proteins while retaining arr recruitment.  

Additionally, our laboratory contributed to the development and characterization 

of a arr-biased D2R ligand, UNC9994 [44]. UNC9994 is based on the chemical scaffold 

of aripiprazole and has essentially no activity at the G protein pathway but retains partial 

agonism at the arr2 pathway. The degree of UNC9994’s agonist/antagonist activity at 

the arr pathway is dependent on GRK2 expression levels [61]. When GRK2 expression 

is low, UNC9994 behaves more as a arr-biased antagonist and when GRK2 expression 

is high it gains agonist activity at the arr pathway [61]. 

In the present study, we combine these tools to investigate how loss of G protein 

activation impacts GRK2 engagement by the D2R and the resulting effect on arr 

recruitment. We find that direct, G protein-independent recruitment of GRK2 by the D2R 

plays a significant role and is a means whereby the D2R can selectively promote 

D2R/arr interactions. The implications of these findings were further explored using the 

GRK2-dependent ligand, UNC9994, where we found an additive interaction between it 
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and the arr-preferring D2R mutant. The elucidation of this and other mechanisms of 

achieving arr bias should inform future efforts to design functionally selective ligands at 

the D2R and other GPCRs. 

2.1 G protein activation is not required for GRK2 recruitment to 
the D2R 

We first wanted to understand the mechanism whereby the [arr]D2R achieves arr 

recruitment without apparent G protein activation. Originally, the biased D2R mutants 

were characterized at the G protein pathway using the GloSensor assay, which 

measures downstream cAMP as a proxy for G protein activation [60]. Therefore, we first 

tested whether potentially low levels of G-protein activation by the [arr]D2R that could be 

responsible for GRK2 recruitment to this receptor. We employed a recently described 

TGF shedding assay to monitor G-protein activation over time [62]. Importantly, this 

assay is sensitive enough to detect even basal GPCR activity [62]. A cartoon diagram 

depicting how this assay works is presented in Figure 1. We have adapted this assay to 

work with the fluorescent alkaline phosphatase substrate, 4-methylumbelliferyl 

phosphate. (For more details, see [62].) 
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Figure 1: Schematic of TGF shedding assay to measure G protein 

signaling. G-protein coupling for each D2R mutant was assessed via alkaline 
peroxidase activity released into the media following Gq activation of tumor necrosis 

factor--converting enzyme (TACE). Cartoon of assay depicting coupling of D2Rs to 
chimeric Gq proteins. Chimeric Gq protein activation induces TACE activation, which 

cleaves and releases alkaline phosphatase coupled to TGF into the media where it can 

catalyze the dephosphorylation of 4-MUP thereby generating the fluorescent molecule, 
4-MU. 

When performed with a Gi1/2 chimeric Gq protein, we observe the predicted 

shedding of the alkaline phosphatase into the culture media with the [WT]D2R and 

[Gprot]D2R (Fig. 2A). In contrast, there is no activity of the [arr]D2R at  Gi1/2 (Fig. 2A), 

which matches the inactive [D80A]D2R mutant [63]. When performed with a Gi3 chimeric 

Gq protein (Fig. 2B), we observe similar results. A negative control chimeric Gq protein 

that lacks the 6 C-terminal residues also showed no activity with any D2R (Fig. 2C). 

When combined with our previous results using the GloSensor assay [60], we conclude 

that the [arr]D2R completely lacks functional G protein coupling. These data support the 

hypothesis that the [arr]D2R is capable of inducing arr recruitment independently of G-

protein activation. 
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Figure 2: No G protein activation by [arr]D2R. A) Results of the TGF 

shedding assay with Gi1/2-mimetic protein for each D2R mutant. Note: the [D80A]D2R 
could not be fitted to a curve and a value of zero was used for statistical comparisons. B) 

Results of TGF shedding assay with Gi3-mimetic protein for each D2R mutant. C) 

Results of TGF shedding assay with negative control GCterm protein for each D2R 

mutant. Asterisks (****) denote statistical significance (P < 0.0001) for G-protein 
activation efficacy versus negative control [D80A]D2R for Bonferroni-corrected t-test 
following one-way ANOVA P < 0.0001. Error bars depict S.E. of 4 independent 
experiments. 

We next used bioluminescent resonance energy transfer (BRET) assays to 

measure the interaction between the D2R and arr2 or GRK2 [38, 64] (Fig. 3). In order 

to remove the contribution of G-signaling (and its recruitment of GRK2/3) to the 

recruitment of arr2, we pretreated the cells overnight with 200 ng/mL pertussis toxin 

(PTX). PTX ADP-ribosylates Gi/o proteins, which completely inhibits Gi/o activation and 

functional coupling [65-67]. As shown with a arr2 BRET assay in Figure 4, pretreatment 

with PTX reduced the efficacy and potency of arr2 recruitment to the [WT]D2R (Fig. 4A) 

and the efficacy of arr2 recruitment to the [Gprot]D2R (Fig. 4C). In contrast, the 

recruitment of arr2 to the [arr]D2R was not affected by PTX (Fig. 4B). This result 

suggested that G protein-mediated translocation of GRK2 is not necessary for the 

recruitment of arr2 to the [arr]D2R. The level of [WT]D2R’s βarr recruitment has nearly the 

same efficacy as the [βarr]D2R’s. Since the G protein inhibition caused by PTX did not 

eliminate arr2 recruitment to the [WT]D2R or the [Gprot]D2R, an alternative mechanism 
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may enable the D2R to recruit arr2 in the absence of G protein signaling whereby 

GRK2 is directly recruited to the D2R. 

 

 

Figure 3: Overview of BRET assay for measuring arr2 or GRK2 

recruitment. Overview of BRET constructs showing agonist induced recruitment of 

arr2 or GRK2 to D2R, which brings YFP into close proximity to RlucII enabling BRET. 

 

 

Figure 4: Lack of effect of pertussis toxin on arr2 recruitment to [arr]D2R. 
Cells were pretreated overnight with vehicle (solid symbols) or 200 ng/mL PTX (open 
symbols) prior to stimulation with DA dose-response and BRET reading. A) Effect of 

PTX on arr2 recruitment to the [WT]D2R, B) [arr]D2R, C) [Gprot]D2R in response to DA. 
Pound signs (####) denote statistical significance (P < 0.0001) for changes in 
recruitment efficacy by Bonferroni-corrected t-test following two-way ANOVA P < 0.0001, 
while a dollar signs ($$) denote statistical significance (P < 0.01) for change in 
recruitment potency by Bonferroni-corrected t-test following two-way ANOVA P < 
0.0001. Error bars depict S.E. of 5 independent experiments. 
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2.2 GRK2 kinase activity is necessary for full arr2 recruitment 

We next tested how inhibition of GRK2 kinase activity affected recruitment of 

arr2 to the D2Rs. We and others have previously shown that recruitment of arr2 to the 

[WT]D2R is dependent on GRK2/3 kinase activity at both endogenous and heterologously-

expressed D2Rs [61, 68]. We focused on GRK2 since it is expressed in the dopamine 

system [29] and D2R has been previously reported not to undergo significant GRK4/5/6-

mediated phosphorylation in vitro [32].  

We first tested this dependence pharmacologically by pretreating the cells with a 

selective GRK2/3 inhibitor, Cmpd101. Cmpd101 works by binding to the kinase domain 

active site of GRK2/3 with an IC50 of ~35 nM [69] or 290 nM [70], depending on the 

assay used. Importantly, the IC50 for the related kinase GRK5 is >125 M when tested 

with an in vitro kinase assay [69]. Since we do not know the plasma membrane 

permeability of Cmpd101, we pretreated the cells for 60 minutes with 10 M Cmpd101 

for these assays to ensure the IC50 for GRK2 was reached. As shown in Figure 5, A-C, 

pretreatment with Cmpd101 markedly reduces arr2 recruitment to the WT and biased 

D2R mutants. This result indicates that GRK2/3 kinase activity is necessary for the 

maximal recruitment of arr2 to the D2R. 
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Figure 5: Small molecule inhibition of GRK2/3 inhibits recruitment of arr2 

to D2Rs. BRET assay measuring arr2 recruitment to D2Rs in HEK293T cells. Cells 

were pretreated with vehicle (solid symbols) or 10 M Cmpd101 (open symbols) for 1 

hour prior to stimulation with DA dose-response and BRET reading. A) Effect of 10 M 

Cmpd101 on arr2 recruitment to the [WT]D2R, B) [arr]D2R,  C) [Gprot]D2R in response to 
DA. Pound signs (###, ####) denote statistical significance (P < 0.001 or P < 0.0001) for 
change in recruitment efficacy by Bonferroni-corrected t-test following two-way ANOVA 
P < 0.0001, while a dollar signs ($$) denote statistical significance (P < 0.01) for change 
in recruitment potency by Bonferroni-corrected t-test following two-way ANOVA P < 
0.0001. Error bars depict S.E. of 4 independent experiments. 

 

We then confirmed this phenomenon genetically by using a dominant negative 

K220R mutant GRK2 that lacks kinase activity, but can still bind G subunits and be 

recruited to the plasma membrane [71]. Again, we observe that disruption of normal 

GRK2 kinase activity significantly reduces arr2 recruitment to the D2R (Fig. 6, A-C). 

Together these results show that not only GRK2/3 recruitment but also kinase activity 

drives the recruitment of arr2 to the WT and mutant D2Rs. These results support the 

hypothesis that direct GRK2 recruitment to the D2R independently of G-protein 

activation drives its engagement of the arr pathway. 

In order to investigate the contribution of the other subfamily of GRKs 

(GRK4/5/6), we also performed the same assay with overexpression of GRK6 (Fig. 7, A-

C). We did observe slight, statistically significant effects at each D2R mutant; however, 

the results are in contrast to the much larger effect we previously observed with GRK2 
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overexpression [61], where we observed a full log increase in arr2 recruitment potency 

at the [WT]D2R that was reversed by Cmpd101. Therefore, we conclude that GRK2 is the 

key GRK necessary for arr2 recruitment by the D2R. 

 

Figure 6: Dominant negative GRK2 expression inhibits arr2 recruitment to 

D2Rs. BRET assay measuring arr2 recruitment to D2Rs in HEK293T cells. Cells were 
co-transfected with either control pcDNA (solid symbols) or the dominant negative 

K220R GRK2 (open symbols) in addition to the D2R and arr2. Plates were stimulated 

with various doses of DA prior to BRET reading. A) Effect of K220R GRK2 on arr2 

recruitment to the [WT]D2R, B) [arr]D2R, C) [Gprot]D2R in response to DA. Pound signs 
(###, ####) denote statistical significance (P < 0.001 or P < 0.0001) for change in 
recruitment efficacy by Bonferroni-corrected t-test following two-way ANOVA P < 0.0001, 
while a dollar signs ($$) denote statistical significance (P < 0.01) for change in 
recruitment potency by Bonferroni-corrected t-test following two-way ANOVA P < 
0.0001. Error bars depict S.E. of 4 independent experiments. 

 

 

 

 

Figure 7: GRK6 overexpression has little effect on arr2 recruitment to 

D2Rs.  BRET assay measuring arr2 recruitment to D2Rs in HEK293T cells. Cells were 
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co-transfected with either control pcDNA (solid symbols) or GRK6 (open symbols) in 

addition to the D2R and arr2. Plates were stimulated with DA dose-response prior to 

BRET reading. A) Effect of GRK6 overexpression on arr2 recruitment to the [WT]D2R, B) 
[arr]D2R, C) [Gprot]D2R in response to DA. Pound signs (###, ####) denote statistical 

significance (P < 0.001 or P < 0.0001) for change in recruitment efficacy by Bonferroni-
corrected t-test following two-way ANOVA P < 0.0001, while a dollar signs ($$) denote 
statistical significance (P < 0.01) for change in recruitment potency by Bonferroni-
corrected t-test following two-way ANOVA P < 0.0001. Error bars depict S.E. of 4 
independent experiments. 

We next used 32P metabolic labeling to compare the effect of PTX or Cpmd101 

pretreatment on the DA-induced phosphorylation of the D2Rs. As shown in Figure 8A, 

we observed no signal in our assay in the mock transfected condition indicating our 

assay was measuring 32P incorporated into the transfected D2Rs. In Figure 8B, we 

observed a statistically significant effect of DA stimulation alone versus the unstimulated 

condition at the [WT]D2R and [Gprot]D2R, but surprisingly not at the [arr]D2R. However, this 

does not necessarily mean that the [arr]D2R does not undergo DA-induced 

phosphorylation. As previously reported [32] the effect of DA alone was rather modest 

(50% above unstimulated) and we do not know which residues are phosphorylated.  

Nevertheless, these results do demonstrate that when pretreated with Cmpd101 or PTX, 

the effect of DA no longer differed from the unstimulated condition for any D2R (Fig. 8B), 

thereby indicating that both direct GRK2 kinase inhibition (Cmpd101) or pretreatment 

with PTX can reduce D2R phosphorylation.  
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Figure 8: Effect of Cmpd101 and PTX on D2R phosphorylation. Whole cell 
metabolic labeling with 32Pi was carried out in HEK293T cells transfected with HA-tagged 

D2Rs as indicated. Cells were pre-incubated with either 10 M Cmpd101 for 1 hour 

(during the 32Pi labeling) or 200 ng/mL PTX overnight as indicated. Following 10-minute 

stimulation with 10 M DA or vehicle, samples were subjected to the D2R 

autoradiography procedure as described in the Methods. A) Representative blot showing 
32P autoradiography signal and anti-HA western blot, which served as a loading control. 
B) Quantification of D2R autoradiography experiments. Autoradiography signal was 
normalized to the anti-HA western blot and then normalized to the unstimulated 
condition for each receptor. Asterisks (*, **) denote statistical significance at each 
receptor (P < 0.05, 0.01) for Bonferroni-corrected t-test comparing each treatment 
condition to the unstimulated condition following two-way ANOVA (P < 0.0001) for 
treatment. Error bars depict S.D. of 4 independent experiments. 

2.3 Direct interaction between GRK2 and the D2R 

We next directly examined the role of G protein-dependent mechanisms in the 

recruitment of GRK2 to the D2Rs. By using a BRET assay for GRK2 recruitment (as 

schematically shown in Fig. 3), we determined that PTX pre-treatment can significantly 

reduce the recruitment of GRK2 to the [WT]D2R (Fig. 9A). As expected based on our 

previous data, there was no effect of PTX on GRK2 recruitment at the [arr]D2R (Fig. 9B). 

We also did not observe an effect of PTX at the [Gprot]D2R (Fig. 9C). These results are 

similar to the previous results assessing the effect of PTX on arr2 recruitment. 
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Figure 9: Effect of PTX on GRK2 recruitment to D2Rs. BRET assay 
measuring GRK2 recruitment to D2Rs in HEK293T cells. Cells were pretreated overnight 
with vehicle (solid symbols) or 200 ng/mL PTX (open symbols) prior to stimulation with 
DA dose-response and BRET reading. A) Effect of PTX on GRK2 recruitment to the 
[WT]D2R in response to DA. B) Effect of PTX on GRK2 recruitment to the [arr]D2R in 

response to DA C) Effect of PTX on GRK2 recruitment to the [Gprot]D2R in response to 
DA. Curves were fit using a nonlinear fit function. Pound signs (###, ####) denote 
statistical significance (P < 0.001 or P < 0.0001) for change in recruitment efficacy by 
Bonferroni-corrected t-test following two-way ANOVA (P < 0.0001), while a dollar signs 
($$) denote statistical significance (P < 0.01) for changes in recruitment potency by 
Bonferroni-corrected t-test following two-way ANOVA (P < 0.0001) or for panel H 
difference from [WT]D2R by Bonferroni-corrected t-test following one-way ANOVA (P < 
0.01). Error bars depict S.E. of 4 independent experiments. 

 

As a control, we also assessed the effect of Cmpd101 (10 M) on GRK2 

recruitment to the D2Rs (Fig. 5, D-F). As expected for a kinase inhibitor, Cmpd101 had 

no effect on GRK2 recruitment at any D2R. 
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Figure 10: Effect of Cmpd101 on GRK2 recruitment to D2Rs. BRET assay 
measuring GRK2 recruitment to D2Rs in HEK293T cells. Cells were pretreated for 1 

hour with vehicle (solid symbols) or 10 M Cmpd101 (open symbols) prior to stimulation 

with DA dose-response and BRET reading. A) [WT]D2R B) [arr]D2R C) [Gprot]D2R. Pound 

signs (###, ####) denote statistical significance (P < 0.001 or P < 0.0001) for change in 
recruitment efficacy by Bonferroni-corrected t-test following two-way ANOVA (P < 
0.0001), while a dollar signs ($$) denote statistical significance (P < 0.01) for changes in 
recruitment potency by Bonferroni-corrected t-test following two-way ANOVA (P < 
0.0001). Error bars depict S.E. of 4 independent experiments. 

We then tested whether a mutant GRK2 that lacks the C-terminal G binding 

domain could still be recruited to the D2Rs. We engineered a truncated form of the 

GRK2-eYFP construct that eliminates the last 28 amino acids from GRK2 before its in-

frame fusion with eYFP, see Figure 11. The V661 truncated GRK2 mutant has been 

previously shown to disrupt G-mediated translocation of GRK2 without affecting kinase 

activity [72]. 
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Figure 11: Diagram of G binding-deficient GRK2 Mutant. Cartoon of WT 
and V661 truncated GRK2 that were fused in-frame with eYFP to generate BRET 
constructs. The V661 truncated GRK2 lacks 28 amino acids at the C-terminal domain 

that is necessary for G binding, but has retained kinase function. 

We next assessed the interaction between the V661 truncated GRK2 BRET 

construct with the D2Rs. As predicted based on our previous results, we found that this 

GRK2 mutant was able to be dose-dependently recruited to the [WT]D2R and the [arr]D2R 

(Fig. 12). The largest degree of recruitment occurred at the [arr]D2R, which supports the 

hypothesis that the [arr]D2R can recruit GRK2 completely independently of G protein-

dependent mechanisms. The [Gprot]D2R caused relatively little mutant GRK2 recruitment, 

which highlights the fact that GRK2 recruitment occurs in both a G protein dependent 

and independent manner. Taken together, these results clearly demonstrate that the 

D2R can directly recruit GRK2 independently of G-protein mechanisms. 

 

V661 Trunc GRK2

1 54 175 453 521 652 689

N-Term RGS ProteinKinase AGC-Kinase PH C-Term WT GRK2

1 54 175 453 521 652

N-Term RGS ProteinKinase AGC-Kinase PH
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Figure 12: Recruitment of G binding-deficient mutant GRK2 to D2Rs. 

Recruitment of V661 truncated GRK2 to the D2Rs in response to DA. Pound signs 
(####) denote efficacy difference from [WT]D2R by Bonferroni-corrected t-test following 
one-way ANOVA (P < 0.01) while dollar signs ($$) denote potency difference from 
[WT]D2R by Bonferroni-corrected t-test following one-way ANOVA (P < 0.01). Error bars 
depict S.E. of 4 independent experiments. 

2.4 Interaction between a arr-biased D2R ligand and biased D2R 
mutants 

Since the agonist activity of UNC9994 at the arr pathway appears to be 

dependent on GRK2 [61], we next tested its effect at the biased D2R mutants. We 

hypothesized that arr2 recruitment induced by UNC9994 at the [arr]D2R would be 

greater than at the [WT]D2R. Indeed, we find that in HEK293T cells with endogenous 

GRK2 levels UNC9994 has a significantly increased ability to recruit arr2 at the [arr]D2R 

compared to either [WT]D2R or [Gprot]D2R (Fig. 13A). This could be predicted based on 

both the GRK2 dependence of UNC9994 and the increased G protein-independent 

recruitment of GRK2 to the [arr]D2R [61, 64]. When GRK2 was overexpressed (Fig. 

13B), UNC9994 can now cause increased arr2 recruitment to the [WT]D2R as previously 

observed [61]. This effect was also apparent at the [arr]D2R and to a smaller degree the 

[Gprot]D2R. As a test for the kinase specificity, we also overexpressed GRK6 (Fig. 13C) 
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and found essentially no effect at the [WT]D2R although we did observe statistically 

significant effects at the mutant D2Rs compared to WT, but not to the level of GRK2 

overexpression. 

 

Figure 13: Additive interaction between UNC9994 and the [arr]D2R. BRET 

assay measuring arr2 recruitment to D2Rs in HEK293T cells. A) arr2 recruitment to 

the D2Rs by UNC9994 at endogenous GRK levels. B) arr2 recruitment to the D2Rs by 

UNC9994 with GRK2 overexpressed. C) arr2 recruitment to the D2Rs by UNC9994 
with GRK6 overexpressed. Asterisks (*, ***, ****) denote statistical significance (P < 0.05, 
0.001, 0.0001) by Bonferroni-corrected t-test following one-way ANOVA (P < 0.05) 
comparing each D2R mutant to the [WT]D2R’s maximum efficacy. Error bars depict S.E. 
of 4 independent experiments 

We next compared the ability of UNC9994 to induce GRK2 recruitment to the 

wild-type and mutant D2Rs. We found that GRK2 recruitment was significantly enhanced 

at the [arr]D2R (Fig. 14). Again, this illustrates a case where a arr-biased compound is 

engaging the arr pathway through GRK2 in a G protein-independent manner. Taken 

together, these data show that UNC9994-induced arr2 recruitment is dependent on the 

inherent ability of the particular D2R to recruit GRK2.   
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Figure 14: Increased GRK2 recruitment to [arr]D2R induced by UNC9994. 

BRET assay measuring WT GRK2 recruitment to D2Rs in HEK293T cells. Asterisks (***) 
denote statistical significance (P < 0.001) by Bonferroni-corrected t-test following one-
way ANOVA (P < 0.05) comparing each D2R mutant to the [WT]D2R’s maximum efficacy. 
Error bars depict S.E. of 4 independent experiments. 

2.5 Discussion of direct GRK2 recruitment to the D2R: 

implications for arr-biased signaling 

The GPCR desensitization program enables cells to appropriately respond to 

high ligand concentrations by down regulating receptors. This linear pathway begins with 

G-protein activation and terminates after arr binding. arrs binding prevents G protein 

over-activation while also transducing G protein-independent signaling. GRK recruitment 

and activity links G-protein activation to arr recruitment. Therefore, designing 

functionally selective ligands that solely activate either the G protein or arr signaling 

arms is challenging because of the interdependence of these signaling events. 

Identifying receptor and pharmacological mechanisms that disentangle these pathways 

should lead to better drugs targeting GPCRs. 

Here, we investigated how the D2R can achieve arr recruitment via direct 

engagement and activation of GRK2 independently of activated G proteins. We found 

that the [WT]D2R and biased D2R mutants (to varying degrees) can recruit GRK2 directly 
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with a rather modest involvement of G-mediated GRK2 translocation. In fact, the 

[arr]D2R robustly recruits GRK2 without activating G proteins (Fig. 2, B & C) and 

therefore G protein inhibition has no effect on its recruitment of arr2 or GRK2 (Figs. 4B 

& 9B). We have also confirmed a key role for GRK2 kinase activity at recruiting arr2 to 

the D2R, as GRK2 inhibition pharmacologically or genetically reduces arr2 recruitment 

at the D2R (Figs. 5 & 6). These results demonstrate that direct recruitment of GRK2 can 

play a key role during arr-biased activation at the D2R. A cartoon summarizing the 

model is presented in Figure 15.  A caveat to these results is that they were obtained 

using overexpressed D2Rs which may overemphasize the importance of G protein-

independent GRK2 recruitment at the D2R. 

 

 

Figure 15: Cartoon model comparing [WT]D2R to [arr]D2R signaling. As 
depicted in A) the [WT]D2R activates G proteins which play a role in the recruitment of 
GRK2 in addition to the G protein-independent, direct recruitment of GRK2. GRK2 then 

induces the recruitment of arr, which can block further G protein activation by the 
[WT]D2R. B) the [arr]D2R does not activate G proteins but directly recruits and activates 

GRK2 to induce arr recruitment. 
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Therefore, we characterized the response of the biased D2R mutants to the arr-

biased D2R ligand UNC9994. We have previously observed that UNC9994’s degree of 

activity at D2R/arr2 is strikingly dependent on the expression levels of GRK2 both in 

vitro and in vivo [61]. In the context of this work, the increased ability of the [arr]D2R to 

directly recruit GRK2 enables UNC9994 to cause recruitment of arr2 to the [arr]D2R 

even at endogenous GRK2 expression levels (Fig. 13A). This demonstrates that direct 

GRK2 recruitment is relevant to achieving arr-biased signaling and suggests that this 

mechanism could be further exploited by forthcoming D2R ligands. 

In conclusion, this study enhances our understanding of how a arr-biased D2R 

mutant achieves its signaling profile through direct, G protein-independent recruitment 

and activation of GRK2. We also demonstrate that the D2R can recruit GRK2 with an 

unexpectedly large G protein-independent component. This work also provides proof-of-

concept that direct recruitment of GRK2 to the D2R could be a means of tailoring the 

profile of a functionally selective D2R ligand. Often, the key contribution of GRKs in 

mediating the switch between G protein and arr engagement is overlooked when 

screening for or assessing biased drugs. Structural work investigating the mechanism of 

GRK5 activation by GPCRs and investigations of GRK2 activation [57, 58] indicate that 

GRK activation is a key feature of GPCR signal transduction. Therefore, elucidating this 

and other mechanisms of selective G protein or arr pathway engagement will inform 

future efforts to design functionally selective GPCR therapeutics. 
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3. Use of fluorogen activating proteins (FAPs) to monitor 
D2R trafficking: an approach for drug screening 

My rotation project in the Caron lab was to use Fluorogen Activating Proteins 

(FAPs) to monitor cell surface expression of GPCRs in order to develop a screen for 

ligands and modulators of cell surface expression. FAPs work by noncovalently binding 

to a weakly fluorescent small molecule dye and greatly increasing the dye’s fluorescence 

when bound [73]. The increased fluorescence is thought to be due a constraint on bond 

rotations in the fluorescent dye that occurs when it binds the FAP. The FAPs themselves 

are usually single-chain antibodies (scFvs) that are found by panning a library of scFvs 

in a yeast surface-display format to isolate clones that induced increase fluorescence of 

malachite green dye derivatives [73]. For our studies we utilized the MarsCy1-FAP along 

with a membrane impermeant fluorogen, SCi1 [74]. This system was chosen because of 

the 10,000 fold increase in fluorescence of the SCi1 when bound to the MarsCy1-FAP, 

which offers a high signal to noise ratio, as well as the membrane impermeance of SCi1, 

which allows us to monitor cell surface expression of the FAP-GPCR fusion. Additionally, 

the fluorescence spectra of the SCi1 makes it compatible for imaging via a near-infrared 

Western blot scanner (Licor) [75]. 

3.1 Attachment of FAP to the D2R enables monitoring of D2R 
membrane expression 

First, I cloned the MarsCy1-FAP onto the N-terminus of a D2R already fused with 

eYFP on the C-terminus (see Fig. 16). In order to study the effect of D2R antagonists on 

cell surface expression, I next mutated the conserved “DRY” motif which is a canonical 

motif that forms a salt bridge that maintains GPCRs in an inactive state [76, 77]. 

Mutation of the WT “DRY” motif to AAY, as previously observed in similar pathogenic 
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mutations to the Vasopressin 2 Receptor [78], should result in a constitutively active and 

internalized D2R that may also be misfolded and trapped in the ER [79]. In this case, the 

DRY mutant D2R should be able to be rescued by molecular chaperones [80, 81] (or 

D2R orthosteric ligands), which may be able to bind to the newly synthesized D2Rs and 

enable their proper folding and trafficking out of the ER. 

 

Figure 16: Cartoon of FAP-tagged D2R and location of DRY mutation. The 
MarsCy1-FAP was cloned onto the N-terminus of the mus muluscus D2R that was 
already tagged with eYFP on the C-terminus. Not pictured: the signal peptide of Lgr5 
was used on the N-terminus of the FAP tag to ensure correct targeting of the construct 
to the ER during protein translation. Also pictured, the mutation of the DRY motif to a 
constitutively active version of the D2R containing AAY. Thus, two FAP-D2R constructs 
were made with a WT DRY motif or the constitutively active DRY Mutant (AAY). 

 We next examined the effect of the DRY mutation on D2R localization via 

confocal microscopy to image the eYFP tag. As shown in Figure 17A, the WT D2R is 

robustly expressed at the cell surface, but the DRY mutant D2R is primarily found in the 

ER. Treatment with 10 M Spiperone, which is a potent D2R antagonist, rescues the 

surface expression of the DRY mutant D2R. This is likely due to the molecular 

chaperone properties of Spiperone allowing the D2R to fold properly or antagonism of 

the constitutive activity of the D2R. When we quantified the same dishes using the FAP 

tag via the near-infrared Licor scanner, we found that there was very little signal from the 

vehicle treated DRY mutant D2Rs. Despite being expressed, the ER-localization of this 
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mutant prevented its FAP-tag from binding the membrane impermeant SCi1 dye. When 

treated with Spiperone, FAP-tag signal from the DRY mutant D2R is rescued. This effect 

is quantified in Figure 17C. 

 

Figure 17: Validation of DRY motif mutation and rescue with D2R 
antagonist. A) Confocal image showing eYFP tag on WT or DRY mutant D2R in U2OS 

cells in response to vehicle (DMSO) or 10 M Spiperone (D2R antagonist). Note the 

mostly plasma membrane localization of the WT D2R and the ER retention of the DRY 
mutant D2R. Treatment with Spiperone rescues the surface expression of the DRY 
mutant D2R. B) Licor imaging of the SCi1-FAP D2R signal in the same dishes as in A). 
Despite robust expression of the DRY mutant D2R, there is little signal via imaging with 

the Licor since it is mostly localized to the ER, but this is reversed with 10 M Spiperone. 

C) Quantification of the results in B) normalized to WT vehicle treated. Asterisk (*) 
denotes statistical significance by ANOVA followed by post-hoc Tukey analysis.  

3.2 Demonstration of drug screening capabilities of 

constitutively active GPCRs tagged with FAPs 

As a proof-of-principle for the drug-screening applicability of the FAP system for 

identifying GPCR ligands, we next wanted to rescue DRY mutant D2R cell surface 

expression with a library of known D2R antagonists. Using the previously validated effect 

of Spiperone, we first performed a Z’-factor analysis. A Z’-factor analysis is used to 

statistically determine the ability of a high-throughput screen (HTS) to reliably identify 

hits with scores >0.5 indicating an excellent HTS [82]. As shown in Figure 18A, running a 

Z’-factor analysis was performed on a 96-well plate containing U2OS cells stably 
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expressing FAP-D2R DRY mutant where half the cells were exposed to vehicle and the 

other half 10 M Spiperone. Based on this experiment, we calculated a Z’-factor of 0.7 

(Fig. 18 B), which demonstrates the robustness of the FAP-D2R screen. 

We next tested our FAP-D2R DRY mutant U2OS cell line against a panel of 

known D2R antagonists. As shown in Figure 19, known D2R antagonists dose-

dependently rescued cell surface expression of the FAP-D2R DRY mutant. 

In conclusion, I validated the use of a FAP system consisting of a membrane 

impermeant SCi1 dye and the MarsCy1-FAP to generate a generalizable screen for 

molecular chaperones or ligands at GPCRs by using the D2R and the conserved DRY 

motif as a model system. These experiments provided validity for using this screen at a 

GPCR target with no known small molecule ligands, Lgr5. In the paper [75], we used this 

to identify glucocorticoids as potent regulators of Lgr5 surface expression. 

 

Figure 18: Z'-factor analysis of FAP-D2R DRY mutant U2OS cell line. A) 

Infrared image of FAP-D2R DRY mutant surface expression rescue by 10 M Spiperone 

for Z’-factor analysis of U2OS cells. B) Quantification of results. 
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Figure 19: Rescue of FAP-D2R DRY mutant surface expression with panel 
of known D2R antagonists. A) Image of dose-response screen of overnight treatment 
with small molecule antagonists using quantitative infrared plate imaging (V, DMSO 
Vehicle; S, Spiperone; R, Risperidone; Q, Quetiapine; O, Olanzapine; C, Clozapine. 10-
10 (-10) M to 10-5 (-5) M). B) Quantification of results shown in panel A). 
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4. Development of a split-BRET assay for monitoring 

GPCR-arr complex interactions 

A significant problem in studying arr-mediated signaling is determining the 

kinetics and location where a complex between GPCR, arr, and signaling effector 

occurs. Another obstacle is often the same kinase signaling cascades, such as Erk or 

Akt, can be activated both by G protein and arr-dependent mechanisms [83-86]. Often, 

siRNA-mediated knockdown of arr2 or G protein prior to Western blot analysis of 

kinase phosphorylation status is used to ascribe which parts of a signaling response are 

due to activated arr or G protein [87].  In some instances, confocal microscopy can also 

be used to visualize the formation of complexes of GPCR, arr, and effector [36]. Neither 

method provides information on whether the GPCR is bound to arr when it is signaling 

or is a real-time readout of ligand-induced activation. Therefore, in collaboration with 

another biochemistry graduate student, Jeffrey Smith, I have co-developed a method to 

use BRET to measure interactions between GPCR/arr complexes and signaling 

effectors. 

4.1 Application of a split luciferase system to a BRET format 

In order to monitor the formation of GPCR-arr complexes and their interaction 

with effectors, we have adapted a split luciferase system previously developed by Dixon 

et al. termed NanoBiT [88]. This system takes advantage of the small nature of the 

nanoLuciferase which is a 19 kDa engineered luciferase [89] and combines it with 

previously reported properties of split Renilla luciferases to monitor dynamic protein 

complexes [90]. The NanoBiT system consists of a large subunit (LgBiT) of the 

nanoluciferase that was engineered for structural stability and a small 11 amino acid 
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complementing fragment (SmBiT) that was engineered for a low affinity (KD > 10 M) for 

the LgBiT [88]. The low affinity between the bits, means that their interaction is 

dependent on the affinity of their fusion partners for each other. For our system, their 

interaction is driven by the affinity of arr for the GPCR. When the SmBiT binds to the 

LgBiT it enables the luminescence of LgBiT and in practice a signal to background ratio 

of 3,000-5,000:1 can be obtained [88].  Therefore, when we combined the NanoBiT 

system with a fluorescent acceptor tagged effector we were able to simultaneously 

monitor the formation of a GPCR-arr complex via luminescence and the interaction of 

this complex with effectors via BRET. In theory, this provides a considerable advantage 

over only tagging the arr with Renilla luciferase and monitoring its interaction with 

effectors, see Figure 20. 

We first cloned various LgBiT-SmBiT pairs to determine the optimal placement of 

the tags at either the N- or C-terminus of arr and determine if the LgBiT or SmBiT 

should be on the GPCR or arr. Ultimately, we made and tested 4 versions of arr2 and 

2 versions of the prototypical Vasopressin V2 Receptor (V2R), which we used due to its 

known strong interaction with arr2 [91].  
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Figure 20: Cartoon diagram of a conventional BRET versus the Split-BRET 

approach. A) Conventional BRET approach with Rluc-tagged arr2 in a cell co-

transfected with YFP-tagged effectors. Although the signal of interest (GPCR-arr in 
complex with effector) is present, detecting it will be difficult due to the random 

interactions of arr with the effectors in the cytosol. B) Split-BRET approach with LgBiT-

tagged GPCR, SmBiT-tagged arr, and YFP-tagged effectors. Since LgBiT requires 

SmBiT to produce light, only arr-bound GPCRs will produce a signal and the interaction 

of these complexes with effectors can be monitored via BRET. 

We next tested the ability of an untagged GPCR to recruit arr2 to either the 

plasma membrane or early endosomes by tagging the LgBiT with either a myristolation-

palmitolyation sequence (plasma membrane localization) or a 2xFYVE sequence, which 

binds phosphatidylinositol-3-phosphate on early endosomes. We found that both the 

D2R and V2R could cause recruitment of arr2-SmBiT to the plasma membrane or early 

endosomes as shown in Figure 21. These results confirmed that the NanoBiT system 

worked in our hands and that it can provide a readout of the location of arr2 in the cell 

in response to GPCR stimulation.  
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Figure 21: Reconstitution of luciferase activity by D2R- or V2R-mediated 

recruitment of arr2-SmBiT to the plasma membrane or early endosome targeted 
LgBiT. Untagged D2R or V2R were co-transfected with either plasma membrane 
(MyrPalm-LgBiT) or early endosome (2xFYVE) localized LgBiT and increasing amounts 

of SmBiT-arr2. A) Results of D2R-mediated recruitment of arr2 to the plasma 

membrane in response to DA with varying amounts of arr2-SmBiT. B) Results of V2R-

mediated recruitment of arr2 to early endosomes in response to AVP with varying 

amounts of arr2-SmBiT. All results were normalized to their maximal response. Mean 

values (S.E.) of two technical replicates are shown and overall results are from a 

representative experiment that was repeated 2 times. No statistics were performed. 

4.2 Monitoring of GPCR-arr2 complex interactions over time. 

GPCRs such as the D2R are known to interact with arrs with varying patterns of 

avidity and sub-cellular location. The interaction of arr with a GPCR can have multiple, 

non-exclusive outcomes: 1) steric blockade of further G protein interaction by the GPCR, 

this is partly responsible for the phenomenon known as desensitization [31, 53].  2) 

scaffolding of endocytic machinery necessary for clathrin-mediated endocytosis [92, 93]. 

3) transduction of G protein-independent signaling through the scaffolding of various 

kinases and phosphatases [94]. While the binding partners and kinetics of arr-mediated 

endocytosis are well known, the sequence of events and subcellular compartments 

involved in arr-mediated signaling have not been as well established. Therefore, we 

have applied the split-BRET assay as a tool to begin to address these outstanding 
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questions in the field of GPCR signal transduction since it enables us to monitor 

interactions of arr-bound GPCRs. After demonstrating the utility of this assay with 

prototypical GPCRs, the 2AR and V2R, we intend to apply it towards unraveling D2R-

arr2 complexes in future work. 

4.2.1 Sub-cellular localization of Prototypical GPCR-arr2 complexes  

We first wanted to probe the location of GPCR-arr2 complexes over time at 

physiological temperature (37C) by monitoring their formation using a kinetic BRET 

assay with bystander BRET acceptors [95]. We used reagents I previously developed 

where the YFP-derivative mVenus is localized to plasma membrane domains or early 

endosomes [96, 97], see Figure 22. The MyrPalm and KRAS4B tags are suggested to 

target proteins to either lipid rafts or disordered plasma membrane domains, respectively 

[98]. This may prove useful since GPCRs are suspected to signal preferentially from 

plasma membrane lipid rafts [99]. 

 

Figure 22: Targeting of the BRET acceptor mVenus to sub-cellular 
compartments. A) confocal image of untagged mVenus showing localization throughout 
the cytoplasm and nucleus. B) Placement of the myristolation-palmitiolyation consensus 
sequence on the N-terminus of mVenus targets it to the plasma membrane (putatively in 
lipid rafts). C) Placement of the KRAS4B farnesylation sequence on Venus also targets 
mVenus to the plasma membrane (putatively in the disordered phase). D) Placement of 
two copies of the phosphatidylinositol-3-phosphate binding motif (FYVE) localizes 
mVenus to early endosomes. 
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When we combined these bystander BRET sensors with  2AR-LgBiT or V2R-

LgBiT and SmBiT-arr2, we observed a ligand-induced increase in the luminescence 

signal and changes in the BRET ratio in a kinetic BRET assay. This BRET assay is 

different than the previously described BRET assays in this dissertation because it 

monitors the luminescence and BRET values over time in order to provide information 

on how they change over time. For the V2R split-BRET assay with the plasma 

membrane bystander BRET sensors, we observed a ligand-induced increase in 

luminescence indicating association of arr2 (data not shown) and the loss of BRET 

signal overtime indicating that the complex of V2R-arr2 was internalizing away from the 

plasma membrane from both membrane compartments (Fig. 23). These results are 

different from those obtained with the 2AR split-BRET assay (Fig. 24). Here we 

observe that 2AR-arr2’s interaction occurs primarily at the plasma membrane that this 

increases with stimulation and time. These results are in agreement with previous 

observations that the 2AR-arr2 complex is formed at the plasma membrane and that 

upon internalization the arr2 dissociates from the 2AR [91].   

Additionally, we directly compared the luminescence profiles of the 2AR/arr2 

with the V2R/arr2 pairs (Fig. 25). As predicted based on its previously demonstrated 

arr binding profile, the 2AR loses most of its interaction with arr2 by 20 minutes. This 

is in contrast to the V2R which maintains 50% activity at 20 minutes. Some loss of signal 

is also likely due to degradation of substrate. 
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Figure 23: Split-BRET kinetic assay with V2R and plasma membrane 
bystander BRET sensors. HEK293 cells transfected with the above plasmids were 
stimulated with 500 nM arginine-vasopressin peptide (AVP) or vehicle at time 0.  Net 
BRET (BRET ratio minus average of vehicle treated BRET ratio) over time. Upon ligand 

stimulation there is an increase in the BRET ratio indicating the V2R/arr2 complexes 

are present at the plasma membrane over time these values fall indicating the V2R/arr2 

complexes are internalizing away from the plasma membrane. A) Putative disordered 
plasma membrane marker (KRAS4B) fusion with BRET acceptor (mVenus). B) Putative 
lipid raft marker (MyrPalm) fusion with BRET acceptor (mVenus). Curves were fit with a 

one-phase dissociation function. Mean values (S.E.) of three technical replicates are 

shown and overall results are from a representative experiment that was repeated 3 
times. No statistics were performed. 
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Figure 24: Split-BRET kinetic assay with 2AR and plasma membrane 
bystander BRET sensors. HEK293 cells transfected with the above plasmids were 

stimulated with 1 M Isoproterenol (ISO) or vehicle at time 0.  Net BRET (BRET ratio 

minus average of vehicle treated BRET ratio) over time. Upon ligand stimulation there is 

an increase in the BRET ratio indicating the 2AR/arr2 complexes are present at the 

plasma membrane over time these values fall indicating the 2AR/arr2 complexes are 
internalizing away from the plasma membrane. A) Putative disordered plasma 
membrane marker (KRAS4B) fusion with BRET acceptor (mVenus). B) Putative lipid raft 
marker (MyrPalm) fusion with BRET acceptor (mVenus). Curves were fit with a one-

phase dissociation function. Mean values (S.E.) of three technical replicates are shown 

and overall results are from a representative experiment that was repeated 3 times. No 
statistics were performed. 
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Figure 25: Comparison of the kinetics of luminescence signal generated by 

GPCR/arr2 complexes. Following stimulation (t = 0) with their respective ligands, 
luminescence was monitored for approx. 20 minutes and the normalized graphs 

overlaid. Note that the V2R interaction remains higher at t = 20 compared with the 2AR 

interaction. Some of the loss of signal for both may be due to loss of signal due to 
substrate consumption. Error bars represent S.E. Results are the mean of 3 independent 
experiments. No statistics were performed. 

4.2.2 Internalization effector interactions of prototypical GPCR-

arr2 complexes 

One of the main functions of arrs is to act as an adaptor protein between 

GPCRs and the clathrin endocytosis machinery. After identifying the formation and 

localization of GPCR/arr2 complexes, we next wanted to test for interactions between 

these complexes and members of the clathrin-mediated endocytosis machinery. 

Therefore, we cloned fluorescent acceptor tagged versions of the clathrin light chain B 

(CLTB) and Adaptor Protein Complex 2 (AP-2) subunit beta (AP2B1). When expressed 

in cells and imaged via confocal microscopy, there was apparent puncta formation that 

co-localized with 2xFYVE-tagged effectors (data not shown).  
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Next, we used these sensors to identify the time course and magnitude of 

association between GPCR-arr2 complexes and members of the clathrin-mediated 

endocytosis machinery. We again replicated the ligand-induced formation of GPCR-

arr2 complexes (data not shown) and then we could observe an interaction between 

these complexes with AP2-mVenus. Unfortunately, we could not detect BRET using the 

CLTB-mKO acceptor, which is not uncommon as most BRET sensors require multiple 

iterations of optimization to design sensors that do not disrupt protein function and are 

orientated at a reasonable distance from the luciferase. Alternatively, this might also be 

due to clathrin interacting with AP2 and not arr directly. However, for the AP2-mVenus 

sensor we found that agonist stimulation induced an increase in the Net BRET over a 

time course of 20 minutes for both the 2AR and the V2R. 

 

Figure 26: Use of AP2-mVenus sensor to measure interaction between 

prototypical GPCR-arr2 complexes with internalization effector. A) 1 M 

Isoproternol-induced formation of 2AR-LgBiT/SmBiT-arr2 complexes and their 
interaction with AP2-mVenus during a time course of 20 minutes. B) 500 nM AVP-

induced formation of V2R-LgBiT/SmBiT-arr2 complexes and their interaction with AP2-

mVenus during a time course of 20 minutes. Net BRET was calculated by subtracting 
the raw BRET values of no-effector transfected samples from AP2-mVenus transfected 
samples. Curves were fit using a non-linear, one-phase association equation at t > 0. 
Shown are the individual data points (3 technical replicates) from one experiment. This 
experiment was replicated 3 times with similar results. No statistics were performed. 
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4.2.3 Potential signaling effector interactions of prototypical 

GPCR-arr2 complexes 

Next we wanted to explore if we could detect interactions between V2R/arr2 or 

2AR/arr2 complexes and putative effectors such as the kinases Erk2 and Akt. We first 

constructed mKO-tagged versions of both kinases with the mKO placed on either the N- 

or C-terminus. Through preliminary experiments (data not shown) we identified that 

placing the mKO on the C-terminus of either construct was optimal for generating BRET 

between them and the LgBiT-tagged GPCRs. 

As shown in Figure 27, agonist stimulation did not result in a difference in the Net 

BRET for the 2AR/arr2 complex for either the Erk2 or Akt from the mKO control 

condition. These results show that this sensor pairing is not capable of detecting BRET 

between the 2AR/arr2 complex and Erk2 or Akt. However as shown in Figure 27, we 

did detect a difference with the V2R/arr2 complex’s interaction with Akt that differed 

from both Erk2 and mKO control. However, these results need to be further evaluated 

since this may be due to a bystander BRET effect since Akt is targeted to the plasma 

membrane via a PH domain [100]. 
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Figure 27: Split-BRET monitoring of GPCR/arr2 complex interactions with 

putative kinase effectors. A) 2AR/arr2 complex net BRET between cytosolic mKO 

(control), Akt-mKO, and Erk2-mKO. Cells were stimulated with vehicle or 1 M 

Isoproterenol at t = 0. Net BRET was calculated by subtracting the mean BRET value 

for the vehicle treatment from all values for each transfection. B) V2R/arr2 complex net 

BRET with the same conditions as in A, except cells were stimulated with 500 nM AVP. 

Only the V2R/arr2/Akt interaction differed from the mKO control condition. This 

however maybe due a bystander BRET effect (see text). Note: vehicle values are not 

shown. Mean values (S.E.) of three technical replicates are shown and overall results 

are from a representative experiment that was repeated 3 times. No statistics were 
performed. 

4.3 Application of the Split-BRET system to the D2R 

Given the success of applying the Split-BRET system to prototypical GPCRs, we 

next cloned the SmBiT and LgBiT onto the C-terminus of the D2R. The initial data 

showed that the D2R is capable of interacting with the signaling molecules Erk2 and Akt 

(Fig. 28). For Erk2 there appears to be an increase in the association of the D2R/arr2 

complex following stimulation. Whereas for Akt, there appears to be a loss of 

association. These data are consistent with previously reported mediators of D2R/arr2 

signaling [35, 60]. 

More work will be done in the future to apply the Split-BRET system to the D2R 

and other GPCRs in order to study arr-mediated signaling in a variety of contexts 
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including: stimulation with biased ligands, intracellular localization of GPCR/arr 

signaling, effect of GRK-isoform specific phosphorylation (bar code hypothesis), and 

others. 

 

Figure 28: Application of the Split-BRET system to the D2R. Interaction of 

D2R with arr2 along with GRK2 overexpression resulted in a 3-4 fold increase in the 

luminescence following stimulation with 10 M DA indicating complementation of the 
LgBiT and SmBiT. When normalized to the no-acceptor control, the interactions with 

effector kinases Erk2 and Akt were changed over time. Mean values (S.E.) of three 

technical replicates are shown and overall results are from a representative experiment. 
No statistics were performed. 
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5. Use of translating ribosome affinity purification 
(TRAP) to study cell-type specific D2R isoform 
expression and signaling 

Obtaining cell-type specific gene expression information requires the purification 

of desired mRNA from particular cell types. As of the time of writing this dissertation, 

several technologies/methodologies are available for this purpose including: single-cell 

RNA sequencing, isolation of nuclei tagged in specific cell types (INTACT), and 

translating ribosome affinity purification (TRAP). Each system has inherent advantages 

and disadvantages. Our laboratory turned to the TRAP technology in order to study the 

effect of D2R/arr2 signaling in medium spiny neurons (MSNs) expressing D2R due to 

its tractability and ability to be combined with currently used genetically modified mice. I 

played a key role in developing this protocol and method in our lab in collaboration with 

Dr. Joshua Snyder (a post-doc at the time). Unfortunately, we were unable to detect a 

difference in transcript expression in WT versus arr2-KO mice in D2R+MSNs. However, 

this approach allowed us to shed light on an unresolved question in the dopamine 

receptor field. As mentioned in the Introduction, the DRD2 is expressed as two 

predominate isoforms: the short and long, which differ by a 29-amino acid insertion in 

the third intracellular loop [8-10]. The short D2R isoform is thought to function 

predominately as a DA release-regulating autoreceptor on DA-producing neurons; while 

the long D2R isoform functions as a post-synaptic receptor, especially on the spiny 

projection neurons of the basal ganglia [11, 12].  While the presumed selective cellular 

expression of the two D2R forms was based on RNAs protection assays [12], genetic 

manipulations have suggested the two forms might have distinct functions, whether they 

are both expressed in the same cell type has never been fully confirmed. I was able to 
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use this technique to measure the expression ratio of D2R isoforms in two important cell 

types – D2R+MSNs and DA neurons. I will describe those experiments here. 

5.1 Description of TRAP method 

TRAP utilizes genetically modified mice that harbor a GFP-tagged ribosomal 

L10a protein. It was originally developed by Heiman et al. [101], where they made 

separate BAC transgenic mice using cell-type specific promoters to drive expression of 

GFP-L10a [101]. Once ribosomal processing and translation are stalled using 

cycloheximide, the complex of bound mRNA and ribosome can be immunoprecipitated 

using anti-GFP antibodies. This purified mRNA will have arisen from cell types present in 

the tissue that expressed GFP-L10a and can be used in a myriad of downstream 

applications: RT-PCR, microarray profiling, and deep sequencing. 

In order to expand the capabilities of TRAP beyond the BAC mouse lines, we 

generated a Cre-inducible version of the TRAP transgene (GFP-L10a) that was knocked 

into the ROSA26 locus to enable global expression (Fig. 29). In order to aid genotyping, 

we also included a constitutively-expressed, membrane-targeted version of the orange 

fluorescent protein mKO that is deleted upon Cre expression. The Cre dependence of 

this construct is demonstrated in Figure 29B, whereby an AAV delivered Cre co-localizes 

with L10a-GFP expression in the characteristic nucleolus expression pattern of L10a-

GFP. When the TRAP mouse was bred to a D2R+MSN-specific Cre line, Adora2a-Cre, 

we observe robust and specific expression of the TRAP transgene in enkephalin positive 

MSNs (Fig. 29C). When bred to a DA neuron-specific Cre line, DAT-Cre, we observe 

expression in tyrosine hydroxylase positive neurons in the VTA and SNc (Fig. 29D).  
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Figure 29: Design and validation of TRAP mouse. A) Construct cartoon of 
TRAP transgene knocked-in to the ROSA26 locus. Following Cre activity, the 
membrane-targeted OFP is removed and the TRAP-transgene (GFP-L10a) is flipped 
into the correct orientation for transcription downstream of a CAG promoter. B) AAV-
mediated Cre delivery into mouse brain activates TRAP-transgene in cells expressing 
Cre. C) Crossing TRAP mouse with Adora2a-Cre (D2R+MSNs) results in TRAP-
transgene expression in Enkephalin positive MSNs. D) Crossing TRAP mouse with DAT-
Cre (DA neurons) results in TRAP-transgene expression in tyrosine hydroxylase positive 
neurons in the VTA/SNc. 

5.2 Use of TRAP to obtain cell-type specific mRNA and 
evaluation of D2R isoform expression 

We then performed TRAP using the TRAP mouse line bred to either Adora2a-

Cre or DAT-Cre. After generating cDNA from the TRAP-derived mRNA, we measured 

enrichment of D2R+MSN- or DA neuron-specific genes using RT-PCR (Fig. 30A). We 

found the predicted relative enrichment of pro-enkephalin (PENK) in the Adora2a-Cre 
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samples and the enrichment of both tyrosine hydroxylase (TH) and the dopamine 

transporter (Slc6a3) between our TRAP-derived samples. 

We first generated a non-selective (total) D2R RT-PCR probe that detected both 

D2R isoforms along with a D2L-specific probe that failed to detect plasmid D2S DNA 

(Figure 30B and data not shown). We then generated a standard curve of D2L plasmid 

DNA using either the total D2R probe or the D2L-specific probe (Figs. 30C and 30D). 

Using the standard curve, we next assessed our ability to measure relative amounts of 

D2L and D2S mixed within the same sample (Fig. 30E) and we found a strong 

correlation between measured and actual D2L/D2S ratios. Then using the validated 

standard curve, we measured the ratio of D2L to D2S in unknown samples derived from 

either total mRNA from the striatum or midbrain or TRAP-derived mRNA from the 

Adora2a-Cre of DAT-Cre mouse lines. We found that in all the samples except the 

midbrain total mRNA that the expression ratio was about 50:50 (Fig. 30F). Interestingly, 

the expression ratio of the D2L was increased in the midbrain total mRNA sample to 

approximately 70%. This indicates that the two isoforms are expressed at comparable 

amounts in both D2R+MSNs and DA neurons. 
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Figure 30: RT-PCR analysis of TRAP-derived mRNA for D2R isoform 
expression. A) RT-PCR analysis of TRAP-derived mRNAs from either D2R+MSNs or 

DA neurons. The CT method was used to compare the relative abundance of known 

D2R+MSN and DA neuron markers to GAPDH. Relative to each other, D2R+MSNs 
express significantly more pro-enkephalin (PENK) and DA neurons express significantly 
more tyrosine hydroxylase (TH) and the DA transporter (Slc6a3). B) RT-PCR probe 
binding sites for detecting total and D2L-specific D2R transcripts. The total probe detects 
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the exon 2 – exon 3 splice site, which is present in all D2R mRNAs, whereas the long-
specific probe detects the exon 6 – exon 7 splice site, which is only present in the log 
isoform. C) Standard curve of known amounts of D2R plasmid DNA detected using the 
total D2R probe. D) Standard curve of known amounts of D2R plasmid DNA detected 
using the long D2R probe. E) Varying known ratios of D2S to D2L plasmid DNA were 
mixed and then used in the RT-PCR to determine how accurate our dual RT-PCR primer 
pairs were at detecting the amount of D2L versus D2S percent expression. Percentages 
are of the amount of D2L plasmid DNA in a sample. F) Measurement of D2R expression 
ratio from total mRNA or TRAP-derived mRNA. There is a significant increase in the 
amount of D2L expression in the midbrain when total mRNA is isolated, but all other 
values are not different from each other. ANOVA < 0.001 followed by Tukey’s multiple 
comparisons test (**, ***) indicates P < 0.01 or P < 0.001 for Tukey’s test. 

5.3 The short D2R isoform can be biased by mutations and 
displays similar pharmacological properties to the long D2R 

isoform 

Given the prominent expression of the D2S, we next wanted to investigate 

whether it could be biased through mutations like the D2L and how it might interact with 

UNC9994. As referenced in Chapter 2, the biased D2R mutations we previously 

published on were engineered in the D2L, so we wanted to see if these mutations 

applied to the D2S isoform. As shown in Figure 31A, mutation of these same resides in 

the D2S results in the loss of G protein signaling by [arr]D2S and virtually no effect on the 

ability of [Gprot]D2S to couple to G proteins as assessed by the GloSensor assay. We next 

investigated the effect of these mutations on -arrestin2 recruitment (Fig. 31B) using 

BRET, we found similar results as we have reported for the D2L for the D2S mutants. 

This pattern also held for -arrestin1 recruitment (Fig. 31C). These results demonstrate 

that the biased mutants we previously identified with the D2L also apply to the D2S. 

We next tested how GRK2 overexpression and inhibition affected arr2 

recruitment to the D2S based on the observation that arr2 recruitment to the D2L is 

dependent on GRK2 function. Following stimulation with DA, we found that GRK2 

overexpression has a slight effect on arr2 recruitment potency and that 
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pharmacological inhibition of GRK2 with Cmpd101, a GRK2/3 selective inhibitor, 

inhibited arr2 recruitment (Fig. 32A). Following stimulation with UNC9994, we found 

that GRK2 overexpression increased arr2 recruitment potency and that 

pharmacological inhibition of GRK2 with Cmpd101 inhibited arr2 recruitment (Fig. 32B). 

These results suggest that the D2S has the same GRK2 dependence as D2L and that 

UNC9994’s in vivo effects could also be partly mediated by the D2S. 

We next evaluated the ability of the D2R isoforms to internalize following 

stimulation with various D2R agonists and partial agonists (Fig. 33). In order to monitor 

internalization we used a bystander BRET assay using the sensors previously 

described. We found that both the D2L and D2S internalized following agonist 

stimulation as indicated by an increase in the BRET ratio at early endosome (2xFYVE) 

localized mVenus. GRK2 overexpression enhanced the internalization of both D2R 

isoforms (Fig. 33 B & D). Interestingly, we found that aripiprazole induced very slight 

internalization without GRK2 overexpression, but UNC9994 did not cause internalization 

that differed from vehicle (Fig. 33).  

In conclusion, we found using TRAP that the D2R isoform expression ratio did 

not differ between MSNs and DA neurons and that the D2S was significantly expressed 

in both regions. We found that the D2S could be biased using the same mutations 

identified with the D2L. Additionally, we did not observe any differences between the 

D2L and D2S with respect to their pharmacological properties. However, some have 

shown that he D2R isoforms differ in their interaction with Rabex 5 [102], but we did not 

evaluate this phenomena ourselves. 
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Figure 31: Biasing mutations transfer to the D2S. A) GloSensor assay 
measurement of D2R-mediated inhibition of isoproterenol (100 nM)-stimulated increases 

in cAMP by D2S mutants. B) arr2 BRET recruitment assay using D2S mutants. C) 

arr1 BRET recruitment assay using D2S mutants. Mean values (S.E.) of three 
technical replicates are shown and overall results are from a representative experiment 
that was repeated at least 3 times. No statistics were performed. 
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Figure 32: GRK2 manipulations regulate the response of D2S to DA and 

UNC9994. A) arr2 BRET recruitment assay using D2S WT with endogenous or 
overexpressed levels of GRK2. Prior to stimulation with DA cells were also treated for 1 

hour with 10 M Cmpd101 (GRK2 kinase inhibitor) or vehicle (DMSO). B) Same as in A, 

except cells were stimulated with UNC9994A. Mean values (S.E.) of three technical 

replicates are shown and overall results are from a representative experiment that was 
repeated at least 3 times. No statistics were performed. 
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Figure 33: Both D2R isoforms internalize with agonist stimulation. 
Bystander BRET assays using early endosome sensor indicating internalization of D2Rs 
into early endosomes following drug stimulation. A) D2L with endogenous GRK2. B) D2L 
with overexpressed GRK2. C) D2S with endogenous GRK2 D) D2S with overexpressed 

GRK2. Mean values (S.E.) of three technical replicates are shown and overall results 

are from a representative experiment that was repeated at least 3 times. No statistics 
were performed. 
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6. Development of a chemogenetic mouse model of dual 
DA circuit dysfunction based on DA hypothesis of 
schizophrenia 

Although schizophrenia (SZ) is a complex disorder with an unknown etiology, DA 

system dysfunction has been implicated in playing a primary or secondary role in the 

disorder [3, 103].  The DA hypothesis of SZ began with the realization that all 

antipsychotic drugs (APDs) are D2R blockers [40].  Since this time, SZ hypotheses have 

evolved to not only posit excess DA tone in the striatum, but also a DA deficit in the 

prefrontal cortex (PFC) [3].  Striatal hyperdopaminergia is thought to underlie the positive 

symptoms of SZ, which include hallucinations and delusions; whereas the cortical 

hypodopaminergia is presumed to contribute to the negative symptoms, which refer to 

social impairments, avolition, and cognitive deficits.  However, a direct test of the 

bimodal disruption of DA function in SZ has not been conducted in a single, 

comprehensive mouse model.  Furthermore, the efficacy of current APDs is limited 

primarily to treating the positive symptoms of SZ through blockade of D2Rs.  This 

property renders them ineffective in alleviating DA dysfunction in the PFC.  The 

development of new strategies to comprehensively treat the full spectrum of SZ-related 

symptoms has been hindered by the lack of a mouse model that possesses both types 

of DA dysfunction.  Therefore, a mouse model that has both types of DA dysfunction 

separately or simultaneously in an exquisitely controlled way will enable studies to 

address not only the fundamental contributions and interactions of both types DA 

dysfunction to SZ-like symptoms but could also provide a valid means for testing better 

treatments.  
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Evidence for the DA hypothesis of SZ comes from multiple sources [3, 103-106], 

but it is based on clinical studies demonstrating increased striatal DA release following 

amphetamine administration and deficits in DA release in the PFC of SZ patients versus 

controls  [107-109].  Additionally, Golgi-Cox staining of post-mortem brain samples 

shows a decrease in the spine densities of neurons in the dorsolateral PFC of SZ 

patients compared to controls [110, 111].  Determining whether hypodopaminergia in the 

PFC can decrease spine density, as seen with mesocortical DA depletion in rodents 

[112], could provide mechanistic insights into the pathogenesis of SZ which may 

synergize with a patient’s genetic or environmental predisposition to have decreased 

spines in this brain region [113, 114].  The development of a mouse model that can 

accurately recapitulate this DA system dysfunction will provide a much-needed tractable 

system for addressing issues related to SZ.  Additionally, such a mouse model can be 

used to test new pharmacological agents that could reverse the behavioral and 

morphological phenotypes underlying the PFC- and striatal-based SZ symptoms. 

The recent engineering of an orthogonal Designer Receptors Exclusively 

Activated by Designer Drugs (DREADDs) system has made the proposed mouse model 

eminently feasible through the multiplexed control of neuronal function using a dual 

DREADD system [115].  Orthogonal bacterial recombinase tools have enabled Boolean 

logic-based regulation of viral vector expression in the brain [116].  These tools along 

with the proposed mechanism of action of UNC9994 provides the opportunity to test not 

only the DA hypothesis of SZ but also the efficacy of a pharmacological treatment that 

addresses both aspects of SZ [44, 117].  Therefore, these tools can be combined in an 

innovative way to generate a mouse model of SZ-related DA system dysfunction that 

can be used to validate new treatments for SZ. 
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6.1 Design of constructs for recombinase dependence 

The reagents I developed are innovative since they enable two DA circuits to be 

differentially and independently regulated.  We employ two orthogonal recombinases 

that act on engineered constructs: Construct #1 is Cre-inducible & Flp-deletable whereas 

Construct #2 is Flp-inducible (Fig. 34A) [116, 118].  A retrograde CAV2-delivered Cre-

inducible Flippase [119] switches which DREADD is expressed, which allows different 

DREADDs to be expressed in separate brain circuits within the same mouse. In addition, 

we have also engineered our constructs to co-express a spectrally-resolvable, nuclear-

localized fluorescent proteins (FPs; mTFP1 or mKO1) [120, 121] and have added unique 

epitope tags to the N-terminus of each DREADD (3xHA or V5) (see Fig. 34A). These two 

additions enable the identification and quantification of neurons expressing either of the 

DREADD constructs via immunohistochemistry (IHC) by imaging the cell body along 

with staining for a cell type-specific marker. The outcome of co-expression of the 

DREADD constructs with either Cre alone or Cre & Flp is depicted in Figure 34B. 
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Figure 34: Construct maps for recombinase control of DREADD expression 
and results of recombinase action. A) Maps of Constructs: Both constructs contain a 
nuclear-localized, spectrally-resolvable FP (mTFP1 or mKO1) linked via a cleavable P2A 
protein sequence to an epitope-tagged DREADD (3xHA-KORD or V5-hM3D) in the 
reverse orientation. For Construct #1, Cre acts on the construct to reverse the 
orientation of the open reading frame to enable hSyn-driven expression, while Flp will 
delete Construct #1 between the F3 sites. For Construct #2, Flp will act on the construct 
to reverse the orientation of the open reading frame to enable hSyn-driven expression. 
These recombinase-sensitive features can be engineered for any combination of 
DREADD or FP only controls. B) Result of Cre or Cre & Flp action on the Constructs. 
Cre expression alone results in nuclear expression of mTFP1 and membrane expression 
of KORD. Cre & Flp expression results in nuclear expression of mKO1 and membrane 
expression of hM3D. 

6.2 In vivo validation of DREADD construct expression 

After we validated Cre- and Flp-mediated regulation of our constructs in vitro 

(data not shown), we generated adeno-associated virus (AAV) serotype 10 particles to 

test their regulation of virus in vivo [122].  For our proof-of-concept model to evaluate the 

effects of increased nigrostriatal activity and decreased mesocorticolimbic activity, we 

will use the scheme in Figure 35A. We have validated that the DAT-Cre line [123] 
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expresses Cre with high specificity and penetrance for DA neurons since this is an issue 

reported in the literature [124]. We have also confirmed via IHC that the 

mesocorticolimbic DA neurons that project to the PFC express Cre in these mice (data 

not shown). Bilateral co-injections of the DREADD AAVs will be made in DAT-Cre mice 

to target both the VTA and SNc along with a bilateral injection of the retrograde CAV2 

expressing Flippase in a Cre-dependent fashion [119].  

When imaged at high magnification for the nuclear-localized FPs and stained for 

the epitope tags, we found our constructs to exhibit binary expression of the nuclear-

localized FPs and the membrane-targeted, epitope-tagged DREADD constructs (Figure 

35B). These results confirm what was predicted based on the engineered recombinase-

sensitive features of the constructs. Figure 35C shows a lower-power image of results 

from preliminary studies, where mKO1/hM3D expression is located primarily in the SNc 

and lateral VTA and mTFP1/KORD expression is localized to the medial VTA. These 

results are consistent with the known anatomical projections of the nigrostriatal and 

mesocorticolimbic pathways of midbrain DA neurons [125]. Based on their known 

signaling properties, we predict the administration of DREADD ligands, CNO or SalB, 

will exert the physiological effects outlined in Figure 35D. Further IHC validation of the 

correct DREADD expression will be performed at the various projection sites by staining 

for the epitope tags on the DREADDs in slices containing the PFC, striatum/NAc, 

hippocampus, and amygdala. 



 

59 

 

Figure 35: In vivo application of DREADD model. A) Injection scheme: 
Targeting of two DA circuits by injecting into a DAT-Cre mouse brain the following 
viruses: i) Retrograde CAV2 containing a Cre-dependent Flippase (Flex-Flp) injected 
into the dorsal striatum. ii) Dual injection of AAVs containing constructs #1 & #2 into the 
VTA/SNc. The resulting mouse will express the activating hM3D in the nigrostriatal 
pathway (magenta) and the inhibitory KORD in the mesocorticolimbic pathway (green). 
The VTA/SNc coloration represents the nuclear-localized FP reporters. B) Validation of 
binary DREADD expression: the DA neurons of the VTA show binary expression of 
either nuclear mTFP1 (blue) with HA-stained membranes (green) or nuclear mKO1 
(orange) with V5-stained membranes (magenta). C) Anatomical verification of CAV2 
retrograde properties: The expression of the mTFP1/KORD construct is restricted to the 
medial VTA, whereas the mKO1/hM3D is expressed in the lateral VTA and SNc; this 
matches the expected anatomical location of the nigrostriatal and mesocorticolimbic 
circuits. D) Table showing circuit effects of DREADD ligand administration. 
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6.3 In vivo validation of DREADD-mediated behavioral effects 

After confirming that we could express the DREADD constructs in vivo in defined 

DA neuronal populations, we then tested if CNO administration was active in causing DA 

release. Since locomotion is regulated by DA release into the striatum, we first used 

open field locomotion to test the DREADD system. As shown in Figure 36, CNO 

administration induces sustained hyperlocomotion only in Cre-positive mice that have 

been injected with DREADD AAVs and has no effect in Cre-negative mice. These results 

are similar to those previously reported for hM3D expressed in VTA DA neurons [126]. 

Further validation of the DREADD model will be performed using fast-scan cyclic 

voltammetry and IHC. 

 

Figure 36: In vivo effects of CNO administration on open-field locomotion. 
A) Cre positive or Cre negative mice injected with DREADD-expressing (hM3D) AAVs in 
VTA/SNc were administered the indicated doses of CNO at t=0. Locomotion in the open 
field was measured over the course of 2 hours. Note the dose-dependent timing of the 
effect of CNO. B) Same data as in A, but integrated from t=0 to t=120 min. No statistics 
were performed.  
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6.4 Future directions of DREADD-based mouse model 

After these studies were completed, issues were raised regarding the use of 

CNO to activate DREADDs in vivo [127]. The authors of this study demonstrated that 

CNO (which is an inactive metabolite of clozapine), does not penetrate the blood-brain 

barrier very well and that CNO can be back-metabolized into clozapine. Furthermore, the 

authors show that these very low concentrations of clozapine are sufficient to activate 

CNO in vivo. While these studies provide insight into the mechanism of action of 

DREADDs, they do not preclude the use of DREADDs as a model system for SZ. We 

can use low doses of clozapine to activate our system at which there would be little to no 

effect on clozapine’s receptor targets or we can use compound 21 [128], which is 

another ligand capable of activating the hM3D. 

Once we have a validated model system, we plan on testing these mice on a 

battery of behavioral tests that are designed to assess features of positive and negative 

symptoms. For assessing positive-like symptoms: 1) open-field locomotion 2) pre-pulse 

inhibition (PPI). For assessing negative-like symptoms: 1) social interaction 2) novel 

object recognition 3) T-maze 4) cognitive flexibility testing [129]. Once we have identified 

behavioral deficiencies induced by DREADD-mediated activation or inactivation of a 

particular DA circuit, we will then try to reverse these deficiencies by administering 

classical antipsychotics and UNC9994. We predict that UNC9994 will have efficacy in 

reversing at least some of the negative behavioral symptoms induced by PFC 

hypodopaminergia due to its ability to increase fast-spiking interneuron firing [61].  
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7. Concluding remarks and future directions 

These studies are united by a common theme of accessing and understanding 

the role of arr-mediated signaling downstream of the D2R as a means to improve 

treatments for SZ. First, I have presented work that helps us understand how biased 

activation of the arr pathway can occur in the absence of G protein activation at the 

D2R. These studies demonstrate that the D2R can directly recruit and activate GRK2 

and that this mechanism can enable arr-biased signaling at the D2R. This type of 

mechanism may also be applicable to other GPCRs that are primarily phosphorylated by 

GRK2/3. 

Second, consistent with arr’s known role in mediating GPCR internalization, I 

provide proof of concept that high-throughput drug screens that assess GPCR surface 

expression with a FAP-membrane impermeable dye pair can identify agonists or 

antagonists of GPCRs. These types of screens are immediately applicable to nearly any 

GPCR and can be performed for agonists of the receptor using the WT form or for 

antagonists by making a mutation in the widely conserved “DRY motif”. Since these 

types of screens can be performed in 384-well plates using an infrared Western blotting 

scanner they can be performed in most academic labs with specific expertise for the 

GPCR or other cell surface receptor to be studied. 

Third, I have developed a BRET-based assay using a split Luciferase that allows 

for the monitoring of GPCR-arr2 complex interactions with known effectors or 

intracellular domain markers. Through this assay we hope to demonstrate that 

monitoring GPCR-arr2 complexes can enable the identification of signaling effectors 

that are activated via arr2. This assay will also be useful to define the sub-cellular 
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localization of GPCR-arr2 signaling by monitoring the interactions of cellular 

compartment-targeted luciferases with GPCRs and arr2 and the localization of these 

complexes with signaling effectors such as kinases or phosphatases. 

Fourth, I have applied the TRAP technique towards addressing the expression 

pattern of D2R splice variants. I found that the D2R isoform expression does not differ 

between MSNs and DA neurons, which was unexpected based on previous literature. 

But I also found that the biasing mutations at the D2R, which were originally discovered 

at the long D2R, are applicable to the short D2R. 

Finally, I have conceived and developed a DREADD-based model of the DA 

system imbalances proposed to underlie the symptoms of SZ. I have provided proof of 

concept that Boolean-logic based regulation of DREADD constructs by orthogonal 

recombinases can enable the selective expression of DREADDs in distinct DA circuits 

that are relevant to SZ. The results of these experiments will directly test the DA 

hypothesis of SZ and provide insight into how antipsychotics work. In particular, the arr-

biased D2R partial agonist, UNC9994, will be assessed in this model as a means of 

identifying its mechanism of action at cortical D2Rs. 

Identifying the complete interactome of D2R/arr2 signaling and establishing the 

effects of these signaling pathways on cellular physiology will be important for 

understanding of the role of D2R/arr2 signaling in the etiology of SZ and will be 

applicable for the pharmacological treatment of SZ. Furthermore, demonstrating that 

preferential activation of D2R/arr signaling via direct GRK2 recruitment provides insight 

into how the full activation of intertwined signaling pathways can be segregated 

pharmacologically and potentially exploited for therapeutic use.  
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Appendix A – Materials and Methods 

Unless otherwise stated, graphing, curve fitting, and statistical analysis were 

performed in GraphPad Prism 7. 

A.1 Materials and methods for chapter 2 

A.1.1 Plasmids 

For the BRET experiments, previous vectors encoding the mus muluscus 

dopamine D2 receptor (long variant) in either the WT, Gprot, arr, or D80A mutants was 

cloned in-frame the N1-Rluc vector (Perkin Elmer) [60]. We modified the BRET 

constructs by replacing Rluc with RlucII on the D2Rs. The Rluc was mutated into RlucII 

by introducing two point mutations (C124A and M185V) via PCR mutagenesis. 

Subsequently, all DNA vectors were re-sequenced via Sanger sequencing (Eton 

Bioscience Inc., San Diego, CA) to verify the correct identity of the D2R mutants and to 

check for random mutations. 

Additionally, the sensitivity of the D2R/arr2 BRET experiments was further 

increased by cloning mus muluscus arr2 into the N1-mVenus vector (Addgene plasmid 

#54640) instead of the previously used N1-eYFP vector (Clontech, Mountain View, CA). 

This was done by PCR amplification of arr2 with the following primers to add a 5’NheI 

site (5’ GCTAGCATGGGAGAAAAACCCGGGACCAGGG) and a 3’ApaI site (5’  

GGGCCCGGCAGAACTGGTCATCACAGTCATC) and cutting this PCR product into the 

linearized N1-mVenus vector. This resulted in about a 2-fold increase in the maximal 

BRET signal versus the Rluc/eYFP construct pair (data not shown). 

For the V661 Truncation GRK2-eYFP vector, Bos taurus WT GRK2 was PCR 

amplified with the following primers to add 5’ HindIII and 3’ BamHI sites immediately 
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following V661 with the addition of GC to maintain the correct reading frame: 5’  

CGAGCTCAAGCTTCCAATTCGGCGCCATGGCGGACCTGGAGGCGGTGC & 3’ 

GGATCCCGGTTCTTCATCTTGGGCACCCG. This V661 truncated GRK2 PCR product 

was cloned into the same N1-eYFP vector that was used for the WT GRK2. The 

subsequent clones were verified by Sanger sequencing. 

For the GRK2 K220R plasmid, the Bos taurus GRK2 K220R construct (Addgene 

plasmid #35403) was PCR amplified and ligated into pcDNA 3.1+ using 5’NheI and 

3’NotI sites and the following primers: 5’ 

ATTTAAGCTGGCTAGCGCCACCATGGCGGACCTGGAGGCGGTG and 3’ 

GCGGCCGCTCAGAGGCCGTTGGCACTGCC. The subsequent clones were verified by 

Sanger sequencing. 

The Bos taurus WT GRK2 plasmid was used [130]. 

For the TGF shedding assay, plasmids were the same as those described in 

[62], except for the D2Rs, which were the same as in [60]. 

For the D2R phosphorylation assay, plasmids were the same as in [60]. 

A.1.2 Cells 

HEK293T cells obtained from the American Type Culture Collection (ATCC) were 

cultured and transfected via the standard calcium phosphate method and were used in 

all BRET assays. For the TGF shedding assay, HEK293 cells that lack Gq/11, which 

were previously modified via CRISPR/Cas9 and characterized [131] in order to reduce 

non-specific shedding activity. 
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A.1.3 Chemicals and drugs 

 Dopamine hydrochloride, ascorbic acid, 4-methylumbelliferyl phosphate 

(4-MUP) disodium salt, and DMSO were purchased from Sigma-Aldrich (St. Louis, MO). 

Cmpd101 was purchased from HelloBio (Princeton, NJ). Coelenterazine h and pertussis 

toxin were purchased from Cayman Chemical (Ann Arbor, MI). Hanks Balanced Salt 

Solution (HBSS) with Ca2+ and Mg2+ was purchased from Thermo Fisher Scientific 

(Waltham, MA). UNC9994 was synthesized as previously described [44]. Phosphorus-32 

radionuclide orthophosphoric acid in water (specific activity: 285.6 Ci/mg, concentration: 

10 mCi/mL) was purchased from Perkin Elmer (Waltham, MA). Unless otherwise state 

all other incidental chemicals were purchased from Sigma-Aldrich (St. Louis, MO). 

Cmpd101 was initially dissolved in DMSO at 10 mM and subsequently diluted in HBSS. 

UNC9994 was initially dissolved in DMSO at 10 mM and subsequently diluted in Drug 

Dilution Buffer (HBSS supplemented with 20 mM HEPES, 0.3% BSA, 0.03% ascorbic 

acid) to maintain solubility of the compound. Dopamine was dissolved directly in HBSS 

supplemented with 0.03% ascorbic acid to prevent oxidation, except where compared 

directly to UNC9994, where the Drug Dilution Buffer was used instead.  

A.1.4 BRET assays 

Performed as described previously using pre-determined ratios of RlucII and 

mVenus tagged proteins [38]. Briefly, HEK293T cells were seeded at 70% confluence in 

a 6 well plate on the previous day and transfected via the calcium phosphate method 

using 0.4 g of D2R-RlucII and either 2.5 g arr2-mVenus or 1.0 g GRK2-eYFP. The 

following day, cells were plated onto poly-D-lysine coated, clear bottom, white-walled 96-

well plates using clear MEM supplemented with 10 mM HEPES, 1x GlutaMax, 2% FBS, 
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and 1x Anti-Anti (BRET media). If cells were treated with PTX, they were incubated with 

200 ng/mL overnight before the day of the experiment. If cells were treated with 

Cmpd101, cells were incubated with 10 M for 1 hour prior to running the assay. On the 

day of the assay, the media was removed, a white vinyl sticker was placed on the 

bottom of the plate and HBSS was added to bring the final volume to 100 L per well. A 

10x concentration of colenterazine h (10 L – final concentration ~4.7 M) along with a 

10x dose-response of ligand (10 L) was added and the plates read on a Berthold 

Mithras LB 940 plate reader (Bad Wildbad, Germany). These readings were averaged 

per plate and the plate averages were combined in the graphs presented with the basal 

BRET ratio (unstimulated) subtracted off to give the Net BRET ratio. There was no 

significant difference between the D2R mutants at baseline in any of the assays. 

A.1.5 TGF shedding assays 

Performed essentially as described in [62] with a difference in the alkaline 

phosphatase substrate and the use of Gq/11 CRISPR-knockout cells [131]. We used the 

fluorescent substrate, 4-Methylumbelliferyl phosphate (4-MUP), instead of p-Nitrophenyl 

Phosphate (p-NPP). This enabled us to measure the alkaline phosphatase using a 

ClarioStar plate reader (BMG Labtech, Ortenberg, Germany) equipped with a 

fluorescent reader, with excitation set at 360 nm (10 nm) and emission at 450 nm (15 

nm). Data were collected over the course of 30 minutes. The shedding activity was 

calculated by dividing the amount of phosphatase activity present in the conditioned 

media by the amount present on the cells plus the conditioned media. These values 

were then vehicle subtracted and normalized (%) to the amount of alkaline phosphatase 
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activity in the conditioned medium induced by 100 nM TPA for each transfection 

condition. 

A.1.6 D2R phosphorylation experiments 

 These experiments were performed essentially as described previously 

[32, 132] with slight modifications. 3xHA epitope-tagged D2R receptor constructs were 

transfected into HEK293T cells. The next day, cells were re-plated at high density onto 

poly-D-lysine coated 6 well plates in low-serum BRET media. If cells were treated with 

PTX, they were incubated overnight with 200 ng/mL. The following day, cells were 

metabolically labeled with 100 Ci of 32Pi in phosphate-free DMEM containing 20 mM 

HEPES and antibiotics/antimitotics at 37C for 60 minutes. Cmpd101 (10 M) or vehicle 

(diluted DMSO) was included during the metabolic labeling. Samples were then 

stimulated with 10 M DA or vehicle for 10 minutes at 37C. Then cells were rinsed in 

ice-cold PBS and then lysed with RIPA+ buffer (150 mM NaCl, 50 mM Tris, 5mM EDTA, 

1% (v/v) NP-40, 0.5% (w/v) deoxycholate (Na salt), 0.1% (w/v) SDS, 50 mM NaF, 10 

mM sodium pyrophosphate with supplemented with fresh EDTA-free protease inhibitor 

cocktail). Samples were then solubilized by rotating for 45 minutes at 4C. Samples were 

then spun down to remove insoluble debris and transferred to a new tube containing 15 

uL of anti-HA magnetic beads (Pierce Anti-HA Magnetic Beads, Cat#: 88836) and 

incubated with rotation for 1.5 hours at 4C.  Beads were then washed 2x with ice-cold 

RIPA+ buffer and then 1x with TBS-T. Then samples were eluted at 65C for 10 minutes 

with Lamelli sample buffer containing 100mM DTT.  

Samples were then loaded to a 4-12% Bis-Tris gel for SDS-page analysis 

(ThermoFisher Sci., Cat#: NP0323BOX). After mass separation on the gel samples were 



 

69 

transferred to PVDF membranes (Thermo Sci., Cat#: 88585) and then the membranes 

were dried and subjected to autoradiography. Membranes were placed in cassettes 

containing intensifying screens (Kodak BioMax MS) and film (Kodak BioMax MR 

film). The cassettes were placed at -80C for 48-72 hours before film development. The 

films were scanned using a film scanner and images were quantified using ImageJ 

(NIH). Following this, the same membranes were subjected to a western blotting 

procedure using a rabbit anti-HA tag primary antibody (Cell Signaling Tech, Cat#: 3724) 

and licor goat anti-rabbit 800 secondary (Li-Cor, Cat#: 926-32211). Membranes were 

then scanned on the Li-Cor near-infrared scanner and images were then quantified 

using ImageJ. Values were determined by normalizing the autoradiography signal to the 

anti-HA western blot for the same region and then normalizing to the unstimulated 

condition for each D2R mutant. 

A.1.7 Curve fitting and statistical analysis 

 Dose-response curves were fit using GraphPad Prism’s log (agonist) vs. 

response (three parameters) nonlinear fit function in order to calculate logEC50 and max 

efficacy values.  

Statistical analysis was performed in Prism version 7.0 (GraphPad Software Inc., 

La Jolla, CA) as indicated in the text. Experiments testing the effect of a manipulation at 

each receptor were considered as one statistical unit for the purposes of ANOVA which 

was performed before Bonferroni-corrected t-tests. Each BRET or TGF shedding assay 

was performed in duplicate with at least 4 independent replicates. 
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A.2 Materials and methods for chapter 3 

A.2.1 Plasmids 

The MarsCy1 sequence is from [74]. To ensure proper ER-mediated trafficking of 

the FAP-tagged D2R, the signal sequence from Lgr5 was added before the MarsCy1 

sequence on the N-terminus of D2R-eYFP. The “DRY” to AAY mutation was made by 

standard cloning techniques and verified by sanger sequencing. 

A.2.2 Chemicals 

All chemicals were purchased from Sigma Aldrich and reconstituted in DMSO at 

10 mM before being diluted in Hanks Balanced Salt Solution (HBSS). 

A.2.3 SCi1 staining and imaging of MarsCy1 and eYFP 

The SCi1 dye was synthesized as in [74] and was resuspended in ethanol with 

5% acetic acid at 78 M. Cells were incubated with 20 nM SCi1 for approx. 5 minutes 

before imaging using the LI-COR Odyssey infrared Western blot imager using the 680 

nm settings. Confocal experiments were performed on a Zeiss LSM510 confocal 

microscope. 

A.3 Materials and methods for chapter 4 

A.3.1 Plasmids 

The sequences for the LgBiT or SmBiT split luciferase tags were from [88]. 

These sequences were synthesized as primers (SmBiT) or geneblocks (LgBiT) along 

with a 15 amino-acid GGSGG-linker were cloned onto the N- or C-termini of the various 

receptors, arr2, and sub-cellular localization tags using standard cloning techniques. 
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mKO and mVenus tagged plasmids are from [96] or were cloned using standard 

techniques. 

A.3.2 Chemicals and drugs 

DA hydrochloride, arginine-vasopressin peptide (AVP), and Hanks Balanced Salt 

Solution (HBSS) were purchased from Sigma-Aldrich. Isoproterenol was purchased from 

Tocris. Coelenterazine was purchased from Cayman chemical.  

A.3.3 BRET Measurements 

Prior to reading, HEK293T cells were transfected via calcium phosphate and 

seeded into white-walled 96 well plates. The Berthold Mithras LB940 instrument fitted 

with filters for Rluc, eYFP, or a custom-made 542LP (long-pass) filter (Chroma) were 

used to take BRET luminescence measurements.  Kinetic BRET measurements were 

performed at 37C using pre-warmed HBSS and a pre-warmed plate reader. 

Colenterazine h (final concentration 5 M) was added 5 minutes prior to beginning BRET 

measurements. Drugs or vehicle were added after 5 measurements automatically using 

the built-in injectors on the Mithras. Measurements were taken approx. every 20 

seconds for 21 minutes after drug addition. The net BRET values were calculated from 

either non-acceptor transfected controls or to the average of vehicle treated samples 

depending on the experiment. The luminescence values were calculated by normalizing 

to the maximum Rluc channel values of the ligand-stimulated samples after subtracting 

the median of the vehicle-stimulated sample. Each measurement was performed with 3 

technical replicates on the same plate and data are presented as the mean with error 

bars depicting S.E. 
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A.4 Materials and methods for chapter 5 

A.4.1 Mouse and transgene generation 

A transgene consisting of a CAG promoter, Cre-deletable membrane-targeted 

mKO (orange fluorescent protein) and a Cre-activatable TRAP transgene (GFP-L10a 

(ribosomal subunit)) were cloned into a ROSA26 locus targeting vector. This vector was 

used to make transgenic mice at the Duke Transgenic Mouse Facility. Clones were 

screened according to standard PCR methods. Pups harboring the correct germline 

insertion were used to breed with the respective Cre mouse lines: Adora2a-Cre and 

DAT-Cre. Additional experiments verifying the Cre-induciblity of the TRAP transgene 

were performed by injecting AAV containing a Cre expression plasmid. 

A.4.2 TRAP procedure 

The Translating Ribosome Affinity Purification (TRAP) procedure was performed 

according to [101]. 

A.4.3 RT-PCR 

mRNA obtained from TRAP or whole tissue mRNA isolation were converted into 

cDNA. This cDNA was analyzed using real-time PCR using taqman probes for the genes 

listed in the figures. RT-PCR was performed using the Taqman Real-Time PCR Master 

Mix (Fast Advanced). Probes for marker genes and the D2Rs were purchased from 

Integrated DNA Technologies (IDT). Standard curves of plasmid DNA were made from 

mus musculus DRD2 clones of either the short or long isoform. Relative abundances 

were calculated by the CT method which compares the expression of a gene of 

interest to GAPDH and then among samples obtained from D2R+MSN TRAP or DA 

neuron TRAP mRNAs. 
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A.5 Materials and methods for chapter 6 

A.5.1 Plasmid and AAV production 

The cDNA of the hM3D or KORD constructs was either obtained through 

addgene or synthesized as a geneblock by IDT. These constructs were combined 

through standard cloning methods with fluorescent protein cDNA (mTFP1 or mKO), 

epitope tags (3xHA or V5), or self-cleaving (P2A) sequences in to Cre and Flp-

responsive vectors as described in chapter 6. These vectors were packaged into AAVs 

according to [122] with AAV2/10 serotypes. 

A.5.2 Sterotactic injection of AAVs and CAVs in to DAT-Cre mice. 

DAT-Cre mice [123] were obtained from Jackson Laboratory and were 

maintained on a C57B6 background. AAVs were mixed 1:1 containing the above 

plasmids were mixed 1:1 and 1.0 L was injected bilaterally into the VTA/SNc using the 

following coordinates: AP: -3.5mm, ML: 0.6mm, and DV: -4.2mm. CAV2 containing a 

Cre-dependent Flp was injected into either the nucleus accumbens (0.5 L; AP: +1.9; 

ML: 0.9; DV: -4.4) or mPFC (0.5 L; AP: +2.1; ML: 0.3; DV: -2.5) during preliminary 

experiments. Mice were allowed at least 2 weeks to recover before running behavioral or 

IHC analysis. 

A.5.3 Immunohistochemical analysis of DREADD expression 

Mice were sacrificed and perfused with a 5% formalin solution using a Duke 

University IACUC-approved protocol. Following overnight fixation, 50-200 m sections 

were taken using a vibratome. Slices were then blocked with 0.1% Tx-100 in PBS 

containing 5% fish gelatin extract prior to overnight incubation at 4C with primary 

antibodies against HA- (Rabbit anti-HA tag, Cell Signaling (C29F4) or V5- (Mouse anti-
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V5 tag, ThermoFisher Scientific) epitope tags. The next day slices were washed and 

incubated with secondary fluorescent antibodies for 1 hour at room temperature. Then 

the slices were washed again and mounted onto slides. 

Images were taken as z-stacks using a Zeiss dissecting microscope equipped 

with an apotome using appropriate filter cube sets. Fluorescence images of the mTFP1 

and mKO were obtained from unstained samples. 

A.5.4 Behavioral analysis of DREADD-expressing mice 

Mice were stimulated with either clozapine-n-oxide (CNO) as indicated in the 

figure legends. They were then placed in automated locomotion chambers as in [133]. 

Then the total distance was calculated and presented. 
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